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Résumé 

Malgré les améliorations significatives apportées par la thérapie antirétrovirale à la durée 

et à la qualité de vie des personnes vivant avec le VIH, elle ne permet pas de 

complètement éliminer le virus de l’organisme. La persistance du virus est due à 

l’existence de réservoirs viraux, des cellules infectées de manière latente par le VIH. Ces 

réservoirs nécessitent un traitement antirétroviral à vie, car le virus réapparait en cas 

d’interruption du traitement, signifiant que l’immunité des cellules T spécifiques du VIH 

n’est pas restaurée. Bien que cela soit théoriquement possible, seule une fraction de 

personne vivant avec le VIH, appelée Contrôleurs Élites, parvient à contrôler le virus en 

absence de traitement. Pour la majorité des individus, l’infection par le VIH entraîne une 

évasion virologique ainsi qu’un épuisement et une altération des réponses cellulaires 

spécifiques au VIH. 

À ce jour, les stratégies thérapeutiques visant à éliminer les réservoirs viraux ont échoué, 

en partie en raison de la présence de provirus principalement défectifs dans ces 

réservoirs. Dans cette thèse, nous avons identifié et caractérisé les provirus défectifs 

latents du VIH pouvant être transcrits et/ou traduits, ainsi que la relation entre ces 

réservoirs et les réponses immunitaires spécifique du virus.  

Dans un premier temps, nous avons montré que bien que défectifs et potentiellement 

incapable de donner lieu à la réplication virale, ces provirus peuvent être transcrits et 

traduits soit par réactivation à l’aide d’agents de réversion de la latence, soit de manière 

spontanée. Ces réservoirs donnent lieu à plusieurs populations de réservoirs, en fonction 

de la présence ou de l’absence certains gènes viraux. Nous avons déterminé que ces 

différentes populations sont régies par le profil génomique des cellules infectées. Les 
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provirus identifiés étaient très rarement intacts, mais l’intégrité du génome était associée 

à la processivité de la transcription et de la traduction.  

Dans un second objectif, nous avons caractérisé les réponses T CD4+ et CD8+ spécifiques 

du VIH avant et après le début du traitement antirétroviral. Nous avons observé que les 

réponses T CD4+ spécifiques étaient comparables pendant l’infection chronique et après 

le traitement. En revanche, les réponses T CD8+ diminuaient considérablement après 

l’initiation de la thérapie antirétrovirale. Nous avons également constaté que la taille du 

réservoir traductionnellement actif pendant le traitement antirétroviral était négativement 

associée aux réponses T CD8+ spécifiques avant le début de la thérapie, tandis que le 

réservoir incapable de traduire les protéines du VIH subsistait. Ces observations mettent 

en évidence le rôle des cellules T CD8+ dans le contrôle de l’infection par le VIH, comme 

nous l’avons observé chez les Contrôleurs Élites. 

Nos travaux contribuent à une meilleure compréhension des réservoirs viraux du VIH, qui 

pourraient potentiellement être impliqués dans l’inflammation chronique et la dysfonction 

immunitaire associé à la pathogénèse du VIH.  

 

Mots-clés : réservoirs du VIH, agent de réversion de latence, provirus défectifs, 

transcription et traduction virale, réponses spécifiques au VIH, Contrôleurs Élites, 

Pré/Post-thérapie antirétrovirale. 
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Abstract 

Despite the significant improvement brought by antiretroviral therapy in the duration and 

quality of life for people living with HIV, it does not completely eliminate the virus from the 

body. The persistence of the virus is due to the existence of viral reservoirs, which are 

cells latently infected with HIV. These reservoirs require lifelong antiretroviral treatment 

because of the viral rebound reoccurring in case of treatment interruption. This suggests 

that HIV-specific T cell immunity is not restored. Although theoretically possible, only a 

fraction of people living with HIV, known as Elite Controllers, are able to control the virus 

in the absence of treatment. For the majority of individuals, HIV infection leads to virologic 

escape, as well as exhaustion and altered cellular responses to HIV.  

To date, therapeutic strategies aimed at eliminating viral reservoirs have failed, partly due 

to the presence of predominantly defective proviruses in these reservoirs. In this thesis, 

we have identified and characterized latent defective proviruses of HIV that can be 

transcribed and/or translated. We also have characterized the relationship between these 

reservoirs and the specific immune responses to the virus. 

Firstly, we have shown that although defective and potentially replication-incompetent, 

these proviruses can be transcribed and translated either through reactivation using 

latency reversal agents or spontaneously. These reservoirs give rise to several 

populations of reservoirs, depending on the presence or absence of certain viral genes. 

We have determined that these different populations are governed by the genomic profile 

of infected cells. The identified proviruses were rarely intact, and genome integrity was 

associated with the processivity of transcription and translation. 
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Then, we characterized the specific CD4+ and CD8+ T cell responses to HIV before and 

after the initiation of antiretroviral treatment. We observed that specific CD4+ T cell 

responses were comparable during chronic infection and after treatment. However, CD8+ 

T cell responses decreased significantly after the initiation of antiretroviral therapy. We 

also found that the size of the translationally active reservoir during antiretroviral treatment 

was negatively associated with the specific CD8+ T cell responses prior to treatment 

initiation, while the translation-incompetent cells persisted. These observations highlight 

the role of CD8+ T cells in the control of HIV infection, as observed in Elite Controllers. 

Our work contributes to a better understanding of HIV viral reservoirs, which could 

potentially be involved in chronic inflammation and immune dysfunction associated with 

HIV pathogenesis. 

 

Keywords: HIV reservoirs, latency reversal agent, defective proviruses, viral transcription 

and translation, HIV-specific responses, Elite Controllers, Pre/Post-antiretroviral therapy. 
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Chapter 1 – Introduction 

Parts of this introduction were used in the review article 

“Sannier, Dubé et al., Single-Cell Technologies Applied to HIV-1 Research:  

Reaching Maturity, 

Frontiers in Microbiology, 2020” 

This article is included in Chapter 9 – Appendices 
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Since its discovery, the Human Immunodeficiency Virus (HIV) has persisted and 

continues to pose a significant global public health challenge. One of the main reasons 

for this is the absence of a long-term and effective curative treatment.  

To date, almost no treatment exists to cure HIV infection. While some individuals have 

achieved HIV-free status through stem cell transplants with receptor mutations, this 

approach is not scalable for widespread treatment. It is medically intensive and primarily 

recommended for life-threatening cancer cases. 

This thesis focuses on studying HIV-infected cells and the role of the virus. We 

characterized the profiles of infected CD4+ T cells at transcriptional, translational, and 

genomic levels in people living with HIV (PLWHIV) under suppressive antiretroviral 

therapy (ART), as well as in PLWHIV who were not receiving ART. 

Additionally, we conducted a separate study to investigate the relationships between 

specific T cell responses prior to ART initiation and transcription and translation of HIV 

over time. This project involves a longitudinal investigation of T cell immune responses 

taking place during chronic infection and perduring under ART. 

This introduction aims to provide a comprehensive overview of the current understanding 

of HIV-infected CD4+ T cells and the characteristics of the HIV profile itself. Furthermore, 

it explores existing treatment strategies and their development.  
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HIV and AIDS – Generalities  

Origins and epidemiology of HIV/AIDS 

In 1981, several cases of opportunistic infections in men who have sex with men (MSM) 

were reported to the Center for Disease Control and Prevention (CDC) in New York. 

Initially, infections by Pneumocystis pneumonia were observed, followed by an increasing 

number of MSM patients also being diagnosed with Kaposi’s sarcoma. These 

opportunistic diseases were commonly found in immunosuppressed individuals. The 

existence of a new virus affecting the immune system was suspected. As the death toll 

rose rapidly, every patient exhibited a depletion of CD4+ T cells and severe 

immunodeficiency. In 1982, the epidemic was officially named Acquired Immune 

Deficiency Syndrome (AIDS) by the CDC for the first time. While initially limited to the 

United States of America, many cases were subsequently discovered in Africa, Europe, 

South America, and Asia. Furthermore, although AIDS was initially associated with MSM, 

the disease was also found in other populations. Individuals engaging in heterosexual 

intercourse, drug users (specifically heroin), hemophiliacs who received blood 

transfusions, and infants born to infected mothers were also diagnosed with AIDS. This 

led researchers to suggest that the virus was not only sexually transmitted but also spread 

through blood-to-blood contact and vertical transmission (from mother to child). 

In 1983, the virus was isolated for the first time from a lymph node (LN) of a Caucasian 

patient showing signs and symptoms preceding AIDS [1]. Many teams worldwide also 

successfully isolated the virus from individuals with AIDS, confirming the link between the 

virus and the disease [2, 3]. This newly identified virus causing AIDS was later named the 

Human Immunodeficiency Virus (HIV). 
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HIV's sudden emergence, epidemic spread, and unique pathogenicity raised questions. 

Other viruses causing immunodeficiency were found in different primates, such as green 

monkeys, macaques, sooty mangabeys, and chimpanzees, and were collectively termed 

Simian Immunodeficiency Virus (SIV) [4, 5]. In 1986, a morphologically similar but 

antigenically and phylogenetically different virus was found to cause AIDS in patients in 

western Africa [6]. This newly identified virus, named Human Immunodeficiency Virus type 

2 (HIV-2 to distinguish from the virus isolated in 1983 by Drs. Barré-Sinoussi, Chermann, 

and Montagnier, termed HIV-1), was found to be related to an SIV from sooty mangabeys 

(Cercocebus atys) and rhesus macaques (Macaca mulatta), known as SIVsm and 

SIVmac, respectively [7-9]. Another virus, closely related to HIV-1, was discovered in 

central chimpanzees (Pan troglodytes troglodytes) and named SIVcpz [8], suggesting that 

HIV was introduced into the human population through multiple zoonotic transmissions, 

evolving from SIV [8, 10].  

Since the beginning of the epidemic in 1981, approximately 84.2 million [64.0 – 113.0 

million] people have been infected with HIV, and about 40.1 million [33.6 – 48.6 million] 

people have died from HIV or related opportunistic diseases. By the end of 2021, an 

estimated 1.5 million [1.1 – 2.0 million] people became newly infected with HIV over the 

year, bringing the number of PLWHIV to 38.4 million [33.9 – 43.8 million]. In 2021, 

approximately 650 000 [510 000 – 860 000] people worldwide died from HIV-related 

illnesses [11]. However, the burden of HIV varies across different regions. In Western and 

Central Europe, as well as North America, it is estimated that 2.3 million [1.9 – 2.6 million] 

people are living with HIV, while in Eastern and Southern Africa, the number is 

approximately 20.6 million [18.9 – 23.0 million] [12]. 
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Taxonomy and structure of HIV 

HIV is a lentivirus within the Retroviridae family, specifically belonging to the subfamily 

Orthoretrovirinae. Its DNA can integrate into the host genome. The virion has a diameter 

of around 100-145 nm and is enveloped by a bilayered membrane derived from the host 

cell. The surface of the virion contains few trimeric spikes (between 7 and 14) consisting 

of the non-covalently bound surface glycoprotein (gp) gp120 which specifically binds to its 

receptor CD4, and the fusogenic transmembrane glycoprotein gp41 [13, 14] (Figure 1). 

Both HIV-1 and HIV-2 have been classified into distinct phylogenetic groups. HIV-1 

encompasses four phylogenetic groups (M, N, O, and P), with group M being the most 

predominant. Group M further comprises 12 subtypes or clades (A through L) and over 

70 circulating recombinant forms (CRFs), which arise from recombination events in 

individuals co-infected with multiple clades [15]. Each of these groups represents an 

independent zoonotic transmission of SIV into humans (unlike subtypes) [10]. However, 

these different strains exhibit distinct geographical distributions. Clade B is prevalent in 

the Americas, Western Europe, and Australia [16], while clade C accounts for over 50% 

of current HIV infections, mostly found in Southern Africa and Southeast Asia. 

Nevertheless, the newest findings demonstrate the increase in HIV genetic diversity and 

prevalence of CRFs in recent years [16]. On the other hand, HIV-2 is composed of eight 

distinct groups (A through G), but only groups A and B have spread among humans, with 

groups C to G identified in only single individuals [17, 18]. 

Henceforward this thesis will focus on HIV-1 as it is the most prevalent type in North 

America. However, it is important to note that HIV-1 and HIV-2 are morphologically 

indistinguishable. 
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Figure 1. –  HIV particle structure 
HIV consists of a bilayered membrane incorporating the glycoproteins 120 (gp120) and gp41, derived 
from the precursor envelope (Env) polyprotein gp160. Both gp120 and gp41 form heterotrimeric 

structures on the surface of the HIV particle, triggering binding and entry into the host cell. The 
polyprotein Gag undergoes processing to generate several structural proteins: matrix (MA), capsid 

(CA), and nucleocapsid (NC). MA proteins surround the inner layer of the membrane, CA proteins form 
the cone-shaped viral capsid that encloses the viral ribonucleoprotein complex (vRNP). The vRNP 

consists of two positive-strand HIV RNA copies, covered by NC proteins, along with viral enzymes 
(reverse transcriptase, integrase, and protease), as well as other viral and cellular proteins. MA: Matrix, 

CA: Capsid, NC: Nucleocapsid. Figure adapted from [19] with permission from Nature Springer. 

 

HIV-1 genome and proteins 

The HIV genome consists of two identical positive single-strand RNA copies, each ranging 

from 9.2 to 9.6 kb in length (9.8 kb in the case of HIV-2), encapsulated within the capsid 

[20]. Both copies possess a 5’ cap [21] and are polyadenylated at the 3’ end [22]. 
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Following reverse transcription of the HIV RNA, the ends of the resulting genomic DNA 

are flanked by long terminal repeat (LTR) sequences. These LTR regions play a vital role 

in viral DNA integration into the host genome and transcriptional regulation [23].  

The 5’ LTR functions as a robust promoter, hijacking the host cell’s transcriptional 

machinery to regulate the transcription of the viral genome. It encompasses the HIV 

promoter, which includes a TATAbox, binding sites for the Sp family of transcription 

factors, and various binding sites for cellular transcription factors such as NFκb, facilitating 

interaction with a multitude of transcription factors [24]. Both the TATAbox and Sp sites 

are critical for transcription initiation [25] and Tat-mediated transactivation. The 5’ LTR 

also contains the primer binding site, which possesses a specific sequence that binds to 

the tRNALys (transfer RNA) primer required for reverse transcription initiation [26]. 

Additionally, it comprises four stem-loops (SL): SL1, housing the dimerization initiation 

site (DIS) of the viral RNA [26]; SL2, containing the splice donor site (SD); SL3, hosting 

the retroviral Psi (ψ) packaging element necessary for encapsidation of the viral genome 

[27]; and SL4, containing the AUG start codon for translation. Finally, the 5’ LTR encodes 

the hairpin-like RNA trans-activation response (TAR) element. The TAR element is a short 

RNA transcript that includes the N-terminal segment of the Tat reading frame, serving as 

a binding site for Tat [28, 29].  

At the opposite end of the RNA is the 3’ LTR, which shares the same sequence 

arrangement as the 5’ LTR. Both LTRs are capable of initiating transcription, but the 5’ 

LTR exerts dominant control over the 3’ LTR [30]. While the 3’ LTR typically does not 

function as a promoter, it is involved in transcriptional termination and polyadenylation. 
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Due to differential RNA splicing, the HIV-1 genome can give rise to nine different genes, 

along with several non-coding RNA regulators derived from its three different open 

reading frames (ORF) (Figure 2). These nine genes are located between the 5’ LTR and 

the 3’ LTR and can be categorized as follows: 

- Structural genes (gag, pol, and env) 

- Essential regulatory genes (tat and rev) 

- Accessory regulatory genes (nef, vpr, vif, and vpu). 

The unspliced full-length messenger RNA (mRNA) genomic transcripts are packaged into 

virions or used as a template for the translation of both Gag and Pol polyproteins. The 

partially spliced mRNAs encode for Env and the accessory proteins Vif, Vpr, and Vpu (or 

Vpx in the case of HIV-2). Finally, the multiply spliced mRNAs encode for Rev, Tat, and 

Nef, which are essential regulatory proteins. 

 

Viral structural genes (gag, pol, and env) 

Like all retroviruses, HIV-1 contains the gag (group-specific antigen) gene. It encodes the 

precursor Gag polyprotein (Pr55Gag) and the Gag-Pol fusion protein (Pr160Gag-Pol coding 

for viral enzymes protease, reverse transcriptase, and integrase; see after). Upon virus 

budding from the host cell, the HIV-1 protease (PR) cleaves Pr55Gag into four mature 

structural Gag proteins: p17 matrix (MA), p24 capsid (CA), p7 nucleocapsid (NC), p6, and 

two small spacer peptides 1 and 2 (SP1 and SP2), which aid in virion formation [31]. MA 

lines the inner surface of the virion lipid bilayer and facilitates the formation of new 

particles by targeting Pr55Gag [32] and Env to the plasma membrane [33, 34]. It also plays 

a role in reverse transcription and pre-integration complex (PIC) during the early stages 
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of replication [35]. CA forms a protective shell around the virus’ RNA and core-associated 

proteins (Figure 1), forming a spherical lattice that encloses the viral ribonucleoprotein 

complex (vRNP) [36]. NC packages the two copies of the viral RNA into newly formed 

virions, stabilizes the RNA and the DNA conformations (Figure 1) [37], and contributes to 

the conversion of the genomic RNA into viral double-stranded DNA (dsDNA) [38]. The 

packaging of the viral genome depends on the interaction between NC and the RNA 

packaging signal ψ segment in the 5’ LTR [27, 39]. The p6 protein recruits the ESCRT 

complex, which is necessary for the budding of newly assembled virions at the cell surface 

[40, 41]. Finally, SP1 and SP2, which separate CA and NC, and NC and p6 (Figure 2), 

play a crucial role in immature particle assembly and virus infectivity, respectively [42, 43]. 

 

Figure 2. –  HIV-1 genome and proteins 
The HIV-1 genome sequence of the reference strain HXB2 is represented. The genome encodes for 

nine genes that themselves encode for 15 proteins. These include the structural proteins (p17, p24, 
p7, and p6) derived from the precursor Pr55Gag, the viral enzyme proteins (PR, RT, and IN) derived 
from the precursor Pr160Gag-Pol, and the accessory proteins Tat, Rev, Vif, Vpu, Vpr, and Nef, which are 

directly encoded by their respective genes. These proteins are generated from the viral mRNA, which 
can be multiply, partially, or unspliced. Figure adapted from [44] with permission from Los Alamos 

National Library. 
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The gene pol (polymerase) lacks an initiation codon and is only synthesized as part of 

Pr160Gag-Pol. This precursor undergoes cleavage to generate MA, CA, SP2, NC, the 

transframe protein (TF or p6*), and the viral enzymes protease (PR), reverse transcriptase 

(RT, p51), ribonuclease H (RNase H, p15), and integrase (IN). Expression of the Gag-Pol 

polyprotein is made possible through programmed ribosomal -1 frameshift [45, 46]. The 

transframe protein p6* plays a regulatory role in PR activity [47]. Following virion budding 

from the plasma membrane, PR cleaves the Gag and Gag-Pol polyproteins [48, 49], 

resulting in significant structural rearrangements known as maturation [50]. After viral 

entry into the host cell, RT converts the viral single-strand (ss)RNA into dsDNA, which 

can then be integrated into the host genome. RT exists as a heterodimer p66/p51 and 

functions together with RNase H. It exhibits multiple enzymatic activities, including RNA-

dependent and DNA-dependent DNA polymerase activities, as well as RNase H activity 

[51, 52]. The DNA polymerase can replicate either an RNA or a DNA template. During 

reverse transcription, RT can switch between the two co-package RNAs, utilizing 

segments from each RNA as templates. This process favors recombination and 

consequently increases the frequency of mutations caused by errors made by RT, which 

lacks proofreading functions [53]. IN, on the other hand, is responsible for integrating 

reverse transcripts into the cellular genome. IN is co-packaged with viral RNA, NC, and 

RT into the viral capsid, which forms the vRNP.  

The gene env encodes for the gp160 polyprotein precursor, which is cleaved to yield the 

mature surface (SU) glycoprotein known as gp120, and the transmembrane (TM) 

glycoprotein called gp41. Trimeric spikes composed of gp120/gp41 complexes are 

incorporated into the lipid bilayer of newly assembled virions. Env, through its interaction 
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with CD4, downregulates the surface expression of CD4 molecules [54]. The gp120/gp41 

complexes initiate the infection process by binding to receptors and co-receptors present 

on the surface of target cells. The trimeric gp120 SU glycoprotein directly binds three 

molecules of CD4 on the cell surface. This binding induces a conformational change, 

resulting in the formation of the coreceptor binding surface [55]. The variability of the 

gp120, particularly within its V1/V2 loop, facilitates evasion of immune responses and 

correlates with disease progression [56]. The gp41 TM glycoprotein facilitates the fusion 

of the envelope protein and the cell membrane. After the conformation change of the 

envelope protein upon binding of gp120 to CD4 and the coreceptor [55], the fusion peptide 

of gp41 becomes exposed and penetrates the target cell membrane, leading to the 

formation of the fusion pore [57].  

 

Essential regulatory genes (tat and rev) 

The tat and rev genes, along with nef, are amongst the earliest to be synthesized [58, 59]. 

Tat (trans-activator of transcription protein), and Rev (regulator of expression of viral 

proteins) are encoded by separate exons within their associated gene (Figure 2). Tat binds 

to the TAR hairpin structure present in the 5’ LTR of the nascent RNA transcript and 

recruits the P-TEFb complex, which phosphorylates RNA polymerase II, thereby 

enhancing the transcription of the viral genome [60]. Tat also influences the HIV-1 RNA 

capping, splicing, translation, and reverse transcription [61]. It upregulates the expression 

of the co-receptor CCR5 and CXCR4 [62], as well as pro-inflammatory cytokines (such as 

TNF, CCL2, IL-2, IL-6, and IL-8) in both HIV-1-infected cells [63] and bystander cells, 

resulting in a pro-inflammatory environment [64].  
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Rev is indispensable for the regulation of viral transcription. It forms a complex with the 

Rev Responsive Element (RRE), a cis-acting RNA element located within the second 

intron of HIV-1, within env [65, 66]. This complex facilitates the export of partially spliced 

and unspliced viral mRNA from the nucleus to the cytoplasm through nuclear pores [65]. 

In the cytoplasm, the complex disassembles, releasing Rev, which is then capable of 

returning to the nucleus [67]. This continuous cycle of protein shuttling between the 

nucleus and cytoplasm ensures the export of HIV RNAs in the presence of a limited 

quantity of Rev proteins.  

 

Accessory regulatory genes (nef, vpr, vif, and vpu) 

The nef, vpr, vif, and vpu genes encode associated accessory proteins in HIV, meaning 

that they are not essential for viral replication. Nef (negative regulatory factor) is 

abundantly produced during the early phase of the viral replication cycle. This protein 

affects the cell surface expression of several proteins. Nef downregulates levels of CD4, 

CD8 β-chain, CD28, mature major histocompatibility complexes class I and II (MHC-I and 

MHC-II) [68-72], while upregulating CD74, the invariant chain of MHC-II, thereby 

increasing the levels of immature MHC-II [72].  

Multiple effects have been attributed to Vpr (viral protein R). Vpr is involved in the nuclear 

import of the PIC presumably by facilitating its docking to nuclear pores [73, 74]. 

Additionally, this protein induces G2/M cell cycle arrest [75, 76], which may lead to host-

cell apoptosis [77]. Vpr has been shown to regulate viral transcription either as an activator 

[78] or a repressor [79].  
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Vif (viral infectivity factor) is necessary for lentiviral replication in nonpermissive cells [80] 

and plays a critical role in viral infectivity. It inhibits the cellular protein APOBEC3G, which 

is responsible for potently inhibiting the replication by cytidine deamination of the viral 

genome [81, 82].  

Lastly, Vpu (viral protein U) prevents BST-2 (also known as tetherin) from retaining the 

virus at the plasma membrane [83]. This sequestration of BST-2 facilitates the release of 

the virion from the cell surface [84]. It is worth noting that HIV-2 and SIVs, which lack Vpu, 

use Env [85] and Nef [86] respectively, to counteract BST-2 by sequestering it 

intracellularly. Vpu also enhances the degradation of the CD4 molecule, reducing its 

accessibility at the cell surface [87]. 

 

Other HIV genes (vpx, asp, and fusion proteins) 

Several other genes exist but are exclusive to specific HIV subtypes and recombinants, 

or their functions remain largely unknown. Vpx, present only in HIV-2 (and some SIVs), 

relieves the SAMHD1-mediated block to reverse transcription, making dendritic cells more 

susceptible to HIV-2 infection [88, 89], and enhances the virus’ ability to infect resting T 

cells [90, 91]. Some studies revealed the presence of another gene, asp (antisense 

protein), in certain HIV-1 genomes, which is found in one of the negative sense ORFs 

overlapping the RRE and env regions [92]. However, the role of Asp remains largely 

unclear. Asp can be expressed on the surface of HIV-infected cells, co-localizing with 

gp120 [93], suggesting a role in viral entry. Additionally, within infected cells, Asp induces 

autophagy [94], which can increase viral production. Finally, many fusion proteins have 

been described over the years, mainly identified in laboratory strains [95]. While some of 
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these fusion proteins exert weaker activity compared to their parental proteins, no crucial 

role has been identified for any of them, indicating that their expression may be merely an 

epiphenomenon. 

 

HIV replication cycle 

The HIV-1 replication cycle has been studied for decades [96]. It can be broken down into 

six stages: i) viral entry [96, 97]; ii) reverse transcription [53, 96]; iii) viral integration [96, 

98, 99]; iv) viral transcription and translation [96, 100]; v) viral assembly and budding [96, 

101, 102]; and vi) viral maturation [96, 101, 102]. 

 
Cellular tropism and viral entry 

The primary receptor for HIV-1 gp120 is the CD4 molecule expressed at the surface of 

CD4+ T lymphocytes, and myeloid cells such as macrophages or dendritic cells (DC). DC 

can sustain viral replication in vitro [103] but also internalize the virus and transmit it to 

CD4+ T cells [104]. This refers to trans-infection, the primary mode of HIV infection 

meaning infection through direct cell-to-cell contact. There are two types of trans-infection: 

one occurs via an immunological synapse between APCs and CD4+ T cells [105], while 

the other occurs via a virological synapse between two CD4+ T cells [106]. Contact 

between free infectious particles and the cell membrane can also occur, especially in the 

early stages of HIV infection when viral particles are largely present.  

The process of viral entry can be divided into three steps. Firstly, the virion interacts with 

the cells through specific binding between gp120 and integrin α4β7 [107, 108] or Dendritic 

Cell-specific C-type lectin (DC-SIGN) expressed on DC [105], or non-specific attachment 
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to heparan sulfate proteoglycans on macrophages [109, 110]. These interactions favor 

close interactions between gp120 and the surface CD4 molecules, as well as co-receptors 

CCR5 (or CXCR4, depending on the virus tropism), resulting in conformational changes 

of gp120 and gp41. The fusion peptide of gp41 translocates and inserts into the host cell 

membrane and triggers the gp41 to undergo a hairpin-like rearrangement. This 

conformational change leads to the fusion between the viral and host cell membranes. 

This fusion process releases the viral core into the cytoplasm [96, 97, 111]. However, the 

exact location of fusion, whether it occurs directly at the plasma membrane [112] or in the 

endosome following endocytosis [113], is still a topic of debate. Both mechanisms are 

thought to exist, but Miyauchi et al. presented evidence that plasma membrane-fusion 

events were dead-ends and proposed that only endosomal fusion is productive [96, 113]. 

 

Reverse transcription and pre-integration events 

The reverse transcriptase complex (RTC) consists of the viral enzymes RT, PR, and IN, 

the viral proteins MA, CA, NC, Vif, Tat, Nef, and Vpr, as well as several cellular proteins 

[114, 115]. Within the RTC, RT synthesizes the first minus-strand DNA from the positive 

strand genomic RNA using the tRNALys3 previously incorporated into the viral particle 

during assembly. This tRNALys3 interacts with the primer binding site (PBS) located in the 

5’ LTR. Then, the U5 and R regions are reverse transcribed, and the RNA template is 

degraded by RNase H [53]. The newly synthesized short DNA is then transferred to the 

3’ end to transcribe the minus-strand DNA. The RNA template is degraded except for the 

purine-rich sequence (polypurine tract or PPT), which serves as the primer for initiating 

the synthesis of the positive-strand DNA [53]. The U3, R, and U5 regions from the 3’ LTR 
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are then synthesized, and this DNA fragment is transferred to the 5’ end to complete the 

transcription of the positive-strand DNA (Figure 3). Since the virions package two identical 

positive RNA copies [20], the RT can switch between the two copies, leading to 

recombination as well as mutations such as deletion, insertions, and duplications during 

reverse transcription [53]. Reverse transcription is facilitated by the interaction of the RTC 

with cellular cofactors [116]. The resulting viral DNA is also referred to as the provirus. 

Simultaneously with the reverse transcription, the RTC traffics towards the nucleus using 

the microtubules network [117, 118]. It has been described that disrupting the microtubule-

mediated trafficking inhibits HIV-1 infection [119], as well as core uncoating [96, 120, 121]. 

However, the precise localization (cytoplasm, nuclear surface, or inside the nucleus) and 

timing (early after viral entry or late before the viral integration) of capsid uncoating are 

still debated [122]. Some studies have shown that there is no viral capsid protein 

associated with the RTC, suggesting that uncoating occurs immediately after viral entry 

[96, 123, 124]. Others have described that some viral CA remains associated with the 

RTC, mediating nuclear import [96, 125, 126]. Finally, other studies have observed that 

the viral core remains intact until the RTC reaches the nuclear pore complex (NPC), where 

uncoating is completed in the vicinity of nuclear pores, thus protecting the viral genome 

from cytosolic sensors [127-129]. 
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Figure 3. –  Conversion of the single-stranded RNA into double-stranded DNA  
The viral genomic RNA (in grey) serves as template, and the tRNALys3 acts as primer for the RT. 1) 
RT and tRNALys3 anneal near the 5’ end of the vRNA template. 2) RT initiates the reverse 

transcription, generating the first minus-strand DNA until it reaches the repetitive region R at the 5’ 
end. 3) The first transfer occurs, resulting in the extended primer annealed to the complementary 

repetitive R sequence at the 3’ end. 4) RNase H activity degrades the RNA template, except for the 
PPT sequence, allowing complementary DNA (cDNA) synthesis to proceed further. 5) The PPT 

sequence serves as a primer for the synthesis of the positive-strand DNA, 6) The synthesis extends 
until it reaches the PBS region at the 3’ end, at which point RNase H degrades the remaining RNA. 7) 

The complementary PBS sequence at the 5’ end facilitates the second strand transfer. 8) Synthesis of 
the positive-strand cDNA continues. 9) The PBS region of the minus-strand is extended to copy the 

U3, R, and U5 regions, resulting in the formation of complete double-stranded DNA. Figure adapted 
from [130] with permission from Current Opinion in Structural Biology. 
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Nuclear import and viral integration 

Upon arrival at the nuclear pore, the RTC transitions into a pre-integration complex (PIC) 

that is transported through the NPC. NPC are large multiproteic structures that enable 

passive and active exchanges between the nucleus and the cytoplasm. Due to its size, 

the PIC requires active trafficking into the nucleus through interactions between CA and 

nucleoporins (NUP) NUP153 and NUP358 [131, 132]. Two other cellular proteins, TNPO3 

and CPSF6, which are not part of the NPC, also play roles in nuclear import [133]. CPSF6, 

in conjunction with TNPO3, binds CA to disengage the PIC from the NPC and move it 

toward the nuclear periphery. Subsequently, TNPO3 releases the CSPF6-PIC complex, 

which translocates through the nucleus to actively transcribed gene-producing RNAs 

requiring polyadenylation [98]. The remaining CA is then dissociated, and the interaction 

between viral IN and LEDGF/p75 mediates integration.  

There are no specific integration sites or sequences that predict where the viral genome 

will be integrated. However, the integration site is associated with transcriptionally active 

regions of the host genome [134-136]. Viral IN performs a series of DNA cutting and 

joining reactions. Firstly, it hydrolyses and removes two nucleotides from each 3’ end of 

the linear viral DNA [98, 137]. The resulting 3’ ends of the viral DNA are terminated with 

a conserved CA sequence. Secondly, viral IN catalyzes the insertion of the viral DNA into 

the host chromosomal DNA. The 3’ ends of the viral DNA open the cellular DNA and join 

with their respective opposite strands. Subsequently, cellular enzymes complete the 

integration process [98].  

However, not all viral genomes will integrate into the host genome. Circular DNA can be 

observed due to autointegration, resulting in the formation of 1-LTR circles or 2-LTR 
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circles mostly observed during the active replication of HIV. 1-LTR circles are exclusively 

formed through homologous recombination between two LTR, while 2-LTR circles arise 

from non-homologous end-joining DNA repair events [138]. It has also been described 

that DNA can remain linear and non-integrated in the host cell nucleus [139]. 

 

Viral transcription and translation  

Following integration, the viral genome undergoes transcription in two phases. The initial 

phase is Tat-independent and relies on the interaction between the 5’ LTR and host cell 

transcription factors. The LTR contains several regulatory elements, including Sp1 binding 

sites and a TATA box that recruits TATA-binding protein (TBP). TBP facilitates the 

recruitment of TBP-associated factors (TAFs), forming the general transcription factor 

TFIID at the transcription start site (TSS), along with RNA polymerase II. TBP binding to 

the LTR is crucial for the formation of the preinitiation complex and subsequent HIV 

transcription. Additionally, the LTR contains binding sites for NF-κB and the nuclear factor 

of activated T cells (NFAT), which promote transcription [23]. Activation of this step 

requires a basal transcriptional activity to initiate viral transcription.	

The preinitiation complex initiates the basal transcription of the provirus, resulting in the 

production of a long viral RNA similar to genomic RNA (gRNA). Similar to cellular RNA, 

this RNA undergoes post-transcriptional modifications (capping, polyadenylation, splicing) 

before being exported into the cytoplasm. HIV-1 harbors four different splice donor sites 

and eight acceptor splice sites, resulting in the generation of over 40 different spliced 

mRNA species (Figure 4) [140]. During the early phase of infection, only short multiply 

spliced mRNAs (≤ 2 kb) encoding Tat, Rev, and Nef are produced. As the infection 
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progresses, more partially spliced mRNAs (ranging from 4.3 to 5.5 kb) are generated, 

encoding for Env and the accessory proteins Vif, Vpr, and Vpu. The latest products are 

full-length unspliced transcripts, which give rise to mRNAs encoding the Gag-Pol 

polyprotein, as well as the gRNA that will be encapsidated into newly formed virions [96]. 

Firstly, the multiply spliced mRNAs are exported into the cytoplasm through an 

endogenous cellular pathway and translated into Tat, Rev, and Nef proteins. Nef, by 

downregulating CD4, inhibits the superinfection of the cell by other virions that could lead 

to cell death. Then, the second phase of HIV transcription is Tat-dependent. Tat binds to 

TAR, which is located before the TSS in the LTR, and recruits P-TEFb, which 

phosphorylates and releases RNA Pol II from the promoter, thereby increasing proviral 

transcription [140]. On the other hand, Rev is a key regulator of alternative splicing. By 

interacting with the RRE sequence located in env of partially and unspliced mRNAs [65], 

Rev facilitates their export through nuclear pores into the cytoplasm via the CMR1 

pathway and protects them from degradation.		

Once in the cytoplasm, the viral transcripts can be translated into viral proteins. Usually, 

translation initiation is cap-dependent and involves scanning from the 5’ end until an 

initiator AUG in a Kozak consensus sequence is recognized. However, HIV-1 possesses 

RNA structural elements that hinder the conventional ribosomal scanning mechanism. 

The use of cap-independent initiation through an internal ribosome entry sequence (IRES) 

circumvents the inhibition of scanning ribosomes [141, 142]. Slippery sequences and RNA 

elements called frameshift stimulatory signal (FSS) control ribosomal frameshift, enabling 

the translation of the genes from other ORFs [45, 46]. Elongation continues until 

ribosomes encounter a stop codon, triggering translation termination. 
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Figure 4. –  Alternative splicing of HIV-1 gene expression 
The HIV-1 provirus contains multiple donor (D) and acceptor (A) splicing sites that allow for alternative 

splicing during HIV-1 transcription. In the early stages of transcription, in the absence of Tat and Rev, 
the mRNAs are multiply spliced encoding for Tat, Rev, and Nef. Once translated in the cytoplasm, Tat 

returns to the nucleus, where it binds to the TAR element located in the 5’ LTR, enhancing HIV-1 
transcription. Subsequently, Rev binds to the RRE element (in red), facilitating the export of partially 
and unspliced transcripts to the cytoplasm. This export process enables the production of the Env 

glycoprotein and accessory proteins Vif, Vpr, and Vpu from the partially spliced transcripts, as well as 
the polyprotein Gag-Pol from the unspliced mRNAs. The unspliced transcripts also serve as genomic 

RNA to produce new virions. The non-coding exon 1 is present in all mRNA species, while one or both 
non-coding exons 2 and 3 may be included in some species. The figure illustrates exon compositions 

of the RNA species, with “I” indicating partially spliced species. The brackets indicate species that lack 
exon 2, lack exon 3, or lack both exons 2 and 3, or possess both exons 2 and 3. The blue bars indicate 

the locations of AUG codons used for protein synthesis initiation. Figure adapted from [140], originally 
adapted from [143] with permission from Elsevier. 
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Viral assembly and budding 

For new HIV-1 virions to be infectious, several components, both viral and cellular, are 

required. These include two copies of the viral gRNA, the viral enzyme PR, RT, and IN, 

the Gag and Gag-Pol polyproteins, Vpr, the Env glycoproteins, and the cellular tRNALys3. 

Low levels of Vif and Nef can also be present in the virions. Assembly at the plasma 

membrane is mainly coordinated by the Gag polyproteins. MA is responsible for binding 

the Gag protein to the plasma membrane and concentrating Env proteins. NC binds the 

full-length HIV genome by interacting with the ψ locus, thereby incorporating it into the 

virus particle. Gag/Gag-Pol multimerization is mediated by the CA domain of Gag, 

resulting in the formation of a lattice composed of radially oriented Gag proteins, forming 

the immature virion [144, 145]. Then, interactions between the p6 domain and the TSG101 

subunit hijack the ESCRT complex to the budding site. The p6 domain also recruits the 

VSP4 protein to specific membrane sites where the assembly of immature virions and 

fission events occur [102, 146]. 

 

Viral maturation 

The final step of the replication cycle is viral maturation. This step occurs concomitantly 

with (or directly follows) budding and relies on the cleavage of Gag and Gag-Pol 

polyproteins by the viral PR. Maturation is responsible for the formation of single structural 

particles necessary to form CA, MA, NC, and p6, as well as the viral enzymes. Cleavage 

of Gag also separates the immature capsid from the viral gRNA, allowing the 

rearrangement of the capsid into the mature spherical lattice structure. Then the 

nucleocapsid binds to the viral gRNA, protecting it from degradation once the virus infects 

a new cell [102, 147]. 
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Figure 5. –  HIV-1 replication cycle in CD4+
 T cells 

The interaction between gp120 and its receptor CD4, along with the coreceptor CCR5 (or CXCR4), 

allows virus attachment to the cell surface. It remains unclear whether the virus fuses with the cell 
membrane or is endocytosed via a clathrin-dependent mechanism. Following attachment, the viral 

capsid is released into the cytoplasm, and viral gRNA is reverse transcribed concomitantly with the 
RTC traffics towards the nucleus via the microtubule network. Uncoating takes place during nuclear 

entry, allowing the release of the PIC into the nucleus, where the viral DNA integrates into the host 
genome. The provirus can either be transcribed or methylated by host factors, leading to viral latency. 

Viral mRNA and gRNA are transcribed, exported into the cytoplasm, and translated into viral proteins 
enabling the assembly and budding of immature viral particles. Newly released virions undergo viral 
maturation, resulting in the formation of infectious particles. Figure adapted with permission from 

ViralZone, SIB Swiss Institute of Bioinformatics. 
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Stages of HIV-1 infection 

The clinical course of HIV-1 infection can be divided into three stages: early/acute, 

chronic, and progression to AIDS (Figure 6). The early/acute phase typically occurs within 

the first few weeks of infection. The asymptomatic chronic phase in PLWHIV can last 

around 7-10 years without treatment. However, some cases have shown rapid disease 

progression, lasting only 3-5 years, and these people are referred to as “rapid 

progressors”. Conversely, there are cases of slow progression, taking up to 10-20 years 

with no disease progression and these people are referred to as “Long-Term Non-

Progressors” (LTNPs) [148]. LTNPs maintain a CD4+ T cell count greater than 500 

cells/µL of blood and have a plasma viral load lower than 10’000 copies/mL of blood. 

However, LNTPs eventually progress to AIDS without treatment as they are unable to 

control the viral load. Nevertheless, there is a group of PLWHIV referred to as “Elite 

Controllers” (EC) who can maintain CD4+ T cell counts and undetectable viremia without 

treatment [149]. AIDS represents the final stage of HIV infection, where the immune 

system breaks down completely, leading to the development of opportunistic infections 

and, ultimately, death in HIV-infected individuals.  
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Figure 6. –  Stages of HIV-1 infection 
HIV-1 infection can be divided into three clinical phases: early/acute, chronic, and AIDS. In the 

early/acute phase, HIV viremia reaches its peak, accompanied by significant loss of CD4+ T cells in 
the blood. During the chronic phase, which can last for years, the viral load decreases to a stable set 
point. CD4+ T cell counts in the blood show partial recovery but gradually decline, while immune 

activation increases. Without ART, the infection progresses to AIDS, characterized by an accelerated 
loss of CD4+ T cells and increased viremia. Figure adapted from [150] with authorization by the Nature 

Publishing Group. 
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viruses, can establish an infection [152]. Compared to viruses isolated during chronic HIV 

infection, T/F viruses show a preferential utilization of CCR5, increased infectivity and 

replication capacity, resistance to type I IFN, and specific Env glycosylation patterns. The 

local inflammation at the site of infection triggers the recruitment of additional target cells. 

Furthermore, DC and myeloid cells can capture the virus, which then reaches the LN 

through infected CD4+ T cells and antigen-presenting cells (APCs) [152]. Subsequently, 

the virus further spreads to additional CD4+ T cells within the LN. This initial phase, known 

as the “eclipse phase”, is characterized by the absence of detectable viral RNA.  

From the mucosa-draining LN, the virus disseminates to secondary lymphoid organs, 

particularly gut-associated lymphoid tissue (GALT). During this period, plasma levels of 

viral RNAs peak, reaching several million copies per mL of blood, while the number of 

CD4+ T cells drastically decreases both in the blood and the GALT [153]. In SIV models, 

vaginal infections resulted in increased levels of pro-inflammatory cytokines that parallel 

the levels of viral RNA [154, 155]. Some of these cytokines exhibit antiviral activity, such 

as type I interferons (IFNs), and enhance both innate and adaptive immune responses to 

HIV-1 infection. This overall activation also leads to an increased T cell turnover, 

promoting viral replication and subsequent cell death of most effector cells. However, 

even in the absence of ART, the peak of plasmatic HIV RNA decreases to a constant 

steady-state level during the chronic phase of infection, and the CD4+ T cell count in the 

blood partially recovers, albeit not in the GALT [153]. The extent of viremia control and 

the magnitude of the viral set point depend on the primary HIV-specific T cell responses 

to the T/F virus [156]. 
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Figure 7. –  Subclassification of early/acute HIV infection into Fiebig stages. 

PLWHIV progress through different Fiebig stages during the early/acute phase of infection [157]. These 

stages are defined by the sequential detection of HIV infection using different clinical diagnostic tests 
(PCR for vRNA, ELISA for p24 antigens, western blots and ELISA for HIV-specific antibodies). The 

final Fiebig stage VI corresponds to the early chronic phase of HIV infection and is characterized by 
the establishment of a stable HIV plasma viremia (red line). Figure from [158] with authorization by 
Nature Springer. 

 

The early/acute phase of HIV infection can be subdivided into Fiebig stages I-VI, named 

after Dr. Eberhard W. Fiebig. These stages are determined by the sequential detection of 

HIV using different clinical diagnostic assays (Figure 7) [157]. 

 

Chronic phase 

During the chronic phase of HIV infection, the plasma viremia remains relatively stable 
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and the high turnover of CD4+ T cells leads to their gradual depletion. Multiple 

mechanisms contribute to the loss of CD4+ T cells. The death of productively infected, 

which concerns approximately 5% of the total CD4+ T cells, implies caspase-3-dependent 

apoptosis [159]. When the virus infects resting and non-permissive cells, it leads to 

abortive infection, triggering the accumulation of cytosolic viral DNA detected by DNA 

sensors, components of the innate immune system, and resulting in cell death via 

caspase-1-dependent pyroptosis [160]. Caspase-3 activation induces apoptosis without 

inflammation, whereas pyroptosis creates a highly inflammatory environment as dead 

cells release their cytoplasmic contents into the extracellular space [161]. Thus, pyroptosis 

establishes a pathogenic cycle of CD4+ T cell depletion and chronic inflammation. Dying 

CD4+ T cells release inflammatory signals that attract more cells, which subsequently 

become infected, contributing to disease progression and tissue damage [162]. However, 

cell death is not limited to infected cells alone. Viral proteins may also be released into 

circulation and induce apoptosis in non-infected bystander cells. For instance, gp120 

activates the CD95/CD95L pathway, Nef-expressing T cells coexpress CD95L, making 

them capable of killing CD95-expressing cells, and Tat upregulates CD95/CD95L 

expression on bystander cells, increasing their susceptibility to CD95-induced apoptosis. 

Moreover, Vpr expression plays a role in the death of non-infected cells by permeabilizing 

the mitochondrial membrane, releasing cytochrome c, and triggering cellular apoptosis 

[163]. 

Natural Killers (NK) and HIV-specific CD8+ T cells are associated with controlling plasma 

viremia during the chronic phase [156, 164]. However, despite their antiviral functions, 

these cells are unable to clear the infection completely, resulting in persistent plasma 
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viremia. Indeed, prolonged exposure to antigens leads to progressive dysfunctions of HIV-

specific T cells [165, 166]. This exhaustion is characterized by impaired proliferation, loss 

of polyfunctionality, upregulation of activation and inhibitory markers, and ultimately, 

apoptosis of HIV-specific CD8+ T cells [167, 168]. This concept will be further detailed 

later in the introduction. In addition to CD8+ T cell exhaustion, the virus has the ability to 

acquire mutations. Cytotoxic T lymphocyte (CTL) responses during the acute phase 

temporarily reduce plasma viremia by exerting immune pressure. However, these 

mutations render the virus unrecognizable to CD8+ T cells, allowing it to escape immune 

responses [169, 170].  

 

AIDS 

The progressive, but inevitable, depletion of CD4+ T cells, coupled with the loss of HIV 

control by CTLs, lies at the core of AIDS. During this stage, the regenerative capacity of 

the immune system is ultimately compromised, leading to a significant decline in 

peripheral CD4+ T cell blood count to levels below the minimum threshold (<200 cells/µL 

of blood). The appearance of AIDS-related conditions may define this stage, irrespective 

of the CD4+ T cell count. These conditions encompass various infections such as 

Pneumocystis jirovecii, Candidadis, Cytomegalovirus retinitis, Mycobacterium 

tuberculosis, Cryptococcosis, and certain cancers that are less common in 

immunocompetent individuals, including Kaposi’s sarcoma, non-Hodgkin’s lymphoma 

(such as diffuse large B cell lymphoma and Burkitt lymphoma), as well as HIV-related 

encephalopathy due to neurocognitive dysfunctions. The uncontrolled nature of these 
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conditions, driven by the depletion of CD4+ T cells, contributes to the mortality of 

individuals infected with HIV.  

 

Antiretroviral therapy 

Just a few years after the identification of HIV, the first antiretroviral (ARV) drugs were 

approved for HIV treatment. Prior to that, PLWHIV received palliative care to alleviate 

symptoms and treat opportunistic infections. In 1987, Zidovudine (also known as 

Azidothymidine or AZT), a nucleoside-analog reverse transcriptase inhibitor (NRTI), was 

introduced to the market [171]. However, the emergence of drug-resistant viral strains, 

resulting from mutations during reverse transcription or mediated by APOBEC3G, 

hindered the effectiveness of AZT as a monotherapy [172]. As a result, the combination 

of two or more classes of antiretroviral drugs, initially dual and later triple combination, 

became the gold standard for treating HIV-infected individuals. This therapeutic approach, 

known as Highly Active Antiretroviral Therapy (HAART), enables better viral load control, 

immune system restoration, reduction in AIDS-related morbidity and mortality, and 

impedes the development of resistance against drugs targeting multiple stages of the viral 

replication cycle [173] (Figure 8). Consequently, ART has transformed HIV from a fatal 

condition to a manageable chronic infection. However, not all PLWHIV have access to 

ART, with only 75% of all PLWHIV estimated to be receiving treatment in 2021 [12]. 

Access to ART varies significantly across regions, with the highest percentage in Western 

and Central Europe and North America (85%), and the lowest in the Middle East and North 

Africa (50%) [12].  
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Current combined ART regimens are classified based on the specific phase of the viral 

replication cycle they target. The Food and Drug Administration (FDA) has approved 

seven classes of antiretroviral drugs: nucleoside/nucleotide-analog reverse-transcriptase 

inhibitors (NRTIs and NtRTIs), non-nucleoside reverse-transcriptase inhibitors (NNRTIs), 

integrase nuclear strand transfer inhibitors (INSTIs), protease inhibitors (PIs) and 

entry/fusion inhibitors, CCR5 antagonist, and post-attachment inhibitors. Most 

combinations consist of two NRTIs with either a NNRTI, PI, or INSTI. 

Reverse-transcriptase inhibitors (RTIs) block the viral RT (Figure 8). NRTIs and NtRTIs 

function in a similar manner. They are analogs of deoxynucleotides and compete with 

them by incorporating into the viral DNA during reverse transcription. The absence of a 

hydroxyl group at the 3’ position acts as a chain terminator, halting DNA elongation [174]. 

However, NRTIs/NtRTIs also compete as substrates for host DNA synthesis, leading to 

serious toxicities associated with their impact on mitochondrial DNA [175]. NNRTIs differ 

from NRTIs/NtRTIs as they are noncompetitive inhibitors of reverse transcriptase. They 

bind to the reverse transcriptase enzyme, inducing a conformational change that reduces 

its catalytic activity [175]. 

INSTIs inhibit the viral IN, preventing the strand transfer step by removing the 3’-

processed DNA from the active site. This action blocks the incorporation of viral DNA into 

the host genome (Figure 8). This inhibition of IN leads to the accumulation of 1 and 2-LTR 

circles as well as linear DNA forms [176].  

PIs bind to the HIV PR, impeding the cleavage of the Gag-Pol polyprotein and 

consequently hindering the maturation of new virions [175] (Figure 8). Virus particles 

produced in the presence of PIs are defective and mostly non-infectious.  
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Figure 8. –  Classes of current ART regimens and mechanisms of action 
HIV replication can be inhibited at multiple steps by different classes of antiretrovirals (red lines). The 
latest antiretroviral approved by the FDA is mentioned as an example. Figure adapted with permission 

from ViralZone, SIB Swiss Institute of Bioinformatics. 
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antagonist, binds to the HIV coreceptor, preventing its interaction with HIV gp120 [175]. 

However, HIV can undergo a tropism shift, allowing it to target CXCR4, which is 

associated with disease progression [177]. Currently, no CXCR4 antagonists have been 

approved for clinical use, although many have been discovered and are under 

development [178]. Lastly, the post-attachment inhibitor Ibalizumab is a humanized 

monoclonal antibody that binds to CD4 on the cell surface, impeding the conformational 

change in the CD4-gp120 complex required for viral entry [179]. 

In addition to the seven classes of antiretroviral drugs, the FDA has recently approved two 

additional drugs. Fostemsavir, an attachment inhibitor, was approved in July 2020. Similar 

to Ibalizumab, Fostemsavir has been developed for individuals with multiple-drug-

resistant HIV infections. Fostemsavir directly binds to gp120 and locks it into a closed 

state, preventing the conformational change necessary for the initial interaction between 

the virus and CD4 on the cell surface. As a result, it inhibits attachment and subsequent 

entry into the cells [180] (Figure 8). Furthermore, recent studies have shown that 

Fostemsavir can block the immunomodulatory activities of HIV-1 soluble gp120 by 

reducing its shedding, thereby protecting bystander cells from antibody-dependent cellular 

cytotoxicity (ADCC) [181].  

Finally, Lenacapavir, a capsid inhibitor was approved on December 22, 2022. Similar to 

Fostemsavir, Lenacapavir is particularly useful in individuals with multiple-drug-resistant 

HIV infections. It interferes with the capsid-mediated nuclear uptake of the PIC and binds 

to and stabilizes curved capsid assemblies, inhibiting the functional disassembly of virus 

cores. This indicates that Lenacapavir acts at both early and late stages of the viral cycle 

[182, 183] (Figure 8).  
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HIV reservoirs  

In the early 90s, the use of combined ART regimens raised hope for PLWHIV and 

researchers. Indeed, the first results demonstrated a decrease in plasma viremia, which 

became undetectable with prolonged therapy [184, 185]. These findings led the 

community to believe that HIV-1 infection could be eradicated within 3 years of continuous 

ART treatment [185]. Unfortunately, a few weeks after ART cessation, viral rebounds 

occur indicating that the virus is not cleared from the body. In some cases, the 

reemergence of HIV-infected cells is observed after a few months of interruption. These 

people, known as “Post-Treatment Controllers” (PTC), appear to prevent viral rebound 

through different mechanisms compared to EC. Indeed, PTC do not exhibit greater HIV-

specific CD8+ T cell responses than those observed in EC. Additionally, while ECs often 

possess the protective class I human leukocyte antigen (HLA)-B*27 and HLA-B*57 alleles, 

PTC express HLA-B*07 and HLA-B*35, which are associated with rapid progression to 

AIDS and poor clinical outcomes [186]. The existence of a viral rebound despite prolonged 

ART therapy confirms the presence of persisting infected cells. Studies have shown that 

after HIV exposure and integration into the host genome, some viruses remain 

transcriptionally silent [187, 188] and these proviruses resume production upon 

reactivation of the T cell by its cognate antigen.  

 

HIV latency 

A significant hurdle in achieving an HIV cure is the persistence of latent viral reservoirs. 

Among these reservoirs, long-lived, resting, memory CD4+ T cells contribute the most to 

the HIV viral reservoirs [188, 189]. For years, it was believed that these reservoirs were 
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transcriptionally silent and had little immunological impact [190]. However, our studies and 

others suggest a different reality. The presence of spliced and unspliced viral RNA in HIV-

infected cells indicates that complete silencing is rare [190, 191]. While these viral 

transcripts may be abortive [191], they have been associated with pro-inflammatory 

signaling in vitro [192, 193], and could therefore contribute to chronic inflammation during 

ART. HIV latency exists in two forms: pre-integrational and post-integrational latency, 

depending on whether the virus has integrated into the host genome or not [194].  

 

Pre-integrational latency 

Pre-integrational latency may occur as a result of failed steps or blocks during HIV 

infection. Unintegrated linear viral DNAs, which are capable of integration and can persist 

in infected cells, are necessary for pre-integrational latency. Activation of quiescent CD4+ 

T cells after infection increases the amount of integrated DNA [195, 196]. In resting CD4+ 

T cells, the capsid, viral DNA, and centrosome colocalize more than 21 days post-

infection, and activation of these cells also enhances the integration of viral DNA, leading 

to viral production [197]. In PLWHIV receiving ART therapy, the majority of unintegrated 

DNA exists in circular forms (1- and 2-LTR circles). Recent studies have shown that these 

circular DNAs can serve as substrates for the HIV IN, meaning that they could lead to 

proviral integration and therefore contribute to the pre-integration latency [198]. However, 

the half-life of unintegrated linear viral DNAs in CD4+ T cells appears to be short, lasting 

approximately 11 days [199]. Although macrophages and brain tissues retain unintegrated 

linear DNA for a longer period of time [194], this suggests that the pre-integrational latency 

plays a minor role in the viral reservoir.  
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Post-integrational latency 

Post-integrational latency represents the primary form of HIV latency, occurring when the 

cellular transcription machinery is blocked. In resting CD4+ T cells, both NFAT and NF-κB 

remain in the cytoplasm limiting transcriptional activity [200]. Post-transcriptional latency 

is also influenced by the integration site of the viral genome and the chromatin 

organization. The provirus preferentially integrates into chromatin regions near the nuclear 

membrane, characterized by active transcription chromatin marks [135, 201]. Integration 

into active genes facilitates the basal expression of the viral genome, which is necessary 

for subsequent Tat-mediated transactivation [202]. Sometimes, HIV can integrate into 

non-genic or pseudogenic genomic regions, which have been associated with a deeper 

level of viral latency [203]. Furthermore, integration near genes involved in cell growth and 

division can drive clonal expansion and persistence of HIV-infected cells, potentially 

contributing to the development of malignancies [204]. 

 

Transcriptional “latency” 

Non-epigenetic mechanisms 

In addition to pre- and post-integrational latency, transcriptional regulation by cellular 

factors can induce HIV latency. For instance, the involvement of long non-coding RNAs 

(lncRNA) regulating HIV transcription has been described. LncRNAs function in cis, trans, 

or both and are known to modulate gene expression. They can act as key regulators at 

the transcriptional and post-transcriptional levels by influencing polymerase functions and 

altering protein functions through changes in phosphorylation states [205-207]. In HIV 

infection, lncRNAs have been implicated in both maintaining viral latency and facilitating 
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viral replication in host cells [208, 209]. Two lncRNAs, NEAT1 (Nuclear Enriched 

Abundant Transcript 1) and NRON (Non-coding Repressor of NFAT) have been found to 

be upregulated in HIV-infected cells. NEAT1 regulates and maintains nuclear paraspeckle 

bodies, which serve as a reservoir for unspliced and partially spliced HIV transcripts 

containing cis-acting instability elements (INS) before their nuclear export [209]. NRON 

regulates NFAT activity by either enabling or inhibiting its nuclear transport. During the 

early stages of infection, Nef inhibits NRON, thereby promoting NFAT activity and 

upregulating HIV transcription. On the other hand, Vpu induces NRON expression, 

leading to the inhibition of viral transcription [210]. NRON, which is highly expressed in 

resting CD4+ T cells, facilitates Tat degradation by the proteasome [211]. However, most 

of these studies have been done in in vitro models utilizing cell lines, and the involvement 

of lncRNAs as modulators of the latency must be determined in vivo. 

 

Epigenetic mechanisms 

Post-translational modifications can regulate Tat activity, such as its 

acetylation/deacetylation by cellular proteins. While P/CAF, GCN5, and CBP activate Tat 

through acetylation [212], deacetylation by STIR1 or HDAC6 inactivates the Tat protein 

inhibiting viral gene expression [213]. Active P-TEFb, which consists of Cyclin T1 and 

CDK9 and is associated with Brd4 [214] is required during elongation. Its inactive form is 

regulated by the 7SK RNP complex, which inhibits CDK9 activity. This complex is 

composed of the 7SK small nuclear RNA (snRNA), HEXIM1/2, LARP7, and MePCE [215]. 

Then, CTIP2 another cellular protein, is also known to interfere with P-TEFb by repressing 

CDK9 activity through its direct association with 7SK snRNA and HEXIM1 [215].  
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Viral expression is also regulated by other epigenetic marks, such as DNA methylation 

and histone modifications (methylation, acetylation, ubiquitylation, crotonylation, etc.). In 

latently infected CD4+ T cells, two methylated CpG islands flanking the HIV TSS have 

been described. Moreover, the transcriptional repressor methyl-CpG binding domain 

protein 2 (MBD2) has been identified at these CpG islands, suggesting its involvement in 

HIV latency [216]. However, the levels of CpG methylation seem associated with the 

duration of ART treatment: low levels of CpG methylation have been observed with short 

treatment duration (<3 years), while these levels increase with the duration of ART [217]. 

Of note, the integration of HIV into the host genome means that its expression is mediated 

by chromatin organization. Heterochromatin, the condensed conformation of chromatin 

(in contrast to euchromatin), is modulated by post-translational modifications of histones 

such as acetylation and methylation. Acetylation and deacetylation are respectively 

mediated by histone acetyltransferases (HAT) and histone deacetylases (HDAC). 

Acetylation releases the chromatin, promoting active transcription, while deacetylation by 

HDAC renders the DNA inaccessible and is associated with latency. During viral latency, 

HDACs are recruited to the 5’ LTR by transcription factors (NF-κB, c-Myc, Sp1) resulting 

in chromatin compaction and preventing RNA pol II binding [218]. Histone methylation and 

demethylation are catalyzed by histone methyltransferases (HMT) and histone 

demethylases. Histone methylation can either enhance or repress transcription, 

depending on the methylated residue and whether it is mono-, di-, or tri-methylated. In 

HIV latency, methylation of histone H3 at lysine 9 (H3K9) is responsible for chromatin-

mediated transcriptional silencing [219]. In addition to its interaction with the inactive form 

of P-TEFb, CTIP2 can silence viral transcription by recruiting HDAC1 and HDAC2 to 

promote local histone H3 deacetylation at the HIV-1 promoter region, along with 
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SUV39H1, which increases H3 methylation. These two actions lead to the formation of 

local heterochromatin, silencing HIV-1 transcription [215]. 

Therefore, it is evident that HIV latency is a multifactorial process mediated by various 

mechanisms that both establish and maintain the viral latent state. However, these 

modifications are closely linked to the activation state of the host cell. Once integrated, 

the proviruses remain unaffected by the treatments, and in the absence of viral protein 

production, infected cells remain undetectable by the immune system. As a result, 

proviruses can perdure within resting CD4+ T cells unless a stimulus induces the 

expression of viral genes, or the infected cells undergo cell death. 

 

Viral latency 

As mentioned earlier, the infection of CD4+ T cells depends on the activation and 

differentiation status of the targeted cell. In vivo, the infection of resting CD4+ T cells is 

unlikely due to the low level of CCR5 expression on the cell surface [220]. Furthermore, 

unlike activated cells, resting CD4+ T cells have high levels of SAMHD1, which interferes 

with reverse transcription by degrading nucleotides [90]. In vitro, HIV infection of resting 

CD4+ T cells is possible but with reduced efficiency in naïve compared to memory CD4+ 

T cells, as memory T cells express more CCR5 than their naïve counterparts [220]. 

Another possible scenario leading to latency in naïve CD4+ T cells (TN) involves infection 

during thymopoiesis (Figure 9). This phenomenon has been studied in severe combined 

immunodeficient (SCID) humanized mice [221]. During thymopoiesis, transcriptionally 

active CD4+CD8+ thymocytes enter a quiescent state upon maturation into TN [222]. 

Additionally, in PLWHIV receiving ART, HIV DNA has been detected in recent thymic 
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emigrants, suggesting infection of thymocytes [223, 224]. Although the infected TN 

population appears to expand during ART, it contributes to only 2% of the viral reservoir 

[225]. 

Therefore, it is more plausible that latency occurs in activated (or previously activated) 

cells that transition into a resting state (Figure 9) [222]. Indeed, HIV replication appears to 

be most efficient in activated CD4+ T cells, and the viral reservoir is predominantly 

established within memory CD4+ T cells [225]. In response to an antigen, TN undergo a 

burst of cellular proliferation and differentiation, increasing the pool of effector cells. 

Although the majority of these cells die, a subset survives and reverts to a resting state, 

persisting as memory cells. A similar process takes place during HIV infection. In the 

presence of HIV antigens, TN proliferate and differentiate into effector cells. These 

activated antigen-specific CD4+ T cells are highly susceptible to HIV infection. Two 

scenarii of infection of antigen-specific T cells exist [226]. First, the infection could occur 

early in the clonal burst, resulting in a large TCR-clone of HIV-infected cells. Alternatively, 

if the infection occurs later, only a fraction of the T cell clone would harbor the provirus. 

Usually, these activated infected cells undergo rapid death due to productive infection. 

However, some cells transition back to a resting state. Recently, it has been demonstrated 

that latently HIV-infected CD4+ T cells express gene patterns that promote HIV silencing, 

cell survival, and cell proliferation [227, 228]. In the absence of a TCR activation, 

transcription is silenced through the recruitment of cellular factors that alter the chromatin 

structure, thereby reducing cellular transcriptional activity.  

Finally, a third hypothesis suggests that infection does not take place when the cell is in a 

fully active state but rather during its transition to a resting state. However, if the provirus 



61 

integrates too early before quiescence is initiated, the transcription of Tat by the cellular 

machinery will result in viral expression despite the hypoactivation of the cells. In such 

cases, the cells may be recognized by the immune system or undergo viral cytotoxicity, 

leading to their destruction [229]. Given that activated cells are more permissive to HIV, it 

is more likely that latency occurs in activated infected cells that subsequently revert to a 

resting memory state, or that the infection occurs during the transition. 

 

“Leaky latency” 

The majority of cells within the viral reservoir are latent and, therefore, thought to be 

transcriptionally inactive. Activation of these cells requires a stimulus that induces viral 

gene expression and production. However, cells harboring the HIV genome may exhibit 

the ability to transcribe low levels of short and elongated viral RNA, potentially leading to 

the production of limited quantities of viral proteins during ART [230, 231]. These 

observations have given rise to the term “leaky latency”, which describes this state of 

incomplete transcriptional latency [232]. Indeed, studies have measured low levels of 

transcriptional initiation and elongation in latently infected resting CD4+ T cells from 

PLWHIV under ART treatment. The presence of abortive transcripts indicates the 

occurrence of certain blocks during viral transcription [191], although these blocks are not 

complete, as multiply-spliced and full-length transcripts can also be detected in resting 

CD4+T cells, alongside the production of viral proteins [230, 231]. 
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Figure 9. –  Cellular models of latency establishment into CD4+ T cells 
(A) Transcriptionally active thymocytes (CD4+CD8+) undergo deactivation to become TN once 

thymopoiesis is completed. Upon activation by antigens presented by APCs, TN undergo proliferation 
and differentiation into activated effector CD4+ T cells. A subset of activated CD4+ T cells then 

transitions back to a resting state, becoming memory T cells. Two non-exclusive mechanisms may 
explain HIV latency: (B) and (C) infection occurs when the cells are in an active state or transitioning 

to a resting state, either during thymopoiesis (B) or after antigen-driven activation (C); or, rarely, by 
direct infection of naïve/resting CD4+ T cells. Adapted from [222] with permission from Springer Nature. 
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Recently, our group and others have characterized the spontaneously transcriptionally 

active viral reservoir in peripheral infected CD4+ T cells from PLWHIV on ART [233]. 

Although the majority of these cells are transcription-competent but do not express the 

Gag protein, the persistence of HIV-specific CD4+, and CD8+ T cell responses has been 

observed. Notably, these responses were more pronounced when the protein was 

produced [233]. These findings suggest that immune responses might be sustained due 

to persistent antigen production during ART. Additionally, we have described that these 

spontaneously transcriptionally active infected resting cells are not restricted to a single 

CD4+ T cell subset but are predominantly enriched in central memory T cells (TCM), as 

well as in markers of activation such as HLA-DR, ICOS, Ki67, and PD-1 [233]. This 

enrichment is consistent with homeostatic and antigen-driven proliferations, which will be 

further discussed in the introduction. The enrichments of chemokine receptors may reflect 

preferential HIV replication in specific anatomical compartments, such as the intestinal 

mucosa (CCR6 enrichment) and germinal centers of LN (CXCR5). This may explain why 

some cells are capable of “leaking” virus particles or viral transcripts. Certain 

environments have been identified to be more conducive to viral transcription and may be 

reflected in the periphery. Another possibility arises from the suboptimal distribution of 

antiviral drugs into tissues. In SIV-infected monkeys, ART partially reduced levels of both 

DNA and RNA in lymphoid tissues, which correlated with low drug concentrations in these 

tissues compared to peripheral blood [234]. 

Unfortunately, although this phenomenon seems to occur at a very low level, it can 

contribute to drug resistance, and lead to persistent immune activation and inflammation 

constitutive of immune dysfunction, even in PLWHIV undergoing prolonged therapy [235]. 
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Therefore, therapeutic strategies are needed to eradicate the virus from the body (i.e., 

sterilizing cure) or to achieve long-term control of HIV replication without the need for ART 

(i.e., functional cure).  

 

Viral reservoir  

The term “reservoir” initially referred to the proviruses that persist in cells despite ART-

treatment. However, over time, the term has evolved to encompass not only the cells 

harboring the provirus but also the organs where the virus persists and the various viral 

genomes. Each method used to measure the reservoir is important in understanding how 

and why proviruses persist despite ART. Also, it is important to note that each assay has 

its limitations, making precise measurements of the viral reservoir challenging (Figure 10).  

 

“Total HIV DNA”  

Overall, the HIV genome persisting within infected cells despite ART treatment can be 

considered as the reservoir, which includes 1- and 2-LTR circles, linear integrated as well 

as non-integrated DNA. Total HIV DNA levels are measured by PCR and allow for the 

early detection of infection as early as Fiebig I (Figure 7) and are predictive of the 

progression toward AIDS [236]. As mentioned previously, HIV DNA decrease in a two-

step decay after initiating ART. The first step corresponds to the reduction of non-

integrated DNA and productively infected cells. Subsequently, the second phase of viral 

decay is attributed to the decline of infected long-lived resting cells, which are part of the 

HIV reservoir [237]. However, total HIV DNA measurement does not distinguish the 

different DNA forms (1- and 2-LTR circles, linear non-integrated and integrated) that do 
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not contribute similarly to the reservoir establishment. Also, it has been shown that the 

majority of integrated DNA was defective and unable to produce new infectious viral 

particles, thus not replication-competent [238, 239]. 

 

Figure 10. –  Venn diagram comparison of each different viral genome subtypes 
Each circle represents a fraction of the viral reservoir. The majority of total HIV DNA is integrated, but 
only a tiny portion is replication-competent [239]. However, even this small fraction is sufficient to cause 

viral rebound after ART interruption and poses a challenge for achieving a cure for HIV. Adapted from 
[240] with permission from Springer Nature. 

 

Replication-competent reservoir 

As mentioned previously, this term refers to proviruses capable of producing new 

infectious viral particles. This reservoir is likely involved in the viral rebound that occurs 
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after ART interruption. The viral outgrowth assay (VOA) is the standard method used to 

quantify the rare replication-competent and inducible proviruses [241]. HIV-infected cells 

are sorted and reactivated using latency reversal agents (LRAs) in co-culture with non-

infected autologous CD4+ T cells to measure viral infection. Recent estimations place the 

size of the viral reservoir in PLWHIV upon ART at approximately 300 per 106 CD4+ T cells 

containing total HIV DNA, with only 1 provirus per 106 CD4+ T cells being replication-

competent from a single stimulation [242, 243]. Multiple rounds of reactivation can lead to 

viral expression from additional proviruses, suggesting that some proviruses are more 

prone to reactivation than others [239]. Unlike measurements of total HIV DNAs, VOA 

tends to underestimate the true size of the viral reservoir as it overlooks active viral 

reservoirs – other than resting memory CD4+ T cells – that may be biologically relevant. 

 

Proviral integrity 

The differences between total HIV DNA and the replication-competent reservoir have 

prompted further qualitative analyses of the viral reservoir. Studies have revealed that the 

vast majority of the HIV reservoir consists of defective proviruses [238, 239]. Multiple 

mechanisms contributing to their generation have been proposed. As mentioned earlier, 

the RT lacks proofreading functions, resulting in roughly one mutation every 10’000 base 

pairs, or about one mutation per genome per cycle) [53, 244]. Another mechanism 

involves host cell restriction factors like ABOPEC3G. This factor restricts and hinders 

proviruses replication by inducing guanine-to-adenine changes during the RT, but also 

leads to HIV-1 hypermutations observed in defective proviruses [172, 244, 245]. The 

proportion of intact genomes has been estimated at 5% and 35% of the integrated DNA 
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in ART-treated and in viremic individuals, respectively [238, 246]. While the number of 

replication-competent proviruses is 300-fold lower than the number of CD4+ T cells that 

harbor HIV DNA detectable by PCR, in ART-treated individuals, this frequency represents 

only a fraction of the intact proviruses are reactivated by VOAs [247]. These frequencies 

have been determined by sequencing the complete viral genome in cells from PLWHIV. 

The observed defects mostly involve large deletions along the provirus but can also 

include hypermutations or defects into the ψ domain [238, 239, 247]. These defects are 

detrimental to the virus as they preclude the production of new infectious viral particles. 

Although the frequencies of cells harboring intact and defective proviruses decrease 

during ART, the latter decay to a lesser degree than intact proviruses over time [238]. 

 

Transcription- and translation-competent reservoir 

Studies which focus on intact proviruses preclude the potential impact of defective 

proviruses on chronic inflammation and immune dysfunction. It has been revealed that 

defective proviruses can produce viral transcripts and proteins, thereby possibly 

contributing to HIV pathogenesis [248, 249]. Such proviruses are referred to as 

transcription- and translation-competent reservoirs. Of note these two categories are 

interconnected, as translation-competent reservoirs are inherently capable of producing 

viral transcripts. Measurements of multiply-spliced vRNAs provide estimates of the 

transcription-competent reservoirs that are 20 to 50 times higher than those of the 

replication-competent reservoirs [250, 251]. However, these assays do not capture the 

heterogeneity of the viral reservoir. To, address this, our team and others have used flow-

cytometry-based methods to assess the reservoirs at a single-cell resolution. These 
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methods detect viral protein [252, 253] and viral RNA through flow cytometric fluorescent 

in situ RNA hybridization (RNAflow-FISH or RNA FISH-flow) [254-256]. Using these 

assays, we have determined the frequencies of CD4+ T cells capable of producing viral 

RNAs and Gag protein, which represents the translation-competent reservoir. We found 

that this reservoir was about 160 to 200 times smaller than the reservoir harboring 

integrated DNA. This technique has narrowed down the estimate of the translation-

competent reservoir to approximately 4.7 HIV+ cells/106 CD4+ T cells, yet higher than the 

replication-competent reservoirs measured by VOA [254, 256].  

Flow cytometry also offers the opportunity to assess the contribution of specific cellular 

subtypes to the viral reservoir and allows for a more comprehensive characterization of 

HIV-infected cells, which is crucial for potential eradication strategies. 

 

Cellular reservoirs  

As mentioned earlier, HIV DNA integrates into the cellular genome, where it can be 

transcribed to produce new viral particles. However, even with ART treatment, a small 

fraction of the virus can remain transcriptionally silent. This viral genome is primarily 

integrated into CD4+ T cells, which constitute the majority of the viral reservoir. 

 

CD4+ T lymphocytes  

The majority of latently infected CD4+ cells during ART exhibit a resting memory 

phenotype, characterized by limited viral transcription due to epigenetic gene silencing 
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mechanisms as described earlier. These long-lasting, self-renewing cells are considered 

the primary contributor to the viral reservoir.  

At the cellular level, integrated DNA persists in TCM, TEM, TTM, and TSCM (stem-cell memory 

T cells), as well as in TN [223, 225]. Despite the abundance of TN, the frequency of HIV-

infected TN is low [225]. However, some studies have indicated their role in the 

establishment and maintenance of the viral reservoir, as TN may contain proportionally 

more intact HIV genomes than other subsets [246, 257, 258]. On the other hand, TEM and 

TCM represent the subsets in which the virus is mainly detected. Through homeostatic 

proliferation, TCM favors the clonal expansion of the proviruses [225]. This concept will be 

further elaborated later in this manuscript. However, it has been described that TCM 

predominantly harbor defective proviruses [246]. Conversely, TEM, despite their limited 

proliferative capacity, harbor the largest pool of intact DNA [246]. Moreover, translation-

competent cells are enriched in this subset, suggesting that TEM provide a cellular context 

conducive to viral translation [253, 254, 259].  

Memory CD4+ T cells can exhibit polarization based on their pro- or anti-inflammatory 

functions, each making distinct contributions to the viral reservoir [260]. Similar to TCM, TH9 

cells harbor high levels of viral DNA, but the proviruses within them are mostly defective, 

unlike TH1, which are less likely to be infected but harbor proportionally more intact 

genomes [261]. TH17 cells are also known as preferential targets for HIV infection, possibly 

due to their high plasticity, self-renewal capacity, and long-lasting characteristics, rather 

than their homing potential to the gut [260]. The suboptimal distribution of antiretroviral 

into tissues may favor the expression of HIV antigens. In turn, this expression can lead to 

antigen-driven proliferation, thereby promoting infection of T cells with homing capacity. 
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This phenomenon is also observed for TFH cells, which reside in the germinal center of LN 

and constitute a major compartment for HIV persistence and viral production, despite ART 

[260]. 

Therefore, studying the contribution of different subsets of CD4+ T cells to the viral 

reservoir is of great importance for a potential therapeutic cure of HIV. Recently, there has 

been interest in exploring the possibility of reducing the size of the reservoir by inducing 

cellular differentiation and replenishing the pool of TN cells. This strategy aims to “rinse 

and replace” the viral reservoir through homeostasis and T cell turnover of HIV-infected 

cells [262]. However, the generation of novel TN cells relies on thymic functions, which 

peak at puberty and decline thereafter. This principle of immune aging is exacerbated in 

PLWHIV due to the inflammaging process, where HIV infection leads to immune 

dysfunction. Therefore, the “rinse and replace” strategy may necessitate the use of growth 

hormones to enhance thymic functions. 

 

Monocytes and macrophages 

While the presence of HIV DNA in monocytes isolated from peripheral blood mononuclear 

cells (PBMCs) can be detected [263, 264], their susceptibility to HIV infection is hindered 

by the expression of restriction factors such as SAMHD1, APOBEC3G, and various micro-

RNAs (miRNAs) [265]. Recently, it has been shown that the HIV DNA detected in the 

small fraction of monocytes was not integrated [266]. 

Conversely, the differentiation of monocytes into macrophages is associated with an 

increased permissiveness to HIV infection. Therefore, in vivo reports of macrophage 

infection largely depend on the anatomical compartment with which they are associated 
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[267-269]. The persistence of the viral reservoir is associated with the long lifespan and 

self-renewal capacities of macrophages, as well as their resistance to HIV-mediated 

apoptosis and cell death caused by CTLs [270, 271]. Moreover, it has been described that 

HIV infection itself favors the survival of infected macrophages. For instance, the envelope 

glycoprotein induces the expression of anti-apoptotic genes Bfl-1 and Mcl-1, as well as 

the expression of macrophage colony-stimulating factor (M-CSF), which downregulates 

the tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) receptor associated 

with apoptosis [272]. The capacity of macrophages to sustain HIV replication in the 

absence of CD4+ T cells has been demonstrated [273], making them an important 

reservoir for HIV persistence during ART treatment. However, evidence of phagocytosis 

of HIV-infected CD4+ T cells may also suggest that the presence of HIV DNA in 

macrophages could be attributed to phagocytosis rather than active infection [274, 275]. 

 

Other cellular reservoirs 

Other non-conventional cellular HIV reservoirs have been described. Among them, these 

include megakaryocytes [276], and by extension platelets, where HIV particles can 

potentially hide [277].  

Megakaryocytes and platelets (also known as thrombocytes) are abundant in the 

bloodstream. First evidence of HIV internalization into megakaryocytes and platelets was 

described in vitro [276, 278]. Platelets, produced by megakaryocytes, play a crucial role 

in hemostasis and thrombosis. They interact with signals from pathogens and damaged 

cells (pathogen-associated and damage-associated molecular patterns; PAMPs and 

DAMPS) resulting in aggregate formations that can lead to their depletion, potentially 
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causing thrombocytopenia in cases of inflammation [279]. PLWHIV are at a relatively 

higher risk of thrombocytopenia due to reduced platelet lifespan, splenic sequestration, 

and impaired platelet production by HIV-infected megakaryocytes [280]. Indeed, 

megakaryocytes express both CD4 and CXCR4, rendering these bone marrow cells 

susceptible to HIV infection. As a result, intact HIV particles can be present in platelets 

from ART treated individuals [277]. However, platelets also express various receptors, 

such as CCR1, 3, and 4, CXCR1, 2, and 4, and DC-SIGN, which can directly bind to HIV 

[279]. Importantly, studies have shown that the HIV particles internalized into platelets are 

replication-competent and that platelets can transfer the virus to macrophages after 

phagocytosis, leading to their infection [277]. Therefore, platelets serve as a carrier for 

internalized HIV particles, providing an alternative pathway for viral dissemination 

throughout the body. Additionally, higher frequencies of HIV-containing platelets have 

been associated with poor immune restoration despite ART treatment, suggesting a link 

to disease progression [277].  

Unlike CD4+ T cells and macrophages, these cells have been less studied, and the 

mechanisms involved in the infection of such subsets, their roles, and contributions to the 

viral reservoir remain unclear. Although they are not primary actors, they undoubtedly 

assist the virus in persisting despite ART, thereby complicating the eradication of HIV. 

 

Anatomical reservoirs  

While peripheral blood CD4+ T cells represent the most extensively studied HIV reservoir, 

they only represent the tip of the iceberg. Major anatomical sites, such as lymphoid organs 

(LN, bone marrow, spleen, thymus), as well as the gut, liver, lungs, central nervous system 
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(CNS), reproductive system, adipose tissue, and others, also serve as reservoirs [281]. 

These compartments are physically separated from the immune circulation by barriers 

providing obstacles to effective ARV penetration. This low drug penetrance, associated 

with limited cellular trafficking permeability may represent a challenge for both immune 

responses and pharmacological intervention, and potentially result in viral replication in 

the anatomical sites [234]. These sites with limited trafficking of immune cells are therefore 

referred to as “sanctuaries” 

Lymphoid tissues have been identified as major sites of viral replication, with germinal 

center TFH cells being highly permissive to HIV infection [260]. In non-human primate 

(NHP) models, persistent SIV replication in B cell follicles has been observed, and the 

survival of infected TFH has been attributed to the exclusion of CTLs within LN follicles 

[260]. Additionally, HIV-infected TCM are found in LN, underscoring the role of this 

compartment in HIV persistence [260, 281].  

A second significant anatomical reservoir is the gut, where TH17 cells are preferentially 

infected by HIV, potentially due to higher CCR5 expression and T cell activation in the gut 

mucosa [260, 281]. This sanctuary represents the highest frequency of HIV-infected cells 

and ongoing replication, even in individuals undergoing ART [281]. Moreover, this 

compartment is where a substantial proportion of infected myeloid cells is detected [260, 

266, 273, 275, 281].  

As early as the infection occurs, HIV can be detected in the cerebrospinal fluid (CSF) and 

brain tissues [281, 282]. Unlike the CSF, the rest of the CNS does not contain CD4+ T 

cells, and other cell subtypes such as macrophages and microglial cells are infected by 

HIV [268, 281, 282]. However, astrocytes, which are susceptible to HIV infection in vitro, 
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do not harbor HIV DNA in the brain of ART-treated individuals, suggesting that they are 

not involved in the ongoing replication observed in the brain [268]. The limited penetration 

of ARV in the CNS facilitates viral rebound, contributing to the development of 

neurocognitive disorders [268, 281, 282]. 

Not surprisingly, the main entry portal for sexual transmission, namely the genital mucosal 

tissue, contains a significant proportion of urethral macrophages harboring replication-

competent proviruses in penile tissue from ART-treated individuals [267]. This reservoir is 

particularly susceptible to activation by lipopolysaccharides (LPS), which can be 

associated with other sexually transmitted infections that result in LPS production. This 

LPS-mediated activation poses a potential risk factor for HIV shedding into semen and 

potentiating HIV infection [267, 283]. 

Primarily, tissue-resident CD4+ T cells (TRM) and macrophages serve as the main HIV 

reservoirs within these compartments, although other cell subtypes can also be infected 

and contribute to the persistence of HIV. For instance, microglial cells [268] and 

Langerhans cells in the skin and foreskin mucosa [284, 285] are known to be infected. 

Moreover, the combination of limited penetration of ARV and certain cellular trafficking 

permeability pose significant barriers to therapeutic strategies, which, importantly, favor 

the ongoing replication of HIV within these sanctuary sites. 
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Viral reservoir persistence 

Viral reservoir stability 

Latently infected cells are relatively invisible to the immune system, allowing the virus to 

persist throughout the lifespan of these cells. Longitudinal analyses of the HIV reservoirs 

have revealed a half-life of approximately 44 months for those cells, suggesting potential 

eradication of the viral reservoirs after about 70 years on ART [188, 286]. These findings 

highlight the stability of the viral reservoir over time. Some studies indicated that the 

stability of the viral reservoir may be linked to its resistance to cell death [227, 287, 288]. 

During the active replication state, HIV-infected cells are typically eliminated through cell-

mediated killing by CTL or die from the cytopathic effects induced by the virus. However, 

despite efficient CD8+ T cells, latently infected cells persist. Several mechanisms have 

been proposed. Notably, an increased expression of the pro-survival protein BCL-2 has 

been observed in reactivated viral reservoirs obtained from ART-treated individuals. This 

overexpression was not observed in chronic progressors [288]. The upregulation of BCL-

2 has been associated with impaired CTL-mediated killing, potentially attributed to the 

inhibition of both the perforin/granzyme B and FasL/Fas pathways, thus regulating the 

apoptosis of the HIV-infected cells [288]. 

While the duration of ART treatment does not appear to impact the size of the viral 

reservoir, the time prior to treatment initiation does. An example is the case of the 

“Mississippi baby”, who was born to a mother living with HIV. ART was initiated only 30 

hours after the baby’s birth, resulting in undetectable viral load for 12 months and stable 

CD4+ and CD8+ T cell counts, similar to individuals on ART. However, when the treatment 

was interrupted, the viral load remained undetectable for an additional 27 months in the 
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plasma but then reoccurred along with a drop in CD4+ T cells [289]. These findings 

suggest that early initiation of ARV restricts the establishment of the HIV viral reservoirs 

and may be associated with better virologic control. Several studies have indicated that 

the seeding of the HIV reservoir occurs prior to the detection of viremia in plasma, with 

proviruses already integrated in LNs and the gastrointestinal tract, rather than in the 

periphery [290, 291]. 

 

Mechanisms involved in the viral persistence 

Despite ART, the viral reservoir persists. Initially, it was suggested that infected cells could 

persist over time due to their long half-life. It is now widely accepted the viral reservoir is 

not maintained solely by the long-term survival of infected cells but also through 

homeostatic proliferation of infected cells and antigen-driven proliferation [225, 226, 292]. 

Some studies suggest that the viral reservoir might also persist through residual ongoing 

replication, particularly in tissues where the penetrance of the ARVs is limited [189, 234]. 

However, this phenomenon is still debated as no direct proof has been given. 

 

Clonal expansion 

Clonal expansion allows for the replenishment of the viral reservoir without inducing viral 

replication and is supported by the increasing frequency of cells containing identical viral 

sequences observed during ART [292]. The presence of proviruses located within the 

same integration site in different cells, which is extraordinarily to occur from two distinct 

integration events, confirms that a significant fraction of infected cells proliferates through 
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clonal expansion [292]. Three mechanisms have been described to be involved in the 

clonal expansion of the viral reservoir (Figure 11). 

The HIV reservoir is mainly found in memory cells, which appear to be maintained through 

homeostatic proliferation (Figure 11) [225, 292]. The increased expression of IL-7 in 

response to CD4+ T cell loss during HIV infection has been linked to the proliferation of 

HIV-infected cells in the absence of viral production [292]. Moreover, clonally expanded 

sequences are underrepresented in the TCM subset, while they are more abundant in TTM 

and TEM. Interestingly, clonally expanded sequences within the TTM and TEM subsets can 

also be found in TCM [225, 293]. These findings suggest that the clonally expanded 

reservoir derived from the TCM fuels the TTM/TEM reservoirs without being eliminated, 

indicating that clonal expansion occurs in the absence of viral production or due to immune 

escape mechanisms [225, 293]. However, the observed contraction of certain HIV-

infected T cell subsets implies the involvement of mechanisms other than homeostatic 

proliferation. 

Despite adherence to ART treatment, there are instances where the plasma viral load 

becomes transiently detectable, albeit at levels lower than 200 copies/mL. This low-level 

viremia, known as viral blips, is not caused by drug-resistant viruses but is mainly derived 

from genetically identical clones [292]. It is suggested that this T cell activation is antigen-

mediated, which may explain the contraction of some T cell subsets harboring clonally 

expanded sequences after their activation and differentiation into more effector subtypes 

(Figure 11) [292, 293]. These antigen-specific CD4+ T cells undergo viral expression and 

clonal expansion, leading to viral blips and subsequent elimination of infected and 

activated cells by the immune system [292]. Recent TCR sequencing studies of HIV-
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infected cells producing viral protein upon reactivation have revealed that most 

translation-competent cells share the same TCR and harbor clonally expanded 

sequences [293]. Some clonal populations remain detectable in longitudinal samples, 

even 6 years after the initial visit, with transient clonal expansions followed by 

contractions, highlighting the role of antigen-driven clonal expansion in the persistence of 

the HIV reservoir [293]. 

Finally, the duplication of proviral integration sites represents another mechanism of clonal 

expansion (Figure 11). During HIV infection, proviruses integrate into intronic regions of 

transcriptionally active genes, either in the same or opposite direction as the host gene. 

In vivo studies have shown that integration of the HIV genome is enriched in cancer-

related genes compared to their frequency in the human genome [134, 292, 294]. 

Moreover, HIV integration into these oncogenes in vivo consistently occurs in the same 

orientation as the genes. As a result, HIV transcription mediated by the LTR can also 

transcribe these cancer-related genes, triggering cellular proliferation and promoting 

clonal expansion of the viral reservoir. However, it should be noted that the majority of the 

HIV genomes are defective, and there is no observed difference in intactness between 

proviruses integrated into cancer-related genes and those integrated elsewhere [134, 294, 

295]. Nonetheless, intact sequences appear to be enriched in non-genic regions, often 

found in the opposite orientation to host genes or within/close proximity to the centromere 

[294, 295]. These observations suggest that HIV persistence may be mediated by deeply 

latent proviruses, which could account for the discrepancy between the size of the intact 

reservoir and the size of the replication-competent reservoir detected by VOAs. 
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Figure 11. –  Mechanisms contributing to clonal expansion of HIV-infected cells  
Three cellular mechanisms are known to be involved in the clonal expansion. First, the interaction 
between a latently infected memory CD4+ T cell and its specific antigen triggers the activation and 

subsequent proliferation of the cell. A fraction of the proliferated cells will die while the other part will 
transition into a quiescent memory phenotype. Secondly, homeostatic proliferation maintains a 

constant pool of HIV-infected CD4+ T cells without reactivation of viral expression. Lastly, integration 
of the proviruses into oncogenes may also result in cell proliferation. Adapted from [296] with 
permission from Journal of Immunology. 
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Ongoing replication 

In some studies, and despite long-term ART-treatment, HIV proteins can still be detected. 

These occurrences are predominantly observed in anatomical reservoirs where the 

penetration of ARVs is limited [189, 234]. The question of whether this phenomenon 

occurs in ART-treated individuals remains controversial, as certain studies have found no 

evidence of genetic evolution during ART, suggesting that HIV persistence may not be 

driven by low-level ongoing replication of the virus [297]. 

These observations have been made in the blood, while others have demonstrated viral 

evolution in tissues, as well as perturbation of the reservoir following treatment 

intensification [298, 299], implying the persistence of active replication despite ART. In 

germinal centers of LNs, the exclusion of CD8+ T cells from the replication sites [299] 

could also play a role. However, it is important to note that the samples were taken after 

only 3 and 6 months of therapy, which introduce a bias to the observations. Indeed, during 

the first months of therapy, the viral reservoir is not stable, as both productively infected 

cells and short-lived cells die rapidly. This sharp decline of infected cells alters the proviral 

diversity, making it challenging to compare with pretherapy sequences. On the other hand, 

several groups have reported that in some tissues (such as the GALT), despite high levels 

of immune activation, the diversity of HIV sequences does not increase even after 1 year 

of ART initiation. Moreover, there is no compartmentalization observed between the 

periphery and the tissue, suggesting the absence of de novo replication [297].  

While these observations suggest that residual replication may occur, this phenomenon 

is largely debated, and it is widely accepted that clonal expansion represents the main 

mechanism of viral persistence.  
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Immune responses and therapeutic strategies 

Immune responses during HIV infection 

Innate immunity 

Early after infection, PRR (Pattern Recognition Receptors) sense PAMPs present in HIV 

products, triggering a diverse array of innate immune responses [300]. Among these 

responses are the actions of intracellular HIV restriction factors such as APOBECs, 

TRIM5α, SAMHD1, or BST-2, which inhibit various stages of the HIV replication cycle 

[300]. In addition, other factors, including type I and type III IFNs and proinflammatory 

cytokines, are secreted, creating a feedback loop that activates innate immune cells. 

Some Interferon-stimulated genes (ISGs) enhance antigen presentation, playing an 

important role in the recruitment and priming of adaptive immune cells [300]. Together, 

these mechanisms limit HIV replication and control the spread of the virus. However, HIV 

has developed strategies to counteract these antiviral immune mechanisms through the 

activities of its accessory proteins. These proteins can inhibit the functions of the 

restriction factors or downregulate surface receptors that are involved in the recognition 

and elimination of HIV-infected cells by NK cells [300]. 

The persistence of HIV during chronic infection perpetuates a proinflammatory 

environment, affecting both innate and adaptive responses [301]. For example, prolonged 

and high expression of type I IFNs leads to desensitization, reduced expression of antiviral 

ISGs, impaired development of DCs, limited proliferation and loss of CD4+ T cells, along 

with promoting apoptosis of bystander cells and increasing the size of the viral reservoir 

[301]. While type I IFNs signaling is crucial for inhibiting the spread of infection during 

chronic infection, persistent activation of these signals appears to contribute to the 
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depletion of CD4+ T cells, particularly in the gut, where the proinflammatory state is further 

fueled by the translocation of gut bacteria into the bloodstream. It is important to note that 

chronic immune activation is commonly observed in PLWHIV receiving ART and is 

generally associated with a poor prognosis of HIV infection. 

 

Adaptive immunity 

HIV-specific CD8+ T cells 

Strong HIV-specific T cell responses are observed in almost all individuals infected with 

HIV during the early phase of infection. These T cell responses mediate the first viral 

control, explaining the sharp decrease in viral load during acute infection, even without 

ART [156, 164]. The abundance of Nef and Env epitopes, observed early during the acute 

phase of HIV infection, leads to their preferential targeting by the CD8+ T cells contributing 

to the decline of HIV viremia. However, both Nef and Env regions are among the most 

variable in the virus [302], meaning that early T cell responses shape the outcome of HIV 

infection. As the infection progresses, the virus undergoes genetic mutations, resulting in 

an increased diversity of epitopes targeted by CD8+ T cells but also favoring the selection 

of escape variants in HIV [169, 303]. Furthermore, individuals who maintain a high viral 

load tend to experience selective loss of high-avidity CD8+ T cell or potent cytolytic specific 

CD4+ T cell responses during early infection [302]. On the other hand, individuals 

achieving better control of viremia, such as elite controllers, show better HIV-specific CD8+ 

T cell responses.  

During chronic HIV infection, T cells undergo repetitive stimulation by antigens, ultimately 

resulting in the exhaustion or dysfunction of HIV-specific T cell immunity [165]. Exhausted 
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cells are characterized by the loss of their functions and an increased expression of 

inhibitory receptors [169, 304, 305]. Importantly, continuous TCR signaling is required for 

the maintenance of exhausted T cells as they are unable to transition into a long-lived 

quiescent state. Moreover, HIV-specific CD8+ T cells retain an epigenetic program poised 

for PD-1 upregulation specific of nonfunctional antigen-specific responses, which persists 

even after successful ART [306]. However, in elite controllers who effectively control 

viremia, T cells exhibit a higher degree of polyfunctional CTLs capable of producing 

cytokines and chemokines in addition to their cytolytic capacity, as compared to viremic 

or ART-treated individuals [307]. It is now widely acknowledged that potent CD8+ T cell 

responses differ between ECs and HIV progressors. Although it was previously shown 

that certain HLA alleles (such as B*57 and B*27) were associated with better control of 

HIV infection [186], it has been found that while these HLA phenotypes are enriched in 

two-third of elite controllers, the targeted epitopes in ECs who do not bear these alleles 

do not overlap with those targeted in HLA-B*57+ individuals. Moreover, these protective 

alleles are also present in many PLWHIV. Whole human genome sequencing identified a 

single variant between ECs and viremic individuals, present in the Killer-cell 

Immunoglobulin-like Receptor KIR3DL1 affecting the interactions with HLA-B [308]. Also, 

it has been shown in ECs without protective HLA alleles, that HIV-specific CD8+ T cells 

were able to kill as effectively as the specific CTL cells in those with protective alleles 

[309], probably due to the restricted specificity of these CTL to HLA epitopes that do not 

tolerate escape mutations [310]. These findings suggest that the role of the protective 

HLA alleles is not the only contributor to viremia control. 
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HIV-specific CD4+ T cells 

HIV-specific CD4+ T cells in long-term progressors also exhibit exhaustion and limited 

proliferation. This exhaustion is characterized by the upregulation of inhibitory receptors 

such as PD-1, CTLA-4, TIGIT, and CD200 [311-313]. Recent findings from our group have 

demonstrated that in chronic HIV infection, HIV-specific CD4+ T cells are predominantly 

exhausted cTFH cells with skewed functions toward a TH1-like phenotype and functions 

[313]. These cells undergo expansion in lymphoid tissues due to continuous stimulation 

of HIV-specific TFH in germinal centers. Although the immune responses against 

opportunistic infections are improved with ART, the treatment does not fully restore an 

effective HIV-specific T cell pool capable of controlling HIV infection. As for CD8+ T cell 

functions, ECs possess less exhausted and more polyfunctional CD4+ T cells, especially 

in the mucosa, compared to viremic individuals with progressive disease [309]. Their HIV-

specific CD4+ T cell responses exhibit enrichment in TH1 and TH17 signatures, along with 

high levels of granzymes, IFNγ, and IL-17 [314].  

The precise relationship between these phenotypes and their impact on controlling 

viremia remains unclear. It is uncertain whether these phenotypes actively contribute to 

the control of infection or if they are merely a consequence of such control. Although the 

immune system is capable of controlling HIV infection, durable control in the absence of 

ART is seen only in a minority of individuals. In most cases, the capacity of HIV to develop 

escape mutations at its T cell epitopes leads to progression toward AIDS.  
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HIV therapeutic strategies and cure  

Despite the tremendous success of ART therapy in controlling viremia and immune 

system reconstitution, ARV do not cure HIV infection. Therefore, lifelong therapy is 

needed, but it requires strict adherence. Skipping HIV medication increases the risk of 

drug resistance, drug side effects, and places a high economic burden. Previous studies, 

along with a few individuals who have been cured of HIV, have fueled hope for a potential 

cure. However, to date, only five individuals have been considered cured of HIV. All five 

underwent HIV-resistant stem cell transplantation.  

In 2007, Timothy Ray Brown, formerly known as the “Berlin patient”, received two stem 

cell transplants from a donor who had a rare mutation known as CCR5Δ32. This mutation 

leads to the absence of CCR5 co-receptors. Timothy Ray Brown received the transplants 

to treat his acute myeloid leukemia (AML). It was described at the Conference on 

Retroviruses and Opportunistic Infections (CROI) in 2008 that HIV did not rebound even 

after analytical treatment interruption (ATI), both in the blood and tissues [315, 316]. 

Unfortunately, Timothy Ray Brown died in September 2020 due to a recurrence of 

leukemia, but he remained HIV-free for 13 years.  

In 2019, Adam Castillejo (the “London patient”) became the second person to achieve an 

HIV cure after a bone marrow transplant to treat his Hodgkin lymphoma [317]. A 53-year 

old person, referred to as the “Dusseldorf patient”, was confirmed as cured early this year, 

even though he had stopped his treatment 4 years ago. The “Dusseldorf patient” received 

an allogeneic hematopoietic stem cell transplantation (aHSCT) in 2014 for AML [318]. 

Additionally, two more individuals, Paul Edmonds (formerly known as the “City of Hope 

patient”) [319] and a woman referred to as the “New York City patient”, both received AML 
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stem cell transplants from donors with the CCR5Δ32 mutation. However, the “New-York 

City patient”, underwent a haplo-cord transplant, which involved combining cord blood 

cells with haploidentical stem cells from an adult. This was due to the complexity of finding 

a match for someone of being of mixed race [320]. Moreover, unlike aHSCT, a graft-

versus-host disease is less common with haplo-cord transplantation, presenting a 

potential HIV cure for PLWHIV who require a stem cell transplantation.  

Notwithstanding the hope that these five cases represent, many other attempts have 

failed. Some infected cells appear to be partially resistant to chemotherapy regimens used 

for aHSCT and can cause viral rebound even with homozygous CCR5Δ32 stem cells 

[321]. In that study, Verheyen et al. revealed that the viral rebound was associated with a 

replicative CXCR4-tropic variant that had already been detected prior to the aHSCT [321]. 

Additionally, this procedure is not scalable for the treatment of millions of PLWHIV 

worldwide and is medically intensive, therefore, it is only recommended for the treatment 

of life-threatening cancer. 

 

HIV vaccine strategies 

Unfortunately, there is still no effective and widely available HIV vaccine to prevent or treat 

HIV infection. To date, six vaccine candidates have undergone efficacy trials out of which 

only one (RV144 trial) showed a modest efficacy. The initial two trials, VAX003 and 

VAX004, aimed to induce antibodies against gp120, but they failed given that no 

difference in the rate of infection or disease progression, no effects on CD4+ T cell counts 

or viral load levels, and more importantly, no neutralizing antibodies against different HIV 

variants were observed between vaccinated and non-vaccinated individuals [322]. On the 
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other hand, the STEP and Phambili trials tested recombinant adenovirus vectors encoding 

viral proteins Gag, Pol, and Nef. The objective was to elicit cellular immunity, but no overall 

protection against HIV was observed. In the STEP trial, individuals with pre-existing 

immunity to adenovirus experienced worsened HIV infection outcomes [323-326]. 

The RV144 “Thai trial” utilized a recombinant canarypox vector expressing the env, gag, 

and pol genes, which were further boosted with a recombinant gp120 from clade AE. Initial 

clinical evidence demonstrated an efficacy of 60.5% in the first year, but this effectiveness 

declined to 31.2% after 3.5 years from the first immunization [325]. The protection 

observed in the trial was attributed to non-neutralizing V1/V2-specific immunoglobulin 

(Ig)G antibodies, which triggered ADCC activity and antibody-dependent cellular 

phagocytosis (ADCP), along with decreased IgA responses [325]. However, the trial 

raised controversies due to the exclusion of some participants, and the results pertaining 

to those individuals were not disclosed. Subsequent analysis showed that the vaccine 

might only be 26% effective, but this result did not reach statistical significance [327]. The 

HIV Vaccine Trials Network 702 (HVTN 702) “Uhambo trial” was designed based on the 

RV144 trial, utilizing a recombinant gp120 from clade C instead of AE. In 2020, an interim 

analysis revealed no prevention of infection, leading to the termination of this trial.  

Recently, two trials, namely HVTN 702 “Imbokodo trial” and HVTN 706 “Mosaico trial”, 

were halted due to a lack of efficacy in HIV protection. Both trials utilized an adenovirus 

26 (Ad26)-vectored tetravalent vaccine, encoding for two distinct mosaic Gag-Pol Ad26 

vectors and two Env Ad26, followed by gp140 protein boosts. Mosaic antigens involve 

computationally recombining HIV sequences to optimize the coverage of the diverse 

protein sequences that characterize HIV. This intricate procedure aims to generate a 
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mosaic antigen that encompasses a broader range of genetic variants, thereby enhancing 

immunogenicity and efficacy. 

A novel platform has showcased its success in humans during the CoVID-19 pandemic. 

mRNA vaccines leverage host cells to produce protein immunogens capable of eliciting 

potent antibody and cellular responses. Our team and others have assessed the potential 

of mRNA vaccines in at-risk populations [328, 329], making them a promising avenue for 

further exploration in vaccination strategies. While no mRNA vaccines have been 

developed for HIV yet, RNA vaccines based on the Env protein have demonstrated the 

ability to generate robust specific responses in animal models [330]. 

 

Genome editing strategy 

The use of CRISPR-Cas9 (Cluster Regularity Interspaced Short Palindromic Repeat 

Associated Protein 9) has been proposed as an approach for cure strategy. This system 

has proved its efficacy in precise insertion, deletion, and replacement of target dsDNA 

[331]. It has been extensively utilized for genome modification in various living organisms.  

In line with the five individuals who have previously been cured of HIV, research has 

focused on studying the CCR5Δ32 mutation, which provides protection against HIV. 

Studies have shown that CCR5 knockout confers a selective advantage on CD4+ T cells 

in PLWHIV and has been proven safe [332]. The other HIV coreceptor, CXCR4, has also 

been a target of investigation. While CXCR4-modified cells have exhibited resistance to 

HIV infection [333], severe side effects may occur during thymic differentiation and 

hematopoietic cell development that require CXCR4. Therefore, targeting HIV coreceptors 

using gene editing machinery necessitates caution in the context of a cure strategy. Direct 
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elimination of integrated DNA by Cas9 is another possible approach. Several studies have 

demonstrated the effectiveness of CRISPR-Cas9 in targeting the HIV genome, including 

the LTR region [334, 335]. These promising results have led to the approval of the first 

trials by the FDA, which will test EBT-101, an in vivo CRISPR-Cas9 gene editing system 

delivered through an adenovirus-associated virus vector designed to excise HIV-1 proviral 

DNA [336]. 

 

Broadly Neutralizing antibodies (bNAbs) strategy 

In addition to HIV prevention, broadly neutralizing antibodies (bNAbs) have been tested 

in both animal models and clinical trials as therapy during chronic untreated infection or 

after ART interruption. Neutralizing antibodies possess the ability to block viral entry by 

either preventing receptor/coreceptor binding or inhibiting conformational changes in the 

envelope glycoproteins. bNAbs, on their side, are capable of neutralizing a majority of 

strains from diverse clades and can be categorized into six groups based on the epitopes 

they target on the Env trimer: the CD4 binding site (CD4bs), the V2 apex, the V3 glycan 

region, the silent face, the membrane-proximal external region (MPER), and the interface 

between gp120 and gp41 [337].  

Antibody monotherapy in mice and NHPs (non-human primates) using bNAbs resulted in 

a temporary reduction of the plasma viral load for two weeks before the viral rebound 

occurred. Similar results were observed in viremic PLWHIV using antibodies such as 

3BNC117, VRC01, or 10-1074. The rapid viral rebound within a few weeks was mainly 

attributed to the development of escape mutation. Similar to ART regimens, a combination 

of multiple bNAbs targeting nonoverlapping epitopes on the envelope protein has been 
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employed to extend the period of viral load reduction [338]. However, prior testing of the 

virus is necessary to determine the efficacy of bNAbs therapy. The combination of ART 

and bNAbs therapy was tested in PLWHIV who had achieved successful viral suppression 

with ART [339]. Following ATI, bNAbs were able to control the viral load to undetectable 

levels. One possibility is that bNAbs directly bind to the virus, forming complexes that 

inhibit viral entry and prevent conformational changes in the envelope, thereby reducing 

infectivity. 

Our team conducted a study on the specific-CD4+ and -CD8+ T cell responses to HIV 

peptides in individuals undergoing bNAbs therapy [340]. While escape mutations to 10-

1074 were observed in rebound viruses, attributed to the shorter half-life of 3BNC117, 

almost all participants displayed higher levels of specific-CD4+ and -CD8+ T cells. It was 

suggested that this increase in T cell reactivity to HIV Gag epitopes might have played a 

role in controlling viral replication [340]. Notably, the expansion of HIV-specific T cell 

responses was unlikely to be driven by viral replication, as it was measured during a period 

of sustained viral suppression. It has been shown that the presence of bNAbs leads to the 

formation of immune complexes that activate DCs, thereby enhancing their antigen-

presenting capacities and eliciting a vaccine-like effect [341].  

To date, several ongoing clinical trials are testing different combinations of bNAbs or 

modified versions thereof, aiming to extend their half-life and achieve long-term viral 

suppression of HIV after ATI. Additionally, other clinical trials are investigating the impact 

of combining immunomodulators with bNAbs after ATI, with the goal of reactivating and 

reducing the viral reservoir or triggering antiviral immune responses. Consequently, 
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bNAbs can serve as an alternative strategy to ART in maintaining suppressed viral load 

in PLWHIV. 

 

Chimeric Antigen Receptor (CAR)-T cells strategy 

The CAR-T cell strategy has been successfully implemented in the treatment of 

hematologic cancers. It involves the use of autologous T cells that are engineered to 

recognize and bind to specific foreign antigens, thereby inducing immune system 

activation. The first CAR-T cell therapy was developed in the early 2000s, employing a 

fusion of the CD4 extracellular domain with the CD3ζ signaling domain [342]. Utilizing 

CD4 was advantageous due to its recognition by Env proteins, ensuring broad targeting 

of all HIV isolates. Moreover, CD4 binding sites on the envelope protein exhibit relative 

stability, and mutations in these sites lead to decreased viral fitness, making CD4 an 

effective and consistent targeting molecule for anti-HIV CAR design. However, clinical 

trials have demonstrated that CD4-based CARs did not achieve long-lasting control of 

viral replication. This outcome has been associated with the susceptibility of CAR-T cells 

to HIV infection and the elimination of activated cells, inadequate activation signaling from 

costimulatory signals, suboptimal T cell expansion, and insufficient viral antigen 

stimulation [342]. Notwithstanding the lack of protection against HIV, initial CAR-T cell 

therapies have been proven safe and feasible in vivo.  

Recently, a new approach incorporating bNAbs into CAR-T cells has been developed. 

These bNAb-based CARs consist of a single-chain variable fragment derived from bNAbs 

that target conserved sites within the Env protein. This modification enables CD8+ T cells 

to proliferate, eliminate infected cells, and suppress viral replication [343]. Given the high 
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potential for antigen escape, a combination of multiple bNAbs-based CAR-T cells would 

likely be necessary to achieve greater suppression.  

Furthermore, CAR-modified NK cells have also been considered as a potential antiviral 

therapy against HIV. Typically, NK cells can target and eliminate infected cells that 

downregulate the MHC-I, or infected cells that increase the expression of ligands such as 

unique long-binding proteins ULBP-1 and -2. Moreover, NK cells can engage in ADCC 

against infected cells [344]. Currently, there are no CAR-modified NK cell therapies for 

HIV, as the first two clinical trials for cancer immunotherapies have only been completed 

earlier this year.  

 

“Block and Lock” strategy 

As its name suggests, this strategy aims to block viral reactivation, even after treatment 

interruption, using latency-promoting agents (LPAs). As described earlier, numerous viral 

and cellular proteins are involved in HIV latency and transcription and have been identified 

as potential targets for LPAs to permanently silence proviruses. LPAs can: 1) inhibit Tat, 

IN, or cellular factors that play a role during viral transcription; 2) inhibit cellular pathways 

involved in viral reactivation; 3) induce epigenetic modifications to establish a repressive 

chromatin environment at the LTR promoter [345]. 

The most extensively studied LPA thus far is didehydro-cortistatin A (dCA), which inhibits 

Tat [346]. dCA has been associated with a reduction in viral reactivation in CD4+ T cells 

from HIV-infected individuals, and a delay in viral rebound has been observed in HIV-

infected humanized mice following ATI [347]. This delay has been attributed to increased 
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nucleosomal occupancy of the viral DNA mediated by dCA, thereby limiting the 

recruitment of RNA pol II to the HIV promoter [347].  

The “Block and Lock” strategy can be mediated by various molecules, including LEDGINs. 

These molecules hinder the interaction between LEDGF/p75 and IN, thereby preventing 

viral integration into the host genome during the early phase of HIV infection [348]. 

Additionally, LEDGINs can inhibit the late stages of infection by modulating IN 

multimerization in the virions, resulting in the production of non-infectious viral particles 

[349]. Depletion of LEDGF/p75 by LEDGINs reduces integration into transcriptionally 

silent regions, promoting the establishment of deep latency for the provirus [350]. 

Targeting the Jak-STAT pathway to reduce homeostatic proliferation has also been 

investigated. Inhibiting Jak is associated with a decrease in the size of the viral reservoir. 

By blocking downstream events following the binding of various cytokines to their 

receptors, Jak inhibitors impede the activation and cellular division of cells. Thus, targeting 

this pathway could potentially reduce immune activation, inflammation, and the 

susceptibility of the cells to infection, as well as mitigate progressive immune system 

dysfunction [351]. 

Other molecules are being studied in the context of the “Block and Lock” strategy. For 

example, the anticancer compound curaxins inhibit the FACT complex (facilitates 

chromatin transcription complex), which usually acts as a histone chaperone destabilizing 

the nucleosomal structure for the RNA pol II-driven transcription [352]. AUY922 and 17-

AAG, two other anticancer compounds, target heat shock protein 90 (HSP90). Inhibition 

of HSP90 suppresses Tat-mediated transcription and NF-κB, NFAT, and STAT5 signaling 

[353]. Another target is the mammalian target of Rapamycin (mTOR). Inhibition of mTOR 
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reduces viral reactivation in CD4+ T cells by downregulating the phosphorylation of CDK9, 

which impedes phosphorylation of RNA pol II. The PI3K/Akt pathway (Phosphoinositide 

3-kinases, Protein kinase B) lies upstream of mTOR. Activation of PI3K induces Akt, 

resulting in the activation of mTOR. PI3K and Akt inhibitors have been developed as 

anticancer drugs. The use of such inhibitors hampers the anti-apoptosis effects mediated 

by Akt and could induce the clearance of HIV-infected cells [354]. 

Despite limiting the viral transcription, these molecules are “only” capable of delaying viral 

rebound and cannot completely silence viremia in the absence of ART. Furthermore, the 

“Block and Lock” strategy does not eradicate the virus, necessitating regular intake to 

prevent viral transcription. Additionally, this strategy is relatively new, and only a few 

studies have investigated the effects of these molecules in animal models. 

“Shock/Kick and Kill” strategy 

The “Shock/Kick and Kill” strategy is one of the most extensively studied approaches and 

aimed at purging the viral reservoir and eradicating HIV from the body. It involves the use 

of LRAs to activate latently HIV-infected cells, thereby inducing viral expression [355]. 

Subsequently, CTLs are expected to eliminate the reactivated cells that display viral 

antigens on their surface, while new infections are inhibited by ARVs (Figure 12). This 

strategy implies that the viral reservoir remains completely hidden from the immune 

system in the absence of viral transcription. Many LRAs have been developed over the 

years, and they are classified based on their respective targets (Figure 12). 

None of the molecules tested alone efficiently reduced the size of the viral reservoir, even 

after multiple doses of the same LRA. Our group and others have demonstrated potent 

ex vivo reactivation of HIV transcription and translation from latency mediated by various 
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LRAs [253, 254, 355]. Combinations of LRAs from different classes have also been 

studied, yielding diverse results in terms of reactivating latently infected cells. In the 

majority of studies, PKCa have been combined with LRAs that trigger non-T-cell activating 

mechanisms. Combination of PKCa with bromodomain domain inhibitor, HDACi, P-TEFb 

enhancers, or TLR agonists have demonstrated synergistic reactivation in vitro and ex 

vivo [355]. 

However, combining reactivation mediated by LRA with the killing of the infected cells is 

essential. The immune system can be supported by molecules that aid in the killing 

process. Studies have shown that the use of LRAs alone is insufficient in reducing the 

size of the reactivated viral reservoir. This is because the immune system in PLWHIV on 

ART is unable to effectively control viremia. Chronic HIV infection is associated with 

immune dysfunction, particularly in CD8+ T cells, which exhibit increased expression of 

inhibitory signals leading to their exhaustion [169, 304, 305], resulting in reduced HIV 

control. HIV also possesses the ability to evade CTL responses through mutations in its 

T cell epitopes [303]. Despite the initiation of ART, the number, and functions of HIV-

specific CD8+ T cells are not fully restored due to decreased antigen concentrations [356]. 

Additionally, it has been described that the use of HDACi, in the context of shock is 

associated with impaired CTL functions in eliminating HIV-infected cells [357]. While 

HDACi can reactivate latently infected cells, they have a negative impact on the 

eradication of such cells within the “Shock/Kick and Kill” strategy. Enhancing CTL 

responses appears to be crucial for both reducing the size of the viral reservoir and 

improving viral control [358]. 
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Figure 12. –  “Shock/Kick and Kill” strategy and Latency Reversal Agents classes 
(A) “Shock/Kick and Kill” strategy is based on the reactivation of latently HIV-infected cells using LRAs 
combined with therapeutics strategies aimed at eliminating the reactivated cells. Simultaneous 

administration of ARV prevents de novo infection by newly produced virions. (B) LRAs can target 
different pathways, leading to the reactivation of HIV transcription and, in some cases, viral production. 

However, clinical evidence demonstrating the effectiveness of the “shock/kick and kill” strategy in vivo 
is yet to be determined. Adapted from [359] and [355] with permission from Nature Springer and 
Elsevier Publishing Group. 
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Despite advances in ART, a cure for HIV remains elusive due to the persistence of viral 

reservoirs. These reservoirs consist of latently infected cells that can reactivate and 

produce new virus particles, leading to viral rebound if ART is interrupted or discontinued. 

Numerous assays have been employed to assess the size and characteristics of viral 

reservoirs. However, none of these assays comprehensively capture the translational, 

transcriptional, and phenotypic heterogeneity of the viral reservoirs. Notably, CD4+ T cells 

bearing HIV genomes are ten times more abundant than the transcription-competent cells 

[251], which, in turn, are ten times more frequent than cells competent for viral translation 

[253, 254, 259]. These discrepancies have been attributed to successive stages of blocks 

in viral transcription and translation [191].  

Furthermore, HIV infection profoundly influences immune responses. The presence of a 

vast quantity of antigens leads to the exhaustion of HIV-specific T cell responses in 

individuals with detectable viremia [165, 169]. Paradoxically, these responses remain 

elevated after initiation of ART. Our group had recently demonstrated the existence of 

spontaneously active viral reservoirs in ART-treated PLWHIV which were associated with 

higher magnitudes of both HIV-specific CD4+ and CD8+ T cell responses [233]. Moreover, 

we have observed that, in contrast to CD8+ T cells, HIV-specific CD4+ T cell responses 

exhibit skewed phenotypes and functions [313, 314]. 

 

Based on previous results, we hypothesized that i) the stimulation of latent HIV-infected 

cells in ART-suppressed individuals can reactivate transcription-competent cells unable 

to express viral proteins, associated with the phenotypic and genomic profiles of the 
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infected cells; and that ii) the immune responses observed prior to initiating ART 

determine the establishment of viral reservoirs subsequent to treatment. 

For the first project, our objective was therefore to first measure the viral reservoir cells 

in a cohort of ART-treated individuals, and secondly to phenotype and sequence these 

cells. We i) compared the frequency of HIV viral RNA-positive (vRNA+) cells between 

ART-treated individuals and untreated participants; ii) analyzed the cellular and viral 

characteristics of the inducible vRNA+ cells in both ART-treated and untreated individuals 

using diverse LRAs; and iii) investigated the association between the viral transcription 

profile and viral genome integrity of inducible vRNA+ in PLWHIV receiving ART.  

For the second project, the primary objective was to examine how pre-ART HIV-

specific immune responses affect the viral reservoir on ART. We also investigated if the 

transcriptional state of the infected cells pre-ART defines the decline post-ART or was 

associated with preferential persistence of viral subpopulations. Specifically, we aimed to: 

i) assess the presence of vRNA+ cells longitudinally before and after initiating ART; ii) 

determine the magnitude of HIV-specific CD4+ and CD8+ and antibody responses in both 

ART-treated individuals and untreated participants comparing them of ECs who naturally 

control viremia; and iii) investigate the persistence of preexisting proviruses following 

ART. 

In summary, my research endeavors were driven by the aim of elucidating the relationship 

between latent HIV-infected cells, immune responses pre-ART, and the establishment of 

such viral reservoirs post-ART, with the intention of advancing our understanding of HIV 

pathogenesis and treatment outcomes. 
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IN BRIEF 

Sannier et al. describe diverse viral transcriptional and translational profiles of inducible 

HIV-1 reservoirs in antiretroviral-therapy (ART)-suppressed individuals, with class 

specificity of latency reversal agents. They reveal that reactivated proviruses are mostly 

defective, even in cells which express HIV-1 proteins, and that identical sequences can 

adopt diverse transcriptional patterns. 

 

HIGHLIGHTS 

• Expression of p24 protein in induced vRNA+ cells is rare during ART suppression 

• LRAs induce class-specific viral gene transcription and translation patterns 

• Induced transcriptionally active proviruses are mostly defective, even in p24+ cells 

• Identical HIV-1 clones can adopt diverse transcriptional and translational states 

 

SUMMARY 

Although understanding the diversity of HIV-1 reservoirs is key to achieving a cure, their 

study at the single-cell level in primary samples remains challenging. We combine flow 

cytometric multiplexed fluorescent in situ RNA hybridization for different viral genes with 

HIV-1 p24 protein detection, cell phenotyping, and downstream near-full-length single-cell 

vDNA sequencing. Stimulation-induced viral RNA-positive (vRNA+) cells from viremic and 

antiretroviral-therapy (ART)-suppressed individuals differ in their ability to produce p24. In 

participants on ART, latency-reversing agents (LRAs) induce a wide variety of viral gene 

transcription and translation patterns with LRA class-specific differences in reactivation 

potency. Reactivated proviruses, including in p24+ cells, are mostly defective. Although 

LRAs efficiently induce transcription in all memory cell subsets, we observe induction of 
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translation mostly in effector memory cells, rather than in the long-lived central memory 

pool. We identify HIV-1 clones with diverse transcriptional and translational patterns 

between individual cells, and this finding suggests that cell-intrinsic factors influence 

reservoir persistence and heterogeneity. 

 

GRAPHICAL ABSTRACT 

 

 

KEYWORDS 

HIV-1, viral reservoirs, CD4 T cells, multiplexed fluorescent in situ RNA hybridization, 

single-cell analysis, multiparameter flow cytometry, viral sequencing, viral transcription, 

viral translation, latency-reversing agents  
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INTRODUCTION 

A major obstacle to achieving HIV cure is the persistence of latent viral reservoirs because 

they are not cleared even after prolonged therapy. Upon stimulation, latently infected cells 

can revert to a state of transcriptional activity and fuel viral rebound when antiretroviral 

therapy (ART) is interrupted (Davey et al., 1999). Long-lived resting memory CD4+ T cells 

are the main component of the viral reservoir (Siliciano et al., 2003). Several assays have 

been used to evaluate the size and characteristics of viral reservoirs (Fromentin and 

Chomont, 2020). Recent iterations of DNA-based methods measure ‘‘intact’’ proviruses 

likely to support viral replication, rather than the predominant defective proviruses 

detected by traditional methods (Bruner et al., 2019; Gaebler et al., 2019). Conversely, 

viral growth assays (VOAs) quantify the rare replication-competent and inducible 

proviruses (Laird et al., 2013), but overlook other active viral reservoirs that may be of 

biological relevance. Measures of multiply spliced viral RNA (vRNA) (Pasternak and 

Berkhout, 2018; Procopio et al., 2015) provide good estimates of the size of the 

transcriptionally competent viral reservoir, but do not capture the heterogeneity of the viral 

reservoir. Flow-cytometry-based methods provide single-cell resolution, but to date have 

relied on protein detection (p24 (Pardons et al., 2019) or gp120 (Cohn et al., 2018)), single 

vRNA detection by flow cytometric fluorescent in situ RNA hybridization (RNAflow-FISH) 

(Grau-Expósito et al., 2017, 2019), or a combination of both (Baxter et al., 2016, 2017). 

Viral reservoir identification based on p24 expression limits the analysis to translation-

competent viral reservoirs (Baxter et al., 2016; Grau-Expósito et al., 2019; Pardons et al., 

2019). 
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Although important, none of these assays can individually provide an integrated 

comprehension of the viral reservoir’s translational, transcriptional, and phenotypic 

heterogeneity. Differences in the range of detection of these assays can be attributed to 

the nature of their readouts. CD4+ T cells carrying HIV genomes are one order of 

magnitude more abundant than those with the ability to transcribe multiply spliced RNA 

(Procopio et al., 2015), which are another order of magnitude more frequent than those 

producing p24 (Baxter et al., 2016; Pardons et al., 2019). These differences may reflect 

successive stages of blocks in viral transcription and translation (Mohammadi et al., 2014; 

Yukl et al., 2018). The type of cells harboring viral genomes, and the latency-reversing 

agents (LRAs) used, influence how these blocks are alleviated, adding to the complexity 

of viral reservoirs (Baxter et al., 2016; Bullen et al., 2014; Grau-Expósito et al., 2019; 

Pardons et al., 2019; Yukl et al., 2018). How all these blocks intertwine in vivo to shape 

the translational and transcriptional heterogeneity of viral reservoirs remains unclear. 

Another critical bottleneck is the limited ability to link, at the single-cell level, a proviral 

DNA sequence with its capacity to produce viral transcripts and proteins. Such analyses 

require experimental approaches accommodating single-cell measurements of viral 

transcription, translation, and downstream proviral DNA sequencing (Brandt et al., 2020). 

Here, we characterized the viral reservoirs in the peripheral blood mononuclear cells 

(PBMCs) from people living with HIV (PLWHs). To define their heterogeneity and 

responsiveness to latency reversal, we performed combined single-cell analyses of viral 

gene co-expression, viral protein translation, cellular phenotypic features, and 

downstream near-full-length sequencing conducted on indexed single-sorted cells. 
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RESULTS 

Multiplexed RNAflow-FISH enables robust detection of HIV viral RNA-positive 

(vRNA+) cells 

RNAflow-FISH enables single-cell detection of viral reservoirs in primary human samples. 

However, its accuracy depends on dual viral products detection, as done previously using 

gagpol vRNA and p24 protein co-detection (Baxter et al., 2016, 2017). Consequently, only 

translation-competent cells could be reliably identified. To inclusively study 

transcriptionally active HIV-1-infected cells independently of viral protein translation, we 

elaborated a two-layer multiplexed vRNA detection strategy (Figure 1A). The purpose of 

the first layer was to provide the most inclusive detection of viral transcripts. To that end, 

we designed a 5’exonRNA probe set targeting exon sequences (the 5’ specification is a 

reminder; it covers all but the most distal exon in nef, see below) present on all viral 

transcripts (Karn and Stoltzfus, 2012). The second layer of detection ensured specificity. 

Two complementary probes were generated for that goal. First, a nefRNA probe set 

covered the exon sequence in nef before the 3’ LTR. This probe targeted fully elongated 

transcripts. Second was a gagRNA probe set, detecting full-length genomic transcripts 

but also short nefRNA— abortive transcripts previously reported in viral reservoirs (Yukl et 

al., 2018). Although the goal of our approach was not to specifically study splicing, 

gagRNA could also discriminate between cells enriched in elongated unspliced 

(5’exonRNA+ gagRNA+ nefRNA+) versus spliced (5’exonRNA+ gagRNA— nefRNA+) 

transcripts. In a spiking experiment with HIV-1-infected ACH-2 cells, multiplexing the 

detection of vRNA+ cells decreased the threshold of detection down to 6/106 cells (Figure 

S1A). We also stained for p24 as a measure of viral translation competence. 
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To test detection of vRNA+ in primary CD4+ T cells with this platform, we used CD4+ T 

cells isolated from PBMCs of 11 PLWHs sampled before ART initiation (untreated [UNT]) 

(Figures S1B and S1C) who displayed a range of viral loads and total and integrated HIV 

DNA levels per 106 CD4+ T cells (Table S1). By design, 5’exonRNA was expected to 

provide an inclusive detection of vRNA+ cells. Cells co-expressing gagRNA, nefRNA, or 

p24 were found only in the 5’exonRNA+ population (Figure S1D). Therefore, we selected 

5’exonRNA as the primary criterion for HIV+ cell identification. To increase the specificity 

of vRNA+ cells identification, we supplemented the 5’exonRNA probe set with nefRNA, 

gagRNA, or p24. vRNA+ cells were defined by a Boolean OR gate strategy in which vRNA+ 

cells were necessarily expressing 5’exonRNA, along with either nefRNA, gagRNA, or p24 

(Figure 1B). As explained above, we privileged this OR gate strategy over a more standard 

triple-positive approach (5’exonRNA+ gagRNA+ nefRNA+) to include spliced transcript 

(theoretically 5’exonRNA+ gagRNA— nefRNA+) and short abortive transcripts 

(theoretically 5’exonRNA+ gagRNA+ nefRNA—). Cells positive for (1) 5’exonRNA and (2) 

gagRNA, nefRNA, or p24 are henceforth termed vRNA+. Our approach quantified a 

median of 82 vRNA+ cells/106 CD4+ T cells in UNT PLWHs (Figure 1C) with excellent 

interexperimental reproducibility (Figure S1E). We observed a median of two false-

positive events per million cells in uninfected donors (UDs; Figure 1C). The threshold of 

detection (mean in UD + 2 SD) was set at 6/106 CD4+ T cells, in line with the limit of 

accurate detection observed in the spiking experiment. The measure of vRNA+ cells/106 

CD4+ T cells strongly correlated with viral load (Figure 1D), indicating that the frequency 

of vRNA+ cells reflects the level of circulating vRNA in plasma. Overall, these data 

demonstrate that multiplexed RNAflow-FISH analyzed with a combined Boolean gating 

strategy provides a robust measure of vRNA+ cells in viremic PLWHs. 
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Stimulation-induced vRNA+ cells have much lower p24 translation propensity in 

ART compared with UNT participants 

We next sought to quantify induced transcriptionally active viral reservoirs in 16 ART-

treated and 9 UNT PLWHs. CD4+ T cells were stimulated for 12 h with phorbol 12-

myristate 13-acetate (PMA)/ionomycin to induce latency reversal and viral gene 

expression. The multiplexed OR gate analysis strategy also resulted in specific detection 

of vRNA+ cells in ART samples (Figures S2A and S2B). In UNT samples, PMA/ionomycin 

induction led to a consistent 2-fold median increase in vRNA+ cell detection, suggesting 

that both latently infected and replication-competent cells are observed in viremic 

conditions (Figure 2A). In ART samples, stimulation significantly increased vRNA+ 

detection by 11-fold, to a median of 97 vRNA+ cells/106 CD4+ T cells (Figure 2A). This 

measure was less than the measurements of integrated DNA (7-fold) and total DNA (16-

fold), yet 20-fold greater than that of p24+ gagRNA+ cells (Figure S2C), thus providing 

intermediate measurements between DNA and p24-based detection methods (Figure 2B). 

Therefore, multiplexed RNAflow-FISH allows broad detection of transcriptionally and/or 

translationally inducible viral reservoirs. 

Next, we examined the links between viral translation and transcription within individual 

cells. In UNT samples, most vRNA+ cells expressed p24, whereas it was comparatively 

infrequent among vRNA+ cells in ART (Figures 2C and 2D). This suggests a block to p24 

translation in induced viral reservoirs. To assess viral transcription, we analyzed gagRNA 

and nefRNA co-expression in p24+ and p24— vRNA+ cells (Figure 2E). Combined with p24 

translation, this layered analysis created eight theoretical subpopulations of viral 

reservoirs (Figure 2F). Among these, single 5’exonRNA+ cells could not be interpreted 
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because of the insufficient specificity of single-parameter detection (see Figure 1). The 

prevalence of the remaining seven theoretical populations is summarized in Figure 2G. 

Although there was inter-donor variability in UNT samples (Figure S2D), we observed an 

overall consistent hierarchy of the different populations in absence of stimulation: p24+ 

gagRNA+ nefRNA+ (fully elongated transcripts sustaining translation, termed p24+) > p24— 

gagRNA+ nefRNA— (short abortive or deleted transcripts, termed gagRNA+) > p24— 

gagRNA+ nefRNA+ (fully elongated transcripts not sustaining translation, termed vRNADP 

for ‘‘double gagRNA+ nefRNA+ positive’’) > p24 gagRNA nefRNA+ (spliced or deleted 

transcripts, termed nefRNA+). The hierarchy in ART samples was strikingly different: 

gagRNA+ ≅ nefRNA+ > vRNADP > p24+ cells. This difference in hierarchy compared with 

UNT samples suggested that the transcription process is suboptimal in induced viral 

reservoirs. 

Cytometric fluorescent intensities (FIs) give a semiquantitative assessment of RNA copies 

per cell in RNAflow-FISH (Porichis et al., 2014) that can be used to assess the levels of 

transcription and translation per infected cell. We used this metric to determine if the level 

of viral transcription could define the success of viral translation. To avoid biases caused 

by low number of viral reservoir cells per participant, we concatenated all events from 

PMA/ionomycin-stimulated ART samples. Single-cell FI from PMA/ionomycin-induced 

p24+ UNT cells were used as a benchmark of productively infected cells. p24+ cells 

induced by PMA/ionomycin from ART and UNT individuals presented a similar median 

single-cell p24 FI, compatible with potential for replication (Figure 2H). Because 

5’exonRNA is expressed in all vRNA+ cells, we used it as a surrogate of global 

transcriptional activity. 5’exonRNA expression was equivalent in p24+, vRNADP, and 
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nefRNA+ cells but significantly lower by 1 order of magnitude in gagRNA+ cells (Figure 2I). 

This can be explained either because elongation is inefficient in these cells, limiting the 

amount of probes that can hybridize with target vRNA, or there is a lower transcriptional 

rate. Expression levels of nefRNA were equivalent in all populations except for the 

gagRNA+ population (Figure 2J). The expression of gagRNA proved more variable: high 

in p24+ cells, low in vRNADP and gagRNA+ cells, and by definition null in nefRNA+ cells 

(Figure 2K). Globally, gagRNA+ cells showed consistent signs of poor transcriptional 

activity compared with all the other vRNA+ subpopulations, in line with poor transcriptional 

elongation of the HIV genome. Therefore, the level of gag transcripts may indicate key 

limitations for full viral gene expression. 

Finally, we examined the expression of surface CD4 protein as a surrogate of Nef protein 

expression, because Nef downregulates surface CD4 in infected T cells (Lindwasser et 

al., 2007). Unfortunately, PMA/ionomycin induction severely downregulates surface CD4, 

thus precluding such analysis on ART samples. We therefore focused on the UNT cohort 

to compare CD4 expression at the single-cell level between vRNA+ cells and vRNA— CD4+ 

T cells concatenated across multiple donors (Figure 2L). Compared with uninfected 

vRNA— cells, CD4 was strongly downregulated on p24+ cells, and to a lesser extent on 

vRNADP cells. CD4 level on nefRNA+ cells followed a bimodal distribution: consistent with 

adequate Nef protein expression, most nefRNA+ cells displayed low CD4 levels. A smaller 

fraction was comparable with vRNA— controls, suggesting inadequate Nef protein 

expression in these nefRNA+ cells. CD4high cells were much more frequent in gagRNA+ 

cells. A minority of gagRNA+ cells expressed low levels of surface CD4, perhaps because 

of Vpu-mediated CD4 downregulation in the absence of Nef (Willey et al., 1992). These 
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results suggest a partial disconnect between Gag and Nef protein translation in viral 

reservoirs, adding to the heterogeneity of HIV-1-infected cells. 

Near-full-length single-cell vDNA sequencing of induced, transcriptionally active 

viral reservoirs identify underlying proviral defects 

To establish a link between the detection of viral transcripts and the integrity of the proviral 

genes that encode them within a given cell, we performed near-full-length sequencing of 

inducible proviruses using a modified FLIPS assay (Bruner et al., 2016, 2019; Hiener et 

al., 2017, 2018; Lee et al., 2017). Reactivated viral reservoirs identified by multiplexed 

RNAflow-FISH were indexed single-cell sorted based on 5’exonRNA, gagRNA, nefRNA, 

and p24 expression patterns (Figure S3A). Individual cells were lysed and near-full-length 

proviral DNA amplified by nested PCR. The resulting ≤9-kb fragments were subjected to 

PacBio Single Molecule Real-Time (SMRT) sequencing. We obtained a total of 196 

sequences from three ART-treated participants across four subsets of transcriptionally 

induced cells, representing a recovery of 29% of all the single-sorted vRNA+ cells (Figures 

3A and 3B). nefRNA+ cells, which did not express gagRNA, frequently displayed large 

internal deletions (>100 bp) in gag (Figure 3C). Conversely, large deletions in nef were 

restricted to gagRNA+ cells (Figure 3D). Deletion in gag and nef were rare in p24+ and 

vRNADP cells. We analyzed the sequences for previously described defects known to 

abrogate viral replication, as inversions, hypermutations, large internal deletions, 

premature stop codons, and frameshift (except in nef (Hiener et al., 2017), because it was 

reported dispensable for virus replication (Foster and Garcia, 2007)), ψ packaging motif, 

and alterations of the major splice donor (MSD) site (Bruner et al., 2016, 2019; Hiener et 

al., 2017; Ho et al., 2013; Lee et al., 2017; Lu et al., 2018) (Figure 3E). In most 
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transcriptionally active cells, we found packaging signal and MSD site mutations and stop 

codons/ frameshift defects, whereas large internal deletions were less common. 

Nevertheless, we did detect few occurrences of large deletions in viral genomes harbored 

by p24+ cells, indicating that protein production can occur even in cells bearing damaged 

proviruses (Figure 3E). This is consistent with a recent study showing the presence of 

defects in translation-competent proviruses (Cole et al., 2021). We found few 

hypermutated or inverted sequences, probably because most corresponding proviruses 

are not recognized by our probe sets or were not induced. 

A previously reported sequential elimination process was used to infer proviral intactness 

(Hiener et al., 2017, 2018). In this approach, proviral sequences are considered intact if 

devoid of any of the defects listed above. We adapted this approach to verify if intact 

proviruses were enriched in any of the identified viral subpopulations. Proviral sequences 

were screened for the presence of defects following the hierarchy presented in Figure 3F. 

The integrity statuses summarized in Figure 3G are established based on highest defect 

found following this elimination process (Figure 3F), and therefore do not exclude the other 

defects listed beneath. Only two sequences were thus inferred intact (Figure 3G); one 

was found in a p24+ cell, and the other one was found in a vRNADP cell. All the other 

sequences harbored defects of various severities. Large deletions anywhere along the 

provirus were frequent in nefRNA+, and to a lesser extent in gagRNA+ and vRNADP cells. 

This is consistent with previous studies showing the dominance of large deletions among 

cells carrying proviral DNA (Bruner et al., 2016, 2019; Hiener et al., 2017; Ho et al., 2013; 

Lee et al., 2017) (Figure 3G). Proviruses bearing defects exclusively defined by ψ/MSD 

alterations were found almost exclusively in p24+ cells. We found that premature stop 
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codon/frameshift was the most prevalent defect status, especially in p24+ cells (Figure 

3G). The premature stop codons from all the viral subpopulations were mapped mostly in 

nef and tat (Figure 3H). Given that nef was excluded in our sequential elimination 

workflow, it suggested that the presence of defects in the gene tat is an important 

characteristic of reactivated viral reservoirs. This may be because PMA/ionomycin can 

bypass tat-mediated transactivation, thus allowing Tat-independent transcriptional activity 

(Luznik et al., 1995). Overall, these data demonstrate that many defective proviruses 

maintain the ability to produce viral transcripts and even protein upon latency reversal. 

 

Proviral clones display transcriptional and translational heterogeneity 

Next, we verified if the heterogeneity of the inducible reservoirs’ transcriptional profiles 

was due to identical proviral sequences with specific defects. Phylogenetic trees were 

generated for each participant (Figure 4A). It was previously postulated that two identical 

sequences from donors with a high proviral diversity can be considered proviral clones 

(Patro et al., 2019). Based on this report, we found evidence of 16 proviral clonal 

sequences (≥2 identical sequences) from all three participants, including 3 large clones in 

subjects ART3 and ART14, encompassing >51% of all sequenced proviruses. Clonal 

proviruses were not restricted to a specific transcriptional or translational profile (Figures 

4A and 4B). Of all proviral clones, 11 adopted a single viral gene expression profile, 

whereas 5 were heterogeneous (2–4 different viral subpopulations). All four viral 

subpopulations were found in the largest clone (ART3 IV, 59 sequences) (Figures 4A and 

4B). Based on the elimination process previously described (Figure 3F), all clones were 

defective because of premature stop/frameshifts (n = 4), large deletions (n = 9), ψ/MSD 
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defects (n = 2), or hypermutations (n = 1). Consequently, no clone was intact (Figure 4B). 

The high clonality of defective clones compared with intact clones and the rarity of the 

latter are consistent with previous reports (Bruner et al., 2016, 2019; Hiener et al., 2017, 

2018). Globally, these analyses indicate that the clonality of inducible viral reservoirs is 

not restricted to a specific type of viral defect or vRNA expression. A single proviral clone 

can adopt different viral transcriptional and translational profiles in different cells, 

suggestive of non-viral determinants of HIV-1 gene expression. 

 

Compared with protein kinase C agonist (PKCa), histone deacetylases inhibitor 

(HDACi) induces a low-grade transcriptional activity enriched in gagRNA 

transcripts  

LRAs diverge in their capacity to promote HIV-1 transcription and translation (Yukl et al., 

2018). We compared the transcriptional and translational effects of ingenol-3-angelate 

(ingenol; PKCa) and panobinostat (HDACi) at the single-cell level. Both allowed the 

specific detection of vRNA+ cells in samples from ART-treated participants (Figure S4A). 

Ingenol and panobinostat induced similar levels of vRNA+ cells, while combining these 

two LRAs induced levels insignificantly different from PMA/ionomycin (Figure 5A). 

Induction of viral translation as measured by p24+ cell frequencies reached levels similar 

to PMA/ionomycin or Ingenol alone. By comparison, panobinostat induced only weak p24 

translation (Figure 5B). In all conditions tested, however, the frequencies of reactivated 

p24+ reservoirs were much smaller than those observed for induced vRNA+ cells. Co-

expression profiles of nefRNA, gagRNA, and p24 expression in LRA-reactivated viral 

reservoirs (Figures 5C and S4B) revealed two different patterns (Figure 5D). Ingenol-
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treated cells recapitulated the pattern observed with PMA/ionomycin: gagRNA+ > 

nefRNA+ > vRNADP > p24+ cells, and both induced heterogeneous subpopulation 

distributions between samples (Figures 5D and S4C). Panobinostat induced much more 

homogeneous populations (Figures 5D and S4D) with an exacerbated representation of 

the gagRNA+ and rare p24+ cells (Figure 5E). This profile was recapitulated by the 

combination of LRAs (Figures 5D, 5E, and S4E). The distinct patterns of viral 

subpopulations were consistent among LRAs of the same class, because bryostatin-1 

recapitulated expression profiles induced by ingenol (Figure S4G), and 

suberanilohydroxamic acid (SAHA, also called vorinostat) and romidepsin paralleled 

panobinostat (Figure S4H). These data are consistent with the notion of abortive 

transcription upon latency reversal with HDACi. Moreover, the combination of LRAs 

cannot rescue elongation of transcripts, suggesting a dominant and maybe antagonistic 

effect of panobinostat over ingenol. 

We next compared at the single-cell level the transcriptional activity induced by the various 

LRAs, using 5’exonRNA signal intensity as a surrogate marker. We found that vRNA+ cells 

stimulated by PMA/ionomycin were the most transcriptionally active, followed by those 

reactivated by the PKCa class of LRAs, ingenol, and bryostatin-1 (Figure 5F). HDACi had 

a modest pro-transcriptional activity, consistent with abortive elongation. Combination with 

ingenol slightly increased the transcriptional activity of the vRNA+ cells compared with 

panobinostat alone but remained lower than ingenol alone. These data show that within 

vRNA+ cells, PKCa induces a more robust viral transcription, and subsequent translation, 

than HDACi. 
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HIV-1 protein translation in viral reservoirs is associated with an effector memory 

phenotype 

The robust and broad detection of inducible viral reservoirs provided an opportunity to 

determine their differentiation status. However, stimulation by LRAs can significantly alter 

expression of some surface markers on CD4+ T cells (Figure S5A). Because the 

combination of ingenol and panobinostat had no impact on CD45RA and CD27 (Figure 

S5B), we used this stimulation to evaluate the memory phenotype of induced viral 

reservoirs (Figure 6A). To avoid biased phenotyping, we included only samples with >5 

vRNA+ events for each viral subpopulation (n = 5/11). All viral subpopulations 

predominantly displayed a memory phenotype (CD45RA—) (Figures 6B and 6C). p24+ 

cells were skewed toward an effector memory subset (TEM, CD45RA—CD27—) (Figures 

6B and 6C). In contrast, p24— vRNA+ displayed both central memory (TCM, CD45—CD27+) 

and TEM phenotypes. Ingenol-induced gagRNA+ cells were also balanced, while nefRNA+ 

cells were overrepresented in the TEM subset compared with total CD4+ T cells (Figures 

6D and S5C). Panobinostat-induced gagRNA+ cells were mostly TCM cells, similarly to 

total CD4+ T cells (Figures 6E and S5D). The phenotypes obtained with PMA/ionomycin 

were similar, although CD27— phenotypes tended to be overrepresented (Figures S5E 

and S5F), in line with loss of CD27 surface expression on total CD4+ T cells following 

stimulation (Figure S5A). We conclude that, although p24+-producing cells are skewed 

toward TEM cells, p24— vRNA+ cells are equally distributed between TEM and TCM in a 

manner comparable with total CD4+ T cells. 
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DISCUSSION 

We devised a combined approach allowing in-depth single-cell profiling of viral reservoirs 

in terms of viral transcription and translation, cell phenotype, and provirus integrity. This 

strategy provides a broad viral reservoir metric without compromising specificity or 

sensitivity. Transcriptionally active viral reservoirs were diverse in expression of vRNAs. 

Expression of p24 defined only a rare subpopulation of translationally competent cells. 

The hierarchy of frequencies of these populations remained globally similar for all LRAs 

tested, with an exacerbated predominance of the gagRNA+ population for HDACi. Near-

full-length sequencing on indexed sorted cells revealed a myriad of defects among the 

transcriptionally active proviruses, including large deletions, stop codons, and ψ 

packaging alterations. The latter two defects were also present in translation-competent 

cells. Clonal sequences were found in all viral subpopulations, with evidence of various 

viral transcription and translation states within the same clone. Phenotypic analysis 

showed that translation-competent cells were enriched in TEM cells, whereas 

representation of translation-incompetent viral reservoirs was balanced between TEM and 

TCM CD4+ T cells. 

Targeting exon sequences, which are present on every viral transcript, ensured broad 

detection. Consequently, the multiplexed RNAflow-FISH bridged the gap between p24+ 

cells (20-fold higher) and HIV-DNA (7-fold lower) quantifications. Consistent with a 

previous study (Grau-Expósito et al., 2019), we found viral transcription is more easily 

reactivated by LRA than translation. The reasons underlying this lack of translation after 

latency reversal appear to be diverse. Some cells simply did not express gag-encoding 

transcripts, while other, more frequent cells expressed an aberrant gag-encoding 
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transcript lacking the proper 3’ end, reminiscent of abortive transcription previously 

reported (Yukl et al., 2018). Consistent with this interpretation, gagRNA+ cells were 

dominant with HDACi, a class of LRA that fails to elevate blocks to transcriptional 

elongation (Yukl et al., 2018). These cells appeared to have low vRNA signal per cell. This 

is likely due to failed elongation, although we cannot exclude that the rate of transcriptional 

is also diminished. The translation-incompetent population co-expressing both gagRNA 

and nefRNA may highlight a block of viral protein translation. This emphasizes the need 

for new drugs that may synergize with HDACi by unblocking protein translation. By 

comparison, PKCa appeared partially capable to bypass such a block. Combination of an 

HDACi with a PKCa did not increase the proportion of vRNADP or p24+ cells in the vRNA+ 

population. Although it increased modestly the transcriptional activity per cell compared 

with panobinostat alone, elongation did not appear to be improved. Globally, our data 

suggest that the benefit of combining LRA resides in reactivating a more diverse pool of 

viral reservoirs rather than any real synergistic effect. It remains to be determined if other 

LRAs may prove more successful in complementing HDACi. 

Intact proviral sequences were rare in transcriptionally active viral cells. Among the three 

subjects examined, intact sequences were found only twice out of 196 proviruses, and 

within the same subject (one within a p24+ cell and one in a vRNADP cell). This may reflect 

the extreme rarity of replication-competent proviruses in vivo (Ho et al., 2013; Hosmane 

et al., 2017). Alternatively, intact proviruses may preferentially reside in deeply latent cells 

(Einkauf et al., 2019). Recently, it has been shown that within the translation-competent 

reservoirs, only a fraction harbored a putatively intact provirus. Half of these proviruses 

had intact open reading frames but displayed mostly ψ/MSD mutations (Cole et al., 2021). 
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Most transcriptionally inducible viral reservoirs bore diverse genetic defects. Inversions 

and hypermutations, described in bulk sequencing studies (Bruner et al., 2016, 2019; 

Hiener et al., 2017; Lee et al., 2017), were rare in transcriptionally reactivated viral 

reservoirs. These severe defects may preclude viral gene reactivation or hinder their 

recognition by the RNA probe sets. Large deletions were found in every transcriptionally 

reactivated viral subpopulation, although less frequently than reported in studies 

assessing total integrated proviruses (Bruner et al., 2016, 2019; Hiener et al., 2017; Ho et 

al., 2013; Hosmane et al., 2017; Lee et al., 2017). This could be because of the abrogation 

of transcription or large deletions spanning over gag and nef, which would not be detected 

by our probe sets. Stop codons in tat were very frequent, more than in any other gene 

except for nef. It may suggest that tat defects contribute to establish and/or maintain 

latency during ART (Khoury et al., 2018). Although alterations in the ψ packaging motif 

were common, they were often overshadowed by more drastic defects. All these defects 

are expected to impede productive latency reversal in a physiological context. We believe 

that leveraging indexed single-cell sorting, followed by near-full-length provirus 

sequencing, this downstream of multiplexed RNAflow-FISH characterization, is a major 

asset of our approach. It could be next used to address other key gaps of knowledge 

concerning the transcriptional activity of viral reservoirs, such as the link between the 

proviral integration sites and viral gene expression, and mapping the TCR landscape of 

inducible viral reservoirs. Indeed, CD4+ T cell clonal expansion contributes to the 

persistence of the HIV reservoir (Gantner et al., 2020; Simonetti et al., 2021) and 

represents a probable explanation for the viral clones we detected. 
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We found transcriptionally active gagRNA+ cells with proper elongation still failing to 

translate p24. Conversely, we found p24+ cells with large deletions. The underlying 

determinants of translation competence are still obscure but do not appear to be only 

proviral in nature because a clonal provirus led to different transcriptional outcome in 

different cells. This indicates that viral gene expression, from transcription to translation, 

is not solely dictated by proviral integrity but also cellular mechanisms. As observed by 

others (Baxter et al., 2016; Grau-Expósito et al., 2017; Kulpa et al., 2019; Neidleman et 

al., 2020; Pardons et al., 2019), p24+ cells were enriched in TEM cells. In contrast, p24— 

transcriptionally active viral reservoirs had no preference between TCM or TEM. TEM cells 

may provide a cellular context more compatible with p24 translation. Transcriptionally 

active viral reservoirs were rarely TN (or TSCM), consistent with the rarity of integrated 

vDNA in these cells (Buzon et al., 2014; Chomont et al., 2009) and potentially a higher 

threshold of reactivation (Grau-Expósito et al., 2017). 

Although we believe that the approach described here represents an important advance 

for flow cytometric methods applied to the study of HIV reservoirs, it also has some 

limitations. The size of the inducible reservoir may still be underestimated, because our 

multiplexed strategy likely could not detect cells bearing a provirus with deletions spanning 

the region from gag to nef. In addition, our study relied on a single round of latency reversal 

reportedly insufficient for the most refractory viral reservoirs in deep latency (Ho et al., 

2013; Hosmane et al., 2017). The phenotyping of the inducible viral reservoirs was limited 

by the inherent pleiotropic effects of the LRAs on cellular markers. Interestingly, this 

caveat could be minimized by a precursor predicting method (Neidleman et al., 2020). 

Finally, our RNAflow-FISH assay, optimized to maximize detection, does not preserve 



121 

cellular RNAs for downstream transcriptomic analyses. However, such studies proved 

possible using a milder in situ RNA hybridization assay that compromised on vRNA 

detection (Liu et al., 2020). 

The biological impact of this large pool of transcriptionally active viral reservoirs remains 

unknown, although recent studies now provide evidence supporting pro-inflammatory 

sensing of HIV vRNA transcripts (Akiyama et al., 2018; McCauley et al., 2018; Vermeire 

et al., 2016). These observations are important, given that chronic inflammation is a 

problem persisting even during long-term ART (Lederman et al., 2013), and that sustained 

viral gene expression may shape anti-HIV responses (Imamichi et al., 2016, 2020; Pollack 

et al., 2017). The versatility, sensibility, and reproducibility of multiplexed RNAflow-FISH 

will provide a new in-depth perspective on viral transcription and translation in the context 

of LRA clinical trials. 
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STAR METHODS 
KEY RESOURCES TABLE 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 

Mouse monoclonal anti-human CD45RA BD Biosciences Cat# 564442, RRID: 
AB_2738810 

Mouse monoclonal anti-human CD45RA BD Biosciences Cat# 742249, 
RRID:AB_2871441 

Mouse monoclonal anti-human CD4 BD Biosciences Cat# 564651, RRID: 
AB_2744422 

Mouse monoclonal anti-human CD4 BD Biosciences Cat# 560649, 
RRID:AB_1727475 

Mouse monoclonal anti-human CD27 BD Biosciences Cat# 562655, 
RRID:AB_2744351 

Mouse monoclonal anti-human CD3 BD Biosciences Cat# 742207, 
RRID:AB_2871428 

Mouse monoclonal anti-human CD8 Biolegend Cat# 344732, 
RRID:AB_2564624 

Mouse monoclonal anti-human CD14 Biolegend Cat# 301842, 
RRID:AB_2561946 

Mouse monoclonal anti-human CD16 BD Biosciences Cat# 563829, 
RRID:AB_2744296 

Mouse monoclonal anti-human CD19 Biolegend Cat# 302242, 
RRID:AB_2561668 

Mouse monoclonal anti-human CD56 BD Biosciences Cat# 563041, 
RRID:AB_2732786 

Mouse monoclonal HIV-1 core antigen human Beckman Coulter Cat# 6604667, 
RRID:AB_1575989) 

Chemicals, peptides, and recombinant proteins 
RPMI 1640 Gibco by Life 

Technologies 
Cat# 11875-119 

Heat-inactivated FCS Seradigm Cat# 97068-091 
HEPES Invitrogen Cat# 15630-080 
Penicillin-Streptomycin Gibco by Life 

Technologies 
Cat# 15140-122 

Nuclease S7 from Staphylococcus aureus Roche Diagnostics Cat# 12344000 
Phorbol 12-myristate 13-acetate (PMA) Sigma-Aldrich Cat# P1585 
Ionomycin Sigma-Aldrich Cat# I9657-1mg 
Panobinostat Selleck Chem Cat# S1030 
Ingenol-3-angelate Sigma-Aldrich Cat# SML1318-1MG 

Bryostatin-1 Enzo Life Sciences Cat# BML-ST103-
0010 

Romidepsin Selleck Chem Cat# S3020 

Vorinostat (SAHA) NIH AIDS Reagent 
Program Cat# 12130 

Enfuvirtide NIH AIDS Reagent 
Program Cat# 12732 

Zidovudine NIH AIDS Reagent 
Program Cat# 3485 

FVD eFluor® 506 eBiosciences Cat# 65-0866-14 
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Proteinase K Life Technologies Cat# 255530-015 
Ultrapure 1M tris-HCl buffer pH 8.0 ThermoFisher Cat# 15568025 
Critical commercial assays 
EasySep™ Human CD4+ T Cell Enrichment Kit StemCell Cat# 19052 
PrimeFlow™ RNA Assay Kit Affymetrix Cat# 88-18005-210 
DirectPCR Lysis Reagent Viagen Biotech Cat# 301-C 
Platinum™ SuperFi II PCR Master Mix Invitrogen Cat# 12368250 
Deposited data 
DNA Sequencing  This paper  
Experimental models: Cell lines 
ACH-2  ACH-2 RRID: 

CVCL_0138 
Oligonucleotides 
HIV-1 5’exons Affymetrix Custom Cat# VF1-

6000978 
HIV-1 gagRNA Affymetrix Custom Cat# VF6-

6000975 
HIV-1 nefRNA Affymetrix Custom Cat# VF4-

6000647 
Pre-amplification HIV-1 primer: Fwd : 5’ 
GCGCCCGAACAGGGACYTGAAARCGAAAG 3’ ; 
Rev: 5’ GAGGGATCTCTAGTTACCAGAGTC 3’ 

Invitrogen [261] 
[246] 

Amplification HIV-1 primer : Fwd : 5’ 
GACCTGAAAGCGAAAGGGAAAC 3’ 
Rev: 5’ CTAGTTACCAGAGTCACACAACAGACG 3’ 

Invitrogen [238] 
[246] 

Software and algorithms 
FlowJo V10.7.0 FlowJo LLC https://www.flowjo.co

m 
GraphPad Prism V8.4.3 GraphPad Software https://www.graphpa

d.com 
PacBio Sequel II PacBio System https://www.pacb.co

m/products-and-
services/sequel-
system/latest-
system-release/ 

Geneious Prime v 2021.1.1 Geneious Prime https://www.geneiou
s.com/prime/ 

FigTree v1.4.4 FigTree http://tree.bio.ed.ac.
uk/software/figtree/ 

HIVDatabase QCtool Los Alamos National 
Laboratory 

https://www.hiv.lanl.
gov/content/sequenc
e/QC/index.html 

ProseqIT NIH https://psd.cancer.go
v/tools/pvs_annot.ph
p 
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RESOURCE AVAILABILITY 

Lead contact 

Additional information and request for resources should be directed to and will be made 

available by the Lead Contact, Daniel E. Kaufmann (daniel.kaufmann@umontreal.ca). 

 

Materials availability 

This study did not generate new unique reagents. 

Data and code availability 

- All 196 sequences for this study have been deposited in the GenBank Nucleotide 

database with the accession codes BankIt2483701: MZ662560 - MZ662755. 

- This paper does not report original code. 

- Any additional information required to reanalyze the data reported in this paper is 

available from the lead contact upon request. 

 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 

Participants and samples 

Leukaphereses were obtained from study participants at the McGill University Health 

Centre, Montreal, Quebec Canada and at Centre Hospitalier de l’Université de Montréal 

(CHUM), Quebec, Canada. The study was approved by the respective IRBs and written 

informed consent obtained from all participants prior to enrolment. Uninfected donors (UD) 

are free of HIV-1 infection. Untreated participants (UNT) were either naive for treatment 
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or off treatment for at least 6 months. Treated subjects (ART) were on antiretrovirals for 

over 3 years with controlled viremia (< 40 vRNA copies/mL). The donors included both 

sex and were older than 18 years. Participants’ characteristics are summarized in Table 

S1. PBMCs were isolated by the Ficoll density gradient method and stored in liquid 

nitrogen until use. 

 

METHOD DETAILS 

Total and integrated DNA measurements 

Quantifications of total and integrated HIV-1 DNA were determined as previously 

described (Vandergeeten et al., 2014). 

 

HIV-1-infected cells stimulation 

Frozen PBMCs were thawed in cold heat-inactivated Fetal Calf Serum (FCS; Seradigm) 

before CD4+ T cells isolation. CD4+ T cells were isolated by negative magnetic bead 

selection (StemCell). Purified CD4+ T cells were resuspended at 2 x 106/mL in RPMI 

(GIBCO by Life Technologies) supplemented with penicillin/streptomycin (GIBCO by Life 

Technologies), 10% heat inactivated FCS and ARV (Enfuvirtide [7.5mg/mL] + Zidovudine 

[1mM]) and seeded into 24-well plates. Enfuvirtide and Zidovudine were obtained through 

the NIH AIDS Reagent Program. After a rest of 2h at 37°C, 5% CO2, the cells were either 

left unstimulated or stimulated with PMA/ionomycin (162nM PMA, 705nM Ionomycin, 

Sigma) for 12h. Alternatively, for testing of pKCa and/or HDACi, cells were either left 

unstimulated of stimulated with LRA for 18h with the following concentrations: 30nM 
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panobinostat (Selleck Chem) or 25nM ingenol-3-angelate (Sigma) or 10nM bryostatin-1 

(Enzo Life Sciences) or 500nM SAHA (NIH AIDS Reagent Program) or 10nM romidepsin, 

(Selleck Chem). Where indicated, 30nM panobinostat and 25nM ingenol-3-angelate were 

combined. A total of 10-15 x 106 purified CD4+ T cells were used per condition. 

 

HIV-1 RNAflow-FISH assay 

All buffers and fixation reagents were provided with the kit, with the exception of flow 

cytometry staining (2% FCS/PBS). The HIV-1 RNAflow-FISH assay was performed as 

previously described and as per manufacturer’s instructions (Baxter et al., 2016; Baxter 

et al., 2017; Sannier et al., 2020). Briefly, cells were harvested after stimulation and 

stained first with Fixable Viability Dye (20 min, 4°C, Fixable LiveDead, eBioscience) next 

with a mix containing a brilliant stain buffer (BD Biosciences) and the surface markers for 

memory (CD45RA and CD27) phenotype as well as for CD4+ T cells detection (CD3 and 

CD4) and CD8/NK/B cells and macrophages exclusions (CD8, CD56, CD19, CD16) (30 

min, 4°C). Samples were fixed, permeabilized with buffers provided by the manufacturer, 

and labeled intracellularly for the structural HIV-1 p24 protein with the anti-p24 clone KC57 

antibody (30 min RT followed by 30 min 4°C, Beckman Coulter). HIV-1 RNA probing was 

performed using the PrimeFlow RNA Assay (ThermoFisher). HIV-1 RNA were labeled 

using HIV-1 gagRNA (20 pairs of ‘‘ZZ’’ probes), HIV-1 5’exonRNA (21 pairs of ‘‘ZZ’’ 

probes) and HIV-1 nefRNA (6 pairs of ‘‘ZZ’’ probes) probe sets, all designed based on a 

consensus B HIV sequence. Each tag sequence allows the hybridization of specific 

complementary branched DNA nanostructure with different excitation/emission spectra. 

The probes were diluted 1:5 in diluent and hybridized to the target mRNAs for 2 h at 40°C. 
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Samples were washed to remove excess probes and stored overnight in the presence of 

RNAsin. Signal amplification was achieved by performing sequential hybridization with 

DNA branches (i.e., Pre-Amplifier and Amplifier) The first DNA branch in the Pre-Amplifier 

Mix was added at a 1:1 ratio and was allowed to hybridize for 1.5 h at 40°C. Then the 

second DNA branch in the Amplifier Mix was added and hybridized for 1.5 h at 40°C 

(Baxter et al., 2016; Baxter et al., 2017; Porichis et al., 2014). Amplified mRNAs were 

labeled with fluorescently tagged probes allowing hybridization for 1 h at 40°C. The 

complete list of antibodies used is presented in Table S2 for panel. Samples were 

acquired on an LSRFortessa (BD Biosciences) and analyzed using FlowJo (BD, V10.7.0). 

Unspecific binding of the fluorescent labeled branched probe in the multiplex kit can lead 

to a low level of false-positive background noise, which, if present, is detected across all 

the four channels corresponding to the types of labeled probes (AF488, AF594, AF647, 

AF750). To decrease background noise, we thus left the AF594 channel vacant and 

excluded false-positive events based on fluorescence in this channel before further gating. 

Gates were set on the HIV-uninfected donor control, or unstimulated control where 

appropriate (See gating strategy, Figure S1). 

 

Spiking experiment 

HIV-1-latently infected ACH-2 cells, and uninfected CEMx174 cells were grown in 

separate flasks at a concentration of 0.5 x 106 cells per mL in RPMI 1640 medium (GIBCO, 

Life Technologies) supplemented with penicillin/streptomycin (GIBCO, Life 

Technologies), 10% heat inactivated FCS (Seradigm) and ARV (Enfuvirtide [7.5mg/mL] + 

Zidovudine [1mM]) (NIH AIDS Reagent Program). ACH-2 cells were stimulated for 24h 
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with PMA (50ng/mL, Sigma-Aldrich) and ionomycin (0.5mg/mL, Sigma-Aldrich). ACH-2 

were spiked into uninfected CEMx174 cells for a concentration of 1,500 reactivated ACH-

2 cells per million CEMx174 cells. These diluted ACH-2 cells were further serially diluted 

into uninfected CEMx174 cells down to 1 reactivated ACH-2 cell per million to generate a 

range of ACH-2 cells to be detected by RNAflow-FISH. 

 

Single-cell near full-length PCR and sequencing 

PMA/ionomycin-stimulated CD4+ T cells from 3 ART-treated donors were stained in HIV-

1 RNAflow-FISH assays using anti-p24 antibodies and HIV-1 gagRNA, 5’exonRNA, and 

nefRNA probes (Table S3). Single vRNA+ cells were sorted in 12-wells PCR strips 

containing 8 mL of DirectPCR Lysis Reagent (Viagen Biotech) with 0.4mg/mL proteinase 

K. The PCR strips were subsequently incubated at 55°C for 1h for cell lysis followed by 

15 min at 85°C to inactivate proteinase K. Single sorted cells were subjected to near full-

length amplification using a modified FLIPS assay (Hiener et al., 2017). HIV-1 genomes 

were pre-amplified using Invitrogen Platinum SuperFi II MasterMix with 0.2 mM of each 

primer (Table S4). 30 mL of PCR mix was added directly to the lysed cells for a 25 cycles 

3-steps PCR protocol as recommended by the manufacturer. The pre-amplified products 

were diluted 1:3 with Tris-HCl 0.5 mM pH 8.0 and subjected to a nested PCR with 5 mL 

of pre-amplified product, 2X of Platinum SuperFi II PCR Mix and 0.2 mM of each primer 

(Table S4) in a 30 mL final volume. This second amplification consists in 30 cycles and 

follows the manufacturer’s instructions. The length of the sequences obtained were 

verified on a 0.8% agarose gel and the amplicons were individually barcoded for PacBio 

Sequel II sequencing (Genome Quebec). ACH2 cells were single-sorted following 
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RNAflow-FISH fixation and standard fixation to control the impact of the RNAflow-FISH 

buffers on the recovery rate of the single-cell near full-length PCR. The recovery rates 

were similar for both conditions: 91% of the ACH2 sorted were amplified following the 

RNAflow-FISH fixation and 100% with the standard fixation. The demultiplex barcodes 

analysis was powered by the Lima PacBio software v2.0.0. High-quality phased 

consensus sequences representing near full HIV-1 genome sequences with high fidelity 

and without reconstruction have been generated with the LAA PacBio algorithm v2.4.2. 

For each individual, sequences obtained were aligned using Multiple Alignment using Fast 

Fourier Transform (MAFFT) with strategy E-INS-i and Scoring matrix for nucleotide 

sequences of 1PAM/ k = 2 (online https:// mafft.cbrc.jp/alignment/server/ or with Geneious 

Prime (v2021.1.1) plugging). Trees were built with iqtree2 using Maximum-Likelihood tree 

GTR+I+G model, with 1000 bootstraps, and then visualized with Figtree (v1.4.4). Clonality 

was evaluated with diversity of sequences in Geneious Prime, and sequences with 0 

nucleotide difference were considered clonal. Integrity was assessed using both 

HIVDatabase QCtool (https://www.hiv.lanl.gov/content/sequence/QC/index.html) and 

ProseqIT (https://psd.cancer.gov/tools/ pvs_annot.php). Finally, Psi defects were 

confirmed manually by visualization in Geneious Prime of this portion of the sequence. 

 

QUANTIFICATION AND STATISTICAL ANALYSIS 

Median values were used to generate donut charts. Each median value was normalized 

to obtain a total of 100%. All statistical analyses were performed using Prism (v8.4.3, 

GraphPad). Statistical tests were two-sided. For comparisons between groups, Mann-

Whitney, Kruskal-Wallis or Friedman test with Dunn’s post-test was used. Spearman’s R 
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(Rs) correlation coefficient was used for correlations. For pairwise analysis of non-

normally distributed data, Wilcoxon tests were used. p < 0.05 were considered significant. 
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Figures 

 

Figure 1. Multiplexed RNAflow-FISH enables robust detection of HIV vRNA+ cells 
(A) Schematic representation of the regions of the HIV-1 genome targeted by the RNAflow-FISH probes. 
(B–D) CD4+ T cells isolated from UNT PBMCs were stained for p24 and RNA probes. (B) Co-detection of 
5’exonRNA along with either nefRNA, gagRNA, or the structural p24 protein representing the core gating 
from which the OR gate strategy can be implemented. (C) Median quantification provided by the OR gate 
presented in (B). Cells positive for (1) 5’exonRNA and (2) gagRNA or nefRNA or p24 are termed vRNA+. 
The bars represent the interquartile range. The dotted line highlights the threshold of detection. (D) 
Correlation between vRNA+ cells/106 CD4+ T cells and viral load. (C) Mann-Whitney test to compare the 
donor groups. (D) Spearman’s correlation test. Data are from n = 10 UD and n = 11 UNT. UD, uninfected 
donor; UNT, untreated PLWHs.   
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Figure 2. Stimulation-induced vRNA+ cells have much lower p24 translation propensity in 
ART compared with UNT participants 
CD4+ T cells from 16 ART-treated and 9 UNT individuals were PMA/ionomycin stimulated (or not, as 
negative control) to induce viral transcription and reveal the inducible viral reservoirs. (A) Pairwise median 
quantification of vRNA+ cells in UD, UNT, and ART samples. The threshold of detection is indicated by the 
dotted line. Fold increases between induced and non-induced conditions are shown below. Wilcoxon test is 
performed for statistical analysis. (B) Median frequency of cells harboring total vDNA, integrated vDNA, 
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gagRNA+ p24+, and vRNA+ (HIV+ events per 106 CD4+ T cells) in CD4+ T cells from 16 ART-treated people. 
The fold difference between vRNA+ and integrated DNA and p24+ gagRNA+ is shown below. The 
directionality of the fold increase is indicated by the arrow. Friedmann’s test is performed for this panel. (C) 
Parental vRNA+ cells were subdivided into p24- and p24+ subgroups for downstream analyses. (D) The 
frequency of vRNA+ cells expressing p24 upon PMA/ionomycin stimulation, as gated in (C). Mann-Whitney 
test is performed. In (A), (B), and (D), the bars indicate the interquartile range. (E) Representative dot plots 
representing the co-expression profile of gagRNA and nefRNA in the control vRNA- populations compared 
with p24+ and p24- vRNA+ cells. (F) Color-coded theoretical viral subpopulations. (G) Donut charts displaying 
the relative distribution of each viral subpopulation among parental vRNA+ cells. The median frequency of 
vRNA+ cells/106 CD4+ T cells is shown in the middle of the donut. (H–L) Violin charts displaying single-cell 
fluorescence intensities on vRNA+ cells from concatenated PMA/ionomycin-reactivated ART samples. 
Median (thick line) and interquartile ranges (thin lines) are also shown. For the sake of comparison, p24+ 
cells from UNT are also shown on the left of each graph. For each viral subpopulation, (H) p24, (I) 
5’exonRNA, (J) nefRNA, (K) gagRNA, and (L) surface CD4 (UNT only) fluorescence intensities are shown. 
Fluorescence minus one (FMO) is represented in (L) to display an absence of CD4 fluorescence. (H–L) 
Kruskal-Wallis tests. The median values are shown below the graphs and the p values in the table. 
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Figure 3. Near-full-length single-cell vDNA sequencing of induced, transcriptionally active 
viral reservoirs identifies underlying proviral defects 
Purified CD4+ T cells from three ART-treated participants were co-stained by multiplexed HIV-1 RNAflow-
FISH and p24 intracellular staining. vRNA+ cells were indexed and sorted individually for nested PCR 
amplification and near-full-length sequencing. (A) Gating strategy of the concatenated sorted vRNA+ cells 
from the three participants. (B) Total number of the 196 analyzed sequences from participants ART3, ART7, 
and ART14. (C and D) Size of deletions found in the gene (C) gag and (D) nef that are targeted by the probe 
sets of the multiplexed RNAflow-FISH method. The bars indicate interquartile ranges. (E) Proportion of the 
total proviral sequences analyzed bearing the indicated defects. (F) Result from chi-square tests on (E). To 
accommodate the test, we pooled the rare defects (inversion and hypermutations) with large deletions. The 
test was performed based on the absolute number of recovered sequences as depicted in (B). (G) 
Sequential elimination process to infer intact sequences. (H) Donut charts representing the relative 
proportions of each dominant proviral defect among indicated transcriptionally active viral subpopulations. 
The total number of sequences analyzed for each population is displayed in the donut holes. The proviral 
defects are color coded according to (G). (I) Localization of the frequency of stop/frameshift defects per 
coding regions. # indicates nef, not included in the sequential elimination process. 
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Figure 4. Proviral clones display single-cell-level transcriptional and translational 
heterogeneity 
(A) Phylogenetic trees for the three participants ART3, ART7, and ART14 built from the entire amplified 
area sequenced based on maximum likelihood. Sequences with 100% identity are boxed in gray. Square: 
intact sequence; circle: defective sequence. Transcriptionally active viral subpopulations are color coded. 
(B) Donut charts summarizing the transcriptional and translation profiles of clonal sequences. The proviral 
integrity status of each clone is indicated below. The colors in the donut charts represent the transcriptional 
and translational profiles. The total number of identical sequences for each population is displayed in the 
donut holes. For reference, roman numerals are attributed to each proviral clone. 
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Figure 5. Compared with PKCas, HDACis induce a low-grade transcriptional activity 
enriched in gagRNA transcripts 
CD4+ T cells from ART were LRA stimulated (or not, as negative control) to force viral gene expression and 
identify inducible viral reservoirs. Tested conditions included ingenol, panobinostat, and combinatory 
treatment, with unstimulated and PMA/ionomycin as negative and positive controls, respectively. (A and B) 
Comparative quantification of median (A) vRNA+ and (B) p24+ per 106 CD4+ T cells. The dashed lines 
represent the threshold of positivity based on UD samples, as explained in the text. (C) Representative dot 
plots showing downstream co-expression profiles of gagRNA and nefRNA in the control vRNA− compared 
with p24+ and p24− vRNA+ populations, as defined in (A). (D) Donut charts displaying the relative distribution 
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of each viral subpopulation among parental vRNA+ cells. A legend of all theoretically possible populations 
is shown on the left. The median frequency of vRNA+ cells/106 CD4+ T cells is shown in the middle of the 
donut. (E) Median proportions of each subpopulation are compared between LRA stimulations. (F) Violin 
chart of the single-cell fluorescence intensities of 5′exonRNA in all vRNA+ events. Data are from 
concatenated n = 11 ART donor samples. The solid lines represent the median, and the thin lines represent 
the quartiles. (A, B, and E) Friedman’s test. (F) Kruskal-Wallis test. The median values are shown below 
the graphs and the p values in the table. In (A), (B), and (E), the bars display the interquartile ranges. 
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Figure 6. HIV-1 protein translation in viral reservoirs is associated with an effector memory 
phenotype 
(A–C) CD4+ T cells from six ART stimulated with combined ingenol+panobinostat were analyzed for 
CD45RA and CD27 co-expression. (A) Dot plots displaying a representative example. (B) Donut charts 
summarizing the median distribution of the memory differentiation for each vRNA+ subpopulation. (C) 
Median frequencies of the memory phenotype for each subgroup with interquartile ranges depicted by the 
error bars. (D and E) Donut charts summarizing the memory differentiation of the indicated vRNA+ 
subpopulations in (D) ingenol- and (E) panobinostat-treated samples. For all analyses, the data on vRNA+ 
cells are paired to autologous total CD4+ T cells. In (B), (D), and (E), the median frequencies of vRNA+ 
cells/106 CD4+ T cells are shown in the donut holes. Results from a Friedman’s test are shown in (C) (for 
inter-phenotypic comparisons). 
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ABSTRACT 

The persistence and impact of diverse transcriptionally HIV-infected CD4+ T cells on 

immune responses from chronic to controlled infection remain unclear. Using RNAflow-

FISH, we detected inducible HIV transcription in ART-treated and untreated individuals, 

including Elite Controllers (EC) who control the infection. HIV-specific CD4+ T cell levels 

were similar across groups, while specific CD8+ T cell responses were lower in ART-

treated individuals. In EC, these responses negatively correlated with the size of the 

transcriptionally active reservoir, contrasting with positive associations observed in ART-

treated individuals. No contemporary correlations were found in untreated individuals with 

uncontrolled HIV infection, although T cell responses appeared associated with a 

reduction in p24-expressing cells after ART initiation. The decline of short abortive 

transcripts, more abundant during ART, showed no correlation with the immune 

responses. Our findings suggest that pre-ART HIV immune responses effectively reduce 

translation-competent reservoirs but also highlight the resistance of transcriptionally active 

reservoirs to immune responses. 
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INTRODUCTION 

Despite the remarkable success of ART, a significant obstacle to achieving a cure for HIV 

remains in the form of a latent viral reservoir1,2. This reservoir consists of dormant HIV-

infected cells that persist in the body even during ART, and they can reactivate and fuel 

viral rebound if ART is interrupted3. 

Some studies have shown that some reservoir cells remain capable of transcription during 

ART but fail to effectively translate the p24 protein4,5. The majority of these reservoir cells 

harbor defective proviruses that probably hinder viral replication by initiating short abortive 

transcription, while only a minority arise from intact viral genomes5,6. These reservoirs are 

susceptible to reactivation by external stimuli, as demonstrated by their detection using 

latency reversal agents (LRA). Recently, our group has observed that short and abortive 

transcription can occur spontaneously during ART7 suggesting that reservoirs carrying 

transcription-competent defective proviruses may be less susceptible to cell death8,9. 

These findings may also reflect a series of successive stages of blockage during viral 

transcription and translation processes10-12, which can be overcome by reactivation. 

T cells, as key components of the immune system, actively engage in recognizing and 

eliminating HIV-infected cells13-16. The existence of T cell immunity prior to initiating ART 

has emerged as a potentially crucial determinant of the viral reservoir size. Pre-ART, the 

presence of HIV-specific CD4+ and CD8+ T cell responses has been associated with 

smaller reservoir sizes based on DNA measurements17,18. Early initiation of ART after 

seroconversion has been associated with a smaller viral reservoir19-21 and enhanced 

functionality of HIV-specific CD4+ and CD8+ T cells22,23. During ART, the magnitudes, and 

functions of HIV-specific CD4+ and CD8+ T cells vary significantly among individuals24,25. 
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Reports indicated that ART initiation is linked with diminished T cell responses, possibly 

due to the scarcity of HIV antigens26,27. However, we recently showed the persistence of 

low levels of viremia during ART shaping antiviral immunity7,27. This persistent presence 

of antigen sustains HIV-specific T cell responses in a chronically expanded, activated, and 

exhausted state during ART. 

Within the untreated people living with HIV (PLWHIV), a minute fraction (≤ 1 %) 

demonstrates the remarkable ability to naturally suppress viral replication to levels that 

plunge below the detectable limit of standard viral load assays (<40 copies/mL of blood)28. 

These individuals, commonly known as elite controllers (EC), provide valuable insights 

into the potential for naturally controlling HIV infection.  

This study endeavors to utilize a longitudinal approach that incorporates both pre- and 

post-ART samples, enabling a comprehensive investigation into how immune responses 

prior to ART initiation influence the viral reservoir during the treatment. By harnessing the 

power of cutting-edge single-cell techniques, our aim is to unravel the intricate dynamics 

of the viral reservoir and shed light on the immune responses that contribute to its control. 
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RESULTS 

Reactivation induces vRNA expression in Elite Controllers 

We measured viral reservoirs in 24 untreated PLWHIV including EC (17 Chronic 

Progressors; CP + 7 EC) living with HIV for a median of 6 and 16 years, respectively 

(Table S1). Additionally, we analyzed 33 PLWHIV receiving antiretroviral treatment (ART) 

for an average of 6.3 years (Table S1). The size of the reservoirs measured by total and 

integrated DNA showed that the frequency of CD4+ T cells harboring total HIV DNA was 

lower in ART and even lower in EC compared to CP, but no difference between ART and 

CP was observed for cells bearing integrated DNA (Fig. 1A,B) suggesting that following 

ART, non-integrated DNA are significantly reduced. 

To identify and characterize transcriptionally competent viral reservoir, we utilized a 

previously described multiplexed HIV RNAflow-FISH assay5. This assay detects viral 

reservoirs based on either viral RNA (vRNA) or protein (p24) expression. Recently, we 

optimized this version to detect spontaneously active infected cells, which proved more 

sensitive than the previous iterations7. In this approach, the primary 5’exonsRNA probe 

set targets all viral transcripts, allowing inclusive detection, whereas the gagRNA probe 

set ensures stringency. We also add the polRNA probe set to identify viral transcripts 

elongating beyond gag (Fig. 1C, S1A,B). Viral translation was assessed by intracellular 

staining of the p24 protein (Fig. S1A,B, Table 2). Negative controls consisted of CD4+ T 

cells from 17 uninfected donors (UD). This group allowed the determination of a threshold 

of detection (Median+2xSD = 7 events/106 CD4+ T cells). Spontaneously active viral 

reservoirs were detected in 82% of CP, 64% of ART, and 14% of EC, with median 

detections of 100, 22, and 2.2 vRNA+ cells /106 CD4+, respectively (Fig. 1D, S1C). To 
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reveal inducible reservoirs, CD4+ T cells from PBMCs were treated with a combination of 

PMA/Ionomycin or a combination of ingenol-3-angelate (PEP005) and Panobinostat 

(PNB) for 16h. PMA/Ionomycin-inducible were found in 94% of CP, 92% of ART, and 71% 

of EC with significantly higher median detection (280, 65.7, and 10.6 vRNA+ cells /106 

CD4+, respectively). PEP005/PNB reactivation showed greater potency in ART5, and 

inducible viral reservoirs were detected in all ART with a higher median size (300 vRNA+ 

/10+ CD4+ T cells), to a similar level than CP (180 vRNA+ /10+ CD4+ T cells) (Fig. 1D, 

S1C). However, we demonstrated that this combination mostly reactivated viral 

transcription, PMA/Ionomycin remaining the most potent to trigger p24 production.  

We compared vRNA expression and integrated DNA to determine the transcriptional 

activity of the cell (Fig. 1DF, S1D). Spontaneously, CP demonstrated a higher 

transcriptional activity than ART-treated and EC (Fig. 1D). As expected, both reactivations 

increased transcriptional activity in ART and EC closer to the one of CP (Fig. 1F, S1C). 

Because spontaneously active reservoirs are difficult to assess in EC, we would rely on 

inducible reservoirs. To that extent, we observed that the size of the spontaneously active 

viral reservoirs correlated better with the inducible reservoirs in EC (Fig. S1F,G) as 

observed in ART7. 

Globally, these highlighted the strong inhibition of spontaneous vRNA+ reservoirs in EC 

compared to CP or ART-treated PLWHIV. However, using potent LRA allows the 

reactivation of inducible reservoirs that are associated with stronger transcriptional 

activity.  
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vRNA-expressing cells in EC are phenotypically similar to those in ART-treated 

individuals 

Next, we analyzed the vRNA+ profile in the 3 cohorts. Initially, we identified translation-

competent cells by their ability to produce the protein Gag (p24) (Fig. 2A)5,30. 

Subsequently, the RNA profile was determined based on gag and pol transcript 

expressions (Fig. 2B). In CP, we observed that more than half of the vRNA+ cells were 

p24+ (57.2% of the vRNA+ cells) (Fig. 2C) with the exception of PEP005/PNB-inducible 

cells, reminiscent of the role of the combination on transcription5. In both ART-treated and 

EC individuals, only a few vRNA-expressing cells were p24+ (Fig. 2C), indicating effective 

control of HIV. We also observed higher proportions of gagRNA+ polRNA- transcripts 

(termed gagRNA+) among spontaneously and inducible vRNA+ cells that do not translate 

p24. These reservoirs represent short abortive transcript7 or deleted transcripts (Fig. 2D, 

S2A)5. Additionally, we detected a smaller proportion of p24- double positive gagRNA+ 

polRNA+ transcripts, although at lower levels compared to the gagRNA+ population (Fig. 

2D, S2A). These transcripts encompass a more processive population of reservoirs 

(elongated transcripts not sustaining translation, termed vRNADP for “double gagRNA+ 

polRNA+ positive).  

Subsequently, we asked whether the cellular phenotype of the cells could be associated 

with better control of the viral reservoir in EC. We aimed to characterize the HIV-infected 

cells identified within the three cohorts focusing on populations previously identified as 

enriched in HIV-infected cells. CD4+ T cells encompass diverse subpopulations, including 

naïve (TN), central (TCM), effector (TEM), transitional memory (TTM), and effector memory 

expressing CD45RA (TEMRA), based on the expression patterns of CD45RA, CCR7, and 
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CD27 (Fig. S2B). Due to the limited number of spontaneously active vRNA+ cells and 

alteration of cellular markers by PMA/Ionomycin, we phenotyped the reservoir cells 

following PEP005/PNB reactivation5. To minimize noise, we focused our analysis on 

individuals with ≥ 5 vRNA+ cells detected after PEP005/PNB reactivation. Consistent with 

previous findings, our analysis revealed that the majority of vRNA+ cells in both CP and 

ART exhibited a TCM and, although at lower levels, a TEM phenotype (Fig. S2C). EC 

showed a similar pattern, with a predominance of TCM and TEM among the vRNA-

expressing cells (Fig. S2C). 

Overall, these data highlight close similarities between the vRNA-expressing cells in ART-

treated and EC at the phenotypical level. Thus, these findings cannot explain why ART-

treated individuals are unable to control HIV infection while EC can, implying that factors 

other than cellular and viral differentiation play a crucial role. 

 

High levels of T cell responses and functions in EC are associated with fewer vRNA-

expressing cells 

Both CD4+ and CD8+ T cell responses play a crucial role in the control of HIV infection. 

Therefore, we investigated the impact of HIV infection on immune responses in the 3 

cohorts of PLWHIV. Using a TCR-dependent activation-induced marker (AIM) 

assay25,31,32, we evaluated antigen-specific T cell responses and functions (Fig. S3A, 

Table S3,S4). We employed an OR Boolean combination gating strategy that involved 

analyzing the upregulation of CD69, CD40L, 4-1BB, and OX-40 following a 15h 

stimulation with peptide pools spanning the coding sequences of either Gag, Pol, Nef, or 
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Env (Fig. S3B)32-34. For CD8+ responses, we measured the upregulation of CD69 and 4-

1BB (Fig. S3C). Cells expressing at least one pair of AIM were considered HIV-specific. 

The specificity of the assay was confirmed by significant increases compared to 

unstimulated conditions (Fig. S3D,E).  

We observed detectable Gag, Pol, Nef, and, to a lesser extent, Env CD4+ (Fig. 3A) and 

CD8+ T cell responses (Fig. 3B). To quantify the overall HIV responses, we summed the 

net responses across peptide pools, as described previously7. No significant differences 

were found in the total HIV-specific CD4+ T cell responses amongst the 3 cohorts (Fig. 

3C). However, ART-treated individuals exhibited lower specific CD8+ T cell responses 

compared to CP and EC, whereas CP and EC had equivalent magnitudes of CD8+ 

responses (Fig. 3D). ART-treated individuals were characterized by a loss of the specific 

CD8+ T cells responses oriented toward predominant CD4+ responses (Fig. 3E). 

To evaluate the HIV-specific T cell functions, we measured the expression of IFNγ, IL-2, 

and TNFα after a 6h stimulation with the same peptide pools used in the AIM assays. 

Total cytokine+ CD4+ and CD8+ T cells were determined using a similar OR Boolean 

combination gating strategy (Fig. S3F). In most participants cytokine+ CD4+ and CD8+ T 

cell responses were detected (Fig. S3G,H). Cytokine+ CD4+ and CD8+ T cell responses 

were also detectable in all 3 cohorts (Fig. 3E,F). Similarly to the AIM assay, no statistical 

differences were observed in the ICS+ CD4+ T cell responses between CP, ART, and EC 

(Fig. 3G), while effector CD8+ T cell functions were significantly greater in CP compared 

to ART individuals, akin to measurements in EC (Fig. 3H). However, we observed in all 

three groups that the cytokine+ T cell responses were skewed toward specific CD8+ T cell 

functions, with no significant differences between cohorts (Fig. 3I). 
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We then examined the correlations between HIV responses and inducible vRNA+ cells, 

and spontaneously active vRNA+ cells (Fig. 3J,K). In CP, no significant correlation 

between HIV-specific T cell responses and functions was observed with either inducible 

or spontaneously active vRNA+ cells (Fig. 3J,K). In ART, induced and spontaneously 

active reservoirs displayed strong positive associations with the frequencies of HIV-

specific CD4+ and CD8+ T cell responses, as well as specific CD4+ effector functions (Fig. 

3J,K) but no significant correlation with CD8+ T cell functions was observed. We observed 

in EC, negative associations between specific T cell responses, CD8+ T cell functions, 

and inducible viral reservoirs (Fig. 3J, S3I), whereas HIV-specific CD4+ T cell functions 

were negatively associated with spontaneously active reservoir cells (Fig. 3K). Finally, no 

significant correlation between inducible p24+ cells and T cell immunity was observed in 

the three cohorts (Fig. S3J), nor with the inducible p24+ cells in CP (Fig. S3K). Positive 

associations with specific CD4+ and CD8+ T cell responses were observed for ART-

treated individuals (Fig. S3K) consistent with another study7. 

Overall, these results suggest that despite comparable levels of HIV-specific T cell 

responses, and functions when compared to EC, CP face a significant impediment to 

achieving control of viral transcription and translation. 

 

CD4-induced antibodies are associated with high levels of viral reservoirs in CP but 

with lower inducible vRNA-expressing cells in EC 

Antibodies, in addition to T cells, play a role in viremia control. Accordingly, we assessed 

the levels of anti-p24 (Fig. 4A) and CD4-induced antibodies (Fig. 4B). Anti-p24 antibodies, 
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produced by the B cells in response to the p24 antigen, form immune complexes upon 

recognition and binding. All 3 cohorts displayed higher levels of anti-p24 antibodies 

compared to the control participants, with no significant difference observed between CP 

and ART, while EC exhibited the highest levels (Fig. 4A). CD4-induced antibodies, 

generated through the interaction between Env and the CD4 molecule, target specific 

epitopes on the Env accessible upon viral engagement with the CD4 receptor. Although 

the levels of CD4-induced antibodies were elevated in all the 3 groups compared to UD, 

no significant differences were observed among the cohorts (Fig. 4B). 

In EC, we observed a positive association between inducible vRNA+ cells and anti-p24 

antibodies and a negative trend with CD4-induced antibodies (Fig. 4C, S4A,B). In CP, we 

detected strong positive associations between inducible or spontaneously active vRNA+ 

cells (Fig. 4C,D). as well as p24+ cells (Fig. S4C,D). However, no significant correlations 

were observed for ART-treated individuals between vRNA+ or p24+ cells and antibodies 

(Fig. 4D, S4C,D). 

 

The decline in vRNA-expressing cells is more severe in translation-competent cells 

following ART initiation 

To investigate whether the immune responses prior to ART correlated with lower levels of 

transcriptionally active reservoirs, we studied the immune-viral relationships in a 

longitudinal subcohort of 12 participants before and after ART initiation. Pre-ART 

participants were treatment-naïve for an average of 1.4 years, while post-ART samples 

were collected at a median of 2.4 years after treatment initiation (Fig. 6A, Table S5). 
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Firstly, we assessed the size of viral DNA reservoirs. Following ART initiation, we 

observed a decrease in the total viral DNA in all individuals, whereas no significant 

decrease was detected for integrated DNA (Fig. 5B,C). Both spontaneously active and 

inducible viral transcription decreased after ART initiation (Fig. 5D). Prior to ART, 75% of 

participants had spontaneously active vRNA+ cells higher than the threshold of 7 vRNA+ 

cells/106 CD4+ T cells, with an overall detection rate of 110 vRNA+ cells/106 CD4+ T cells 

(Fig. 5D). ART significantly reduced both the prevalence of spontaneously active vRNA-

expressing cells (25% of individuals), and its size (2.7 vRNA+ cells /106 CD4+ T cells) (Fig. 

5D). Consistent with Figure 1A, both PEP005/PNB and PMA/Ionomycin reactivation 

robustly reactivated viral reservoirs in post-ART samples, (90 and 30.9 vRNA+/106 CD4+ 

T cells, respectively) (Fig. 5D). We observed that ART initiation preferentially reduced the 

size of the spontaneously active vRNA-expressing cells (Fig. 5E). However, we did not 

observed associations between spontaneously active vRNA+ cells prior to and after ART 

initiation (Fig. 5F) whereas induced viral reservoirs correlated pre- and post-ART (Fig. 5F, 

S5A).  

Next, we wondered if the decline of vRNA-expressing cells was associated with their 

transcriptional and translational potential. Consistent with previous findings, pre-ART 

samples contained a higher proportion of cells competent for p24 translation, whereas 

post-ART samples exhibited an enrichment of cells competent for abortive transcription 

(Fig. 5G, S5B,C). We calculated the frequency of residual viral reservoirs after ART 

relative to the magnitude of infected cells before treatment, which gave us the viral 

subpopulations persistence under ART (Fig. 5H, S5D). Following ART initiation, all 

subpopulations were significantly reduced in both spontaneously active and inducible 
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vRNA+ cells (Fig. 5H, S5D). Cells competent for p24 translation were strongly reduced 

followed by the vRNADP and to a lesser extent gagRNA+ cells, in post-ART samples (Fig. 

5H, S5D). However, the latter population was enriched in all vRNA-expressing cells 

following ART initiation (Fig. 5H, S5D). 

Globally, these data highlight that the decline of vRNA-expressing cells following ART is 

more severe in some viral subpopulations, with short abortive transcripts being more 

persistent. 

 

vRNA-expressing cells are maintained after ART irrespective of immune responses 

elicited before ART  

The differential decrease in viral subpopulations after ART raises questions about the 

impact of the immune response prior to ART initiation. We examined the trajectory of HIV-

specific T cell responses adopted after ART compared to pre-ART. We found similar levels 

of HIV-specific CD4+ T cell responses after therapy compared to pre-ART (Fig. 6A), while 

HIV-specific CD8+ T cell responses were reduced under treatment (Fig. 6B). Consistent 

with this, CD4+ T effector functions remained unchanged despite ART (Fig. S6A), while 

CD8+ T effector functions decreased (Fig. S6B). We also observed positive correlations 

between HIV-specific CD4+ and CD8+ T cell responses both before (Fig. S6C) and after 

ART (Fig. S6D) suggesting that immune responses persisted during ART. We next 

wonder if the immune responses post-ART tend to be determined by the size of the vRNA-

expressing cells during the chronic infection. We observed that the size of vRNA-
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expressing cells and the size of translation-competent p24+ reservoirs during chronic 

infection were associated with HIV-specific CD4+ T cell responses under ART (Fig. 6C,D).  

To determine if the decline of HIV-infected cells under ART could be attributed to pre-ART 

immune responses, we calculated a “reduction score”. This score corresponded to the 

fold decrease of each viral component analyzed post-ART compared to pre-ART samples 

(Fig. 6E). Higher scores indicate a greater contraction of the population under ART. As 

expected, all components decreased after ART initiation, with the most severe decline 

observed for p24+ cells (Fig. S6E). We found that the frequencies of HIV-specific CD4+ T 

cells correlated with the contraction of the cells carrying integrated DNA and the total 

inducible vRNA+ cells (Fig. 6F), while HIV-specific CD4+ T cell functions tend to be 

associated with the decline of spontaneously active vRNA+ cells and inducible p24+ 

reservoirs. HIV-specific CD8+ T cell responses correlated strongly with the decrease of 

integrated DNA, spontaneously active and inducible translation-competent reservoirs 

(Fig. 6F), while CD8+ T cell functions were associated with the last two (Fig. 6F). 

These findings suggest the potential impact of the vRNA-expressing cells in the process 

of establishing viral reservoirs. Moreover, these cells demonstrate a remarkable level of 

resistance to the immune responses mediated by both CD4+ and CD8+ T cells. 
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DISCUSSION 

In this study, we examined the relationship between vRNA-expressing cells and HIV-

specific T cell responses. Inducible viral reservoirs were detected in both ART-treated 

individuals and untreated PLWHIV, with similarities observed in their vRNA profile 

between EC and ART individuals, albeit at lower levels. Most HIV-infected cells displayed 

short abortive or deleted transcripts enriched in central memory (TCM). We detected HIV-

specific CD4+ and CD8+ T cell responses in all groups, but ART individuals had lower 

specific CD8+ T cell responses compared to CP and EC. The correlations between 

immune responses and viral reservoirs differed between the cohorts, indicating 

differences in immune control. In a longitudinal analysis before and after ART initiation, 

we observed a reduction in spontaneously active viral reservoirs and a shift in the viral 

profile following ART initiation, due to the differential decline of the viral subpopulations 

upon treatment. 

We previously demonstrated the utility of the multiplexed RNAflow-FISH assay in 

identifying inducible viral reservoirs5 and spontaneously active viral reservoirs7 at the 

single-cell level. We detected viral reservoirs in both chronic progressors and ART-treated 

individuals, even without ex vivo latency reversal. However, in EC, vRNA-expressing cells 

required potent stimuli for detection. Despite lower levels of integrated DNA in EC, 

reactivation with PEP005/PNB led to vRNA expression in the majority of individuals. One 

possible explanation for this potent reactivation of HIV-infected cells in EC could be the 

absence of CD8+ T cells, which effectively suppress viral expression35-37. One crucial 

factor to consider is the impact of the combination of latency-reversal agents used. While 

Panobinostat initiates viral transcription38,39, PEP005 induces elongation11,40. Our 
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previous findings indicated that the combination of PEP005/PNB exhibited greater 

potency compared to the control PMA/Ionomycin, but primarily resulted in short abortive 

transcripts5.  

The RNAflow-FISH enables viral profiling of the HIV-infected cells5,30,41,42. The vast 

majority of HIV-infected cells were detected in memory cells, yet some differences can be 

noted between cohorts43. Consistently with other findings, we have observed enrichment 

of HIV-infected cells in TCM in both untreated and ART-treated individuals43. Also, while 

the majority of the vRNA-expressing cells were capable of translating p24 in CP, we 

observed a similar viral profile of mostly short abortive transcripts in both ART and EC, 

albeit at lower levels. We attributed this profile to the predominance of defective proviruses 

induced as observed in ART individuals5. However, recent studies have indicated that 

HIV-infected cells in EC harbor a greater proportion of intact integrated DNA compared to 

CP and ART-treated PLWHIV44. The low frequency of fully transcribed vRNAs in EC may 

be attributed to the deeply silent state of the integrated DNA in these individuals45-47.  

Untreated (CP and EC) and ART-treated individuals have comparable magnitudes of HIV-

specific CD4+ T cell responses while HIV-specific CD8+ T cell responses are diminished 

during ART. However, there is a strong association between HIV-specific T cell responses 

and the size of both the inducible and spontaneously active viral reservoirs in individuals 

receiving ART. In Elite Controllers, the size of inducible vRNA-expressing cells correlated 

with lower HIV-specific CD8+ T cell immunity while no association was found in chronic 

progressors. These results suggest that while CP show similar magnitudes of HIV-specific 

immune responses to EC, the persistence of high levels of vRNA-expressing cells hinders 

control of HIV infection, likely due to active replication leading to immune dysfunction and 



174 

exhaustion. This might be due to the altered differentiation of HIV-specific T cell responses 

in CP who are characterized by exacerbated cTFH functions, away from the TH17 functions 

elicited in EC25,31. 

CD4-induced antibodies were high in all three groups, although non-neutralizing, seem 

associated with better control of HIV infection in EC in comparison to CP. These 

antibodies target the Env accessible upon viral engagement with the CD4 receptor. It is 

possible that impaired Nef protein in Elite Controllers inhibiting CD4 downregulation48,49 

allows high levels of CD4-induced antibodies to eliminate HIV-infected cells through 

ADCC. We also detected anti-p24 antibodies in CP and ART-treated individuals indicating 

an active replication state or spontaneously active viral reservoir7, as well as in EC, 

suggesting that despite the smaller size of viral reservoirs, viral protein expression 

happens.  

As EC represent the goal to reach in viremia control, we studied both viral and immune 

characteristics in a longitudinal pre/post ART cohort. Initiation of ART was accompanied 

by a reduction of the spontaneously active and inducible vRNA-expressing cells. Also, 

ART induced the decline of all viral subpopulations, the decline appeared more severe in 

the p24-translation competent cells leading to an enrichment of short abortive transcripts. 

This is consistent with the observation in the ART-treated cohorts and previous report5. 

The inducible cells bearing short abortive transcripts on ART were also observed prior to 

ART initiation, suggesting that these cells were not caused by the treatment but were 

already pre-existent. One possibility might involve the error rate of the RNA pol II during 

the reverse transcription which leads to an aberrant HIV genome.  
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Although the HIV-specific CD8+ T cell responses on ART are significantly reduced, they 

tend to be determined by the size of the HIV reservoir prior to ART initiation. Moreover, 

we observed that the T cell immunity established during the chronic infection was 

associated with a greater reduction of the size of both the spontaneously active and 

inducible translation-competent cells upon ART. However, the absence of correlation 

between the vRNA-expressing cells and the HIV-specific T cell responses suggests that 

the reservoirs enriched in short abortive transcripts might be less detectable by the 

immune cells as they may produce little to no, or cryptic8, viral protein or be more resistant 

to the immune killing8,9,50.  

Although we believe that the results described here represent an important advance for 

understanding the underlying mechanisms driving HIV pathogenesis, it also has some 

limitations. Firstly, EC represent less than 1% of the total PLWHIV and therefore, we had 

access to a limited number of participants51,52. Also, the size of the spontaneously active 

reservoir in EC is limited and restricts our analysis to only inducible reservoirs in that 

group. This precludes deeper phenotyping of the viral reservoirs because of the inherent 

pleiotropic effects of the LRAs on cellular markers. Finally, our RNAflow-FISH assay, 

optimized to maximize detection, does not preserve cellular RNAs for downstream 

transcriptomic analyses. 

In summary, our study provides a comprehensive characterization of inducible vRNA-

expressing cells in different HIV infection contexts, shedding light on the composition and 

dynamics of viral reservoirs. The distinct features observed in CP, ART individuals, and 

EC highlight the heterogeneous nature of HIV infection and its impact on viral persistence 

and immune responses. These findings contribute to our understanding of the underlying 
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mechanisms driving HIV pathogenesis and may guide the development of novel 

therapeutic approaches aimed at achieving a functional cure. 
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METHODS 

RESSOURCE AVAILABILITY 

Lead contact 

Further information and requests for resources and reagents should be directed to and 

will be fulfilled by the lead contact, Daniel E. Kaufmann (daniel.kaufmann@chuv.ch). 

 

Material availability 

This study did not generate new unique reagents. 

 

Data and code availability 

This paper does not report original code. 

 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 

Ethics Statement  

All work was conducted following the Declaration of Helsinki regarding informed consent 

and approval by an appropriate institutional board. Blood samples were obtained from 

donors who consented to participate in this research project at CHUM (CE13.019). 

 

Subject characteristics 
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Subject characteristics are summarized in Table S1. Leukaphereses were obtained from 

study participants at the McGill University Health Centre, Montreal, Quebec Canada and 

at Centre Hospitalier de l’Université de Montréal (CHUM), Quebec, Canada. The study 

was approved by the respective IRBs and written informed consent obtained from all 

participants prior to enrolment. Uninfected donors (UD) are free of HIV-1 infection. 

Untreated participants (UNT, EC, Pre-ART) were naive for treatment. Treated subjects 

(ART, Post-ART) were on antiretrovirals with controlled viremia (< 40 vRNA copies/mL). 

The donors included both sex and were older than 18 years.  

 

METHOD DETAILS 

PBMCs and plasma isolation 

Peripheral blood mononuclear cells (PBMCs) were isolated from blood samples by Ficoll 

density gradient centrifugation and cryopreserved in liquid nitrogen until use. Plasma was 

stored at –80°C. For antibody assays, plasma was heat-inactivated for 1 h at 56°C prior 

to experiments. Plasma from uninfected donors were used as negative controls and used 

to calculate the threshold in our ELISA assay. 

 

HIV-1-infected cells stimulation.  

Frozen PBMCs were thawed in cold heat-inactivated Fetal Calf Serum (FCS; Seradigm) 

before CD4+ T-cells isolation. CD4+ T cells were isolated by adverse magnetic bead 

selection (StemCell). Purified CD4+ T cells were resuspended at 2 x 106/mL in RPMI 

(Gibco by Life Technologies) supplemented with penicillin/streptomycin (Gibco by Life 
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Technologies), 10% heat-inactivated FCS, and ARV (Entricitabine [10µM] + Maraviroc 

[10µM] + Raltegravir [0.2µM] + Tenofovir [5µM]) and seeded into 24-well plates. All ARV 

were obtained through the NIH AIDS Reagent Program. After a rest of 2h at 37°C, 5% 

CO2, the cells were either left unstimulated or stimulated with stimulated with 30nM 

panobinostat (Selleck Chem) complemented with 25nM ingenol-3-angelate (Sigma). For 

16h. Alternatively, cells were either left unstimulated or stimulated with 162nM PMA 

(Sigma) complemented with 705nM Ionomycin (Sigma)5 (Dubé et al., in preparation). 10-

15 x 106 purified CD4+ T cells were used per condition. 

 

HIV-1 RNAflow-FISH assay 

All buffers and fixation reagents were provided with the kit, apart from flow cytometry 

staining (2% FCS/PBS). The HIV-1 RNAflow-FISH assay was performed as previously 

described and as per manufacturer’s instructions5,7,30,41,42. Briefly, cells were harvested 

after stimulation and stained first with Fixable Viability Dye (20 min, 4°C, Fixable 

LiveDead, eBioscience) next with a mix containing a brilliant stain buffer (BD Biosciences) 

and the surface markers for memory (CD45RA, CCR7, and CD27) phenotype as well as 

for CD4+ T cells detection (CD3 and CD4) and CD8/NK/B cells and macrophages 

exclusions (CD8, CD56, CD14, CD16, CD19) (30 min, 4°C). Samples were fixed, 

permeabilized with buffers provided by the manufacturer, and labeled intracellularly for 

the structural HIV-1 p24 protein with the anti-p24 clone KC57 antibody (30 min 4°C, 

Beckman Coulter). HIV-1 RNA probing was performed using the PrimeFlow RNA Assay 

(ThermoFisher). HIV-1 RNA were labeled using HIV-1 gagRNA (20 pairs of ‘‘ZZ’’ probes), 

HIV-1 exonsRNA (21 pairs of ‘‘ZZ’’ probes) and HIV-1 polRNA (6 pairs of ‘‘ZZ’’ probes) 
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probe sets, all designed based on a consensus B HIV sequence. Each tag sequence 

allows the hybridization of specific complementary branched DNA nanostructure with 

different excitation/emission spectra. The probes were diluted 1:5 in diluent and hybridized 

to the target mRNAs for 2h at 40°C. Samples were washed to remove excess probes and 

stored overnight in the presence of RNAsin. Signal amplification was achieved by 

performing sequential hybridization with DNA branches (i.e., Pre-Amplifier and Amplifier) 

The first DNA branch in the Pre-Amplifier Mix was added at a 1:1 ratio and was allowed 

to hybridize for 1.5 h at 40°C. Then the second DNA branch in the Amplifier Mix was 

added and hybridized for 1.5 h at 40°C5,7,30,41,42. Amplified mRNAs were labeled with 

fluorescently tagged probes allowing hybridization for 1h at 40°C. The complete list of 

antibodies used is presented in Table S2 for panel. Samples were acquired on the flow 

cytometer (FACSymphony A5 Cell Analyzer; BD Biosciences) and analyzed using FlowJo 

(BD, v10.8.1). Unspecific binding of the fluorescent labeled branched probe in the 

multiplex kit can lead to a low level of false-positive background noise, which, if present, 

is detected across all the four channels corresponding to the types of labeled probes 

(AF488, AF594, AF647, AF750). To decrease background noise, we thus left the AF594 

channel vacant and excluded false-positive events based on fluorescence in this channel 

before further gating. Gates were set on the HIV-uninfected donor control, or unstimulated 

control where appropriate (See gating strategy, Figure S1).  

 

Total and integrated DNA measurements 

Quantifications of total and integrated HIV-1 DNA were determined as previously 

described53.  
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Activation-induced markers (AIM) assay 

PBMCs were plated in a 96-wells flat bottom plate, at 10x106 cells/mL RPMI (Gibco by 

Life Technologies) supplemented with penicillin/streptomycin (Gibco by Life 

Technologies), 10% heat inactivated FCS and incubated at 37°C, 5% CO2. After a rest of 

3h, a CD40 blocking antibody (Miltenyi) was added to the culture to prevent the interaction 

of CD40L with CD40 and its subsequent downregulation. In addition, antibodies for 

chemokine receptors CXCR6, CXCR3, CXCR5, and CCR6 were added in culture. After 

15 min incubation at 37°C, 5% CO2, cells were stimulated with 0.5 mg/mL staphylococcal 

enterotoxin B (SEB) or 0.5 mg/mL of overlapping peptide pools for Gag, Pol, Nef and Env 

(JPT) for 15h at 37°C, 5% CO2. An unstimulated condition with 0.4mL of DMSO served 

as a negative control. 

Cells were stained for viability dye (Aquavivid, Thermofisher, 20 min, 4°C), surface 

markers (30 min, 4°C) (see Table S3 for antibodies) and fixed using 2% paraformaldehyde 

(Sigma-Aldritch, 15 min, RT) before acquisition on the flow cytometer (FACSymphony A5 

Cell Analyzer; BD Biosciences) and analyzed using FlowJo (BD, v10.8.1). For analysis of 

antigen-specific CD4+ T cell subsets as percentage of total CD4+ T cells, background-

subtracted net values were used, which did not require excluding responses. 

 

Intracellular cytokines staining (ICS) assay 

PBMCs were resuspended at 10x106 cells/mL RPMI (Gibco by Life Technologies) 

supplemented with penicillin/streptomycin (Gibco by Life Technologies), 10% heat 
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inactivated FCS, and incubated at 37°C, 5% CO2. After a rest of 2h, cells were stimulated 

with 0.5 mg/mL staphylococcal enterotoxin B (SEB) or 0.5 mg/mL of overlapping peptide 

pools for Gag, Pol, Nef and Env (JPT) for 6h at 37°C, 5% CO2. An unstimulated condition 

with 0.4mL of DMSO served as a negative control. 

Brefeldin A (BD Biosciences) and Monensin-1 (BD Biosciences) were added for the 

remaining 5hrs. 

Cells were stained for viability dye (Aquavivid, Thermofisher, 20min, 4°C), surface 

markers (30 min, 4°C), and intracellularly for cytokines (30 min, RT) using the IC 

Fixation/Permeabilization kit (eBioscience) (see Table S4 for antibodies) before 

acquisition on the flow cytometer (FACSymphony A5 Cell Analyzer, BD Biosciences) and 

analyzed using FlowJo (BD, v10.8.1). 

 

Measurement of CD4-induced and p24-specific antibodies by ELISA 

For measurement of CD4-induced antibodies, stabilized gp120 inner domain (ID2)54 (0.1 

µg/mL), or bovine serum albumin (BSA) (0.1 µg/mL) as a negative control, were prepared 

in PBS and were adsorbed to plates (MaxiSorp; Nunc) overnight at 4oC. Coated wells 

were subsequently blocked with blocking buffer (Tris-buffered saline [TBS] containing 

0.1% Tween20 and 2% BSA) for 1h at room temperature. Wells were then washed four 

times with washing buffer (Tris-buffered saline [TBS] containing 0.1% Tween20). A32 

mAb (1 µg/mL) or diluted plasma (1:1000) from HIV-infected or uninfected individuals 

were incubated with the coated wells for 1h30 at room temperature. Plates were washed 

four times with washing buffer followed by incubation with HRP-conjugated goat-anti-
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human IgG (Invitrogen) (1:3000) for 1h at room temperature, followed by four washes. 

HRP enzyme activity was determined after the addition of a 1:1 mix of Western Lightning 

oxidizing and luminol reagents (Perkin Elmer Life Sciences). Signal obtained with BSA 

was subtracted for each plasma and was then normalized to the signal obtained with A32 

mAb present in each plate. 

For measurement of anti-p24 antibodies31, wells were coated with recombinant p24 

protein (NIH #12028) (0.1 µg/mL), in parallel with BSA (0.1 µg/mL). After blocking for 

1h30, Rabbit anti-HIV p24 antiserum (NIH #4250) (1:5000) or diluted plasma (1:1000) 

from HIV-infected or uninfected individuals were added to the well for 2h. Detection of 

plasma antibodies was performed using HRP-conjugated goat-anti-human IgG or HRP-

conjugated goat-anti rabbit IgG (Invitrogen) (1:3000) for 1h30. The signal was measured 

as described above and signal obtained with BSA was subtracted for each plasma and 

was then normalized to the signal obtained with rabbit anti-HIV p24 antiserum present in 

each plate. 
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Figure 1. Reactivation induces vRNA expression in Elite Controllers 
Uninfected (UD) are represented in blue, Chronic Progressors (CP) in red, ART-treated (ART) in orange, 
and Elite Controllers (EC) in green. (A) Quantification of total and (B) integrated DNA. (C) Gating strategy 
identifying vRNA+ cells in CP (right) either in unstimulated condition (top) or following reactivation (bottom). 
UD serve as a control for specificity. (D) Total quantifications of vRNA+ cells in all 4 groups. Numbers below 
indicate the median cells per million CD4+ T cells. Limit of detection (LOD) is set at 7 vRNA+ cells based on 
the median detection in UD + 2xSD. (E-F) Transcriptional activity of the (E) spontaneously active and (F) 
PMA/Ionomycin-inducible vRNA+ cells. The transcriptional activity is calculated as the log10 transformation 
of the ratio between vRNA+ cells and the integrated DNA. (A-B; D-F) Statistical tests shown are Mann-
Whitney for cohort comparisons. N=15 UD, n=17 CP, n=25 ART, and n=7 EC. The histograms indicate the 
median, and the error bars illustrate the interquartile range 
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Figure 2. vRNA-expressing cells in EC are phenotypically similar to those in ART-treated 
individuals 
(A-B) Gating strategy to assess: (A) p24 expression in vRNA+ cells, and (B) gagRNA and polRNA co-
expression in p24- vRNA+ cells. (C) Compared frequencies of spontaneous (left), PEP005/PNB-inducible 
(middle), and PMA/Ionomycin-inducible (right) vRNA+ and p24+ cells. The medians are written below the 
histograms. The median of the 9 participants in which p24 was detected following PMA/Ionomycin 
stimulation is shown. The bars indicate the median, and the error bars illustrate the interquartile range. 
Results from Wilcoxon tests are shown above. for cohort comparisons (D) Donut charts presenting the 
median proportions of each vRNA+ subpopulations for spontaneous, PEP005/PNB-, or PMA/ionomycin-
induced reservoirs. Numbers in the donut holes represent the median vRNA+ per 106 CD4+ T cells. Legend 
of the vRNA+ populations is on the right. (C) N=17 CP, n=25 ART, and n=7 EC. (D) N=16 CP, n=25 ART, 
and n=5 EC as some donors did not reach at least 5 vRNA+ cells for phenotyping. 
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Figure 3. High levels of T cell responses and functions in EC are associated with fewer 
vRNA-expressing cells 
Net magnitude of specific (A) CD4+ and (B) CD8+ T cell responses by AIM assay. Comparison of the total 
HIV-specific (C) CD4+ and (D) CD8+ T cell responses between the 3 groups. (E) Ratio of HIV-specific CD4+ 
T cell and CD8+ T cell responses between 3 groups. Net magnitude of specific (E) CD4+ and (F) CD8+ T 
cell functions by ICS assay. Comparison of the total HIV-specific (G) CD4+ and (H) CD8+ T cell functions 
between the 3 groups. (I) Ratio of HIV-specific CD4+ T cell and CD8+ T cell functions between 3 groups. 
Heat map reporting associations between (J) PMA/Ionomycin inducible and (K) spontaneously active vRNA+ 
cells and HIV-specific T cell responses and functions. (A,B,E,F) Peptide pools used to stimulate PMBCs are 
indicated. (C-E,G-I, J,K) "HIV" responses were inferred by the sum of Gag, Pol, Env, and Nef net responses. 
The bars indicate the median, and the error bars illustrate the interquartile range. In (A,B,E,F) the results 
from Wilcoxon tests are shown above the histograms. In (C-E,G-I) the results from Mann-Whitney tests are 
shown above the histograms. In (J-K) R and p (Spearman) values are shown. * p < 0.05, ** p < 0.01, *** p 
< 0.001. (A-I) N=17 CP, n=25 ART, and n=7 EC. (J-K) N=16 CP, n=25 ART, and n=5 EC as some donors 
did not reach at least 5 vRNA+ cells for phenotyping. 
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Figure 4. CD4-induced antibodies are associated with high levels of viral reservoirs in CP 
but with lower inducible vRNA-expressing cells in EC 
Levels of (A) anti-p24 antibodies and (B) CD4-induced antibodies in UD, CP, ART, and EC. The bars 
indicate the median, and the error bars illustrate the interquartile range. The results from Mann-Whitney 
tests are shown above the histograms. Heat map reporting associations between (C) PMA/Ionomycin 
inducible and (D) spontaneously active vRNA+ cells and anti-p24 and CD4-induced antibodies. R and p 
(Spearman) values are shown. * p < 0.05, ** p < 0.01, *** p < 0.001. N=17 CP, n= 25 ART, and n= 7 EC. 
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Figure 5. The decline in vRNA-expressing cells is more severe in translation-competent 
cells following ART initiation 
(A) Schematic representing longitudinal pre-post ART individuals. Pre-ART are represented in red while 
post-ART individuals are in orange. Dashed line represents 3 years of treatment, considered for stable 
reservoirs. Comparison of (B) total and (C) integrated DNA. (D) Comparison of spontaneous, and inducible 
vRNA+ cells between pre- and post-ART treatment. (B-D) The results from Wilcoxon tests are shown above 
the histograms. (E) Fold-decrease of vRNA+ cells following ART initiation. The results from Man-Whitney 
tests between stimulations are shown above the histograms. (F) Correlations between the spontaneously 
active vRNA+ cells Pre-ART and Post-ART (left), and between the PMA/Ionomycin-inducible vRNA+ cells 
Pre-ART and Post-ART (right). R and p (Spearman) values are shown. (G) Donut charts presenting the 
median proportions of each vRNA+ subpopulations for spontaneous, and PMA/ionomycin-induced 
reservoirs. Numbers in the donut holes represent the median vRNA+ per 106 CD4+ T cells. Legend of the 
vRNA+ populations is on the right (H) Frequency of residual spontaneously active (left) and PMA/Ionomycin-
inducible (right) viral reservoirs after ART normalized to the infected cell before treatment. The light boxes 
represent 100% of the viral population pre-ART. Dark colors represent the frequency of residual population 
post-ART. The results from Wilcoxon tests between viral subpopulations and parental vRNA+ cells are 
shown above the lines. The results from Wilcoxon tests for the decline are shown above the histograms. (B-
H) n=12. 
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Figure 6. vRNA-expressing cells are maintained after ART irrespective of immune 
responses elicited before ART 
Net magnitude of HIV-specific (A) CD4+ and (B) CD8+ T cell responses by AIM assay. (C) Correlations 
between the spontaneously active vRNA+ cells Pre-ART and the HIV-specific CD4+ T cell responses Post-
ART. (D) Correlations between the spontaneously active p24+ cells Pre-ART and the HIV-specific CD4+ T 
cell responses Post-ART. (E) Reduction score of the different viral features. This score represents the fold 
decrease of each viral components analyzed post-ART compared to pre-ART samples. (F) Heat map 
reporting associations between the reduction score and the HIV-specific T cell responses and functions pre-
ART. (A,B,E) The results from Wilcoxon tests are shown above the histograms. (C,D,F) R and p (Spearman) 
values are shown. (F) * p < 0.05, ** p < 0.01, *** p < 0.001. (A-F) n=12 
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Supplemental Figure 1. Detection of vRNA expression in CD4+ T cells. Related to Figure 1 
(A) vRNA probe set designs. (B) Gating strategy identifying vRNA+ cells. (C) Total vRNA+ cells detection 
in UD (blue), CP (red), ART (orange), and EC (green). The histograms indicate the median, and the error 
bars illustrate the interquartile range. Statistical tests shown are Wilcoxon for stimulation comparisons. (D) 
Transcriptional activity of the PEP005/PNB-inducible vRNA+ cells. The results from Mann-Whitney tests are 
shown above the histograms. (F) Correlations between spontaneously active and PEP005/PNB inducible 
(top) or PMA/Ionomycin (bottom) vRNA+ cells in EC. R and p (Spearman) values are shown. (C-F) n=15 
UD, n=17 CP, n=25 ART, and n=7 EC. 
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Supplemental Figure 2. Phenotypic characterization of the vRNA-expressing cells. Related 
to Figure 2 
(A) The histograms report the proportions of each vRNA+ subpopulations for CP (left), ART-treated (middle), 
and EC (right) supporting Figure 2D. The bars represent median values. The results from Wilcoxon tests 
are shown above the histograms. (B) Representative gating strategy for memory phenotype. (C) Complete 
representation of the memory phenotype in total CD4+ T cells (top), vRNA+ cells (center), and p24+ cells 
(bottom) in CP (left), ART (middle), and EC (right). The results from Wilcoxon tests are shown above the 
histograms. (A) n=17 CP, n=25 ART, and n=7 EC. (C) N=16 CP, n=25 ART, and n=5 EC as some donors 
did not reach at least 5 vRNA+ cells for phenotyping. 
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Supplemental Figure 3. AIM and ICS assays. Related to Figure 3 
Representative gating strategy for AIM and ICS assays. (B) Representative gating of each AIM pair used 
for the ORgate analysis of Gag-specific CD4+ T cell responses. The same gating was applied for Pol, Nef, 
and Env-specific CD4+ T cells. (C) Representative gating of CD69+/4-1BB+ for Gag-specific CD8+ T cell 
responses. The same gating was applied for Pol, Nef, and Env-specific CD4+ T cells. (D) Raw CD4+ and 
(E) raw CD8+ T cell responses, comparing the unstimulated vs. peptide-stimulated conditions. The bars 
indicate the median, and the error bars indicate the interquartile range. The results from Wilcoxon tests are 
shown above the histograms. (F) Representative gating of each cytokine used for the ORgate analysis of 
Gag-specific CD4+ T cell responses. The same gating was applied for Pol, Nef, and Env-specific CD4+ T 
cells and specific CD8+ T cells. (G) Raw CD4+ and (H) raw CD8+ T cell responses, comparing the 
unstimulated vs. peptide-stimulated conditions. The bars indicate the median, and the error bars indicate 
the interquartile range. The results from Wilcoxon tests are shown above the histograms. (I) Correlations 
between PMA/Ionomycin-inducible vRNA+ cells and HIV-specific CD4+ (left) and CD8+ (right) T cells. R 
and p (Spearman) values are shown. Heat map reporting associations between (J) PMA/Ionomycin 
inducible and (K) spontaneously active p24+ cells and HIV-specific T cell responses and functions. R and 
p (Spearman) values are shown. * p < 0.05, ** p < 0.01, *** p < 0.001. N=17 CP, (J) N=17 CP, n=25 ART, 
and n=7 EC. (K) EC are not represented as the correlation is null because no spontaneously active p24+ 
are detected. 
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Supplemental Figure 4. Antibody correlations. Related to Figure 4 
Correlations of PMA/Ionomycin vRNA+ cells in EC with (A) anti-p24 antibodies and (B) CD4-induced 
antibodies. R and p (Spearman) values are shown. Heat map reporting associations between (C) 
PMA/Ionomycin inducible and (D) spontaneously active p24+ cells and anti-p24 and CD4-induced 
antibodies. R and p (Spearman) values are shown. * p < 0.05, ** p < 0.01, *** p < 0.001. N=17 CP, n= 25 
ART, and n= 7 EC. (D) EC are not represented as the correlation is null because no spontaneously active 
p24+ are detected. 
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Supplemental Figure 5. Characterization of the vRNA subpopulations in Pre/Post-ART 
individuals. Related to Figure 5 
(A) Correlations between PEP005/PNB-inducible vRNA+ cells pre-ART vs. post-ART. R and p (Spearman) 
values are shown. (B) Donut charts presenting the median proportions of each vRNA+ subpopulations for 
PEP005/PNB-induced reservoirs. Numbers in the donut holes represent the median vRNA+ per 106 CD4+ 
T cells. Legend of the vRNA+ populations is on the right. (C) The histograms report the proportions of each 
vRNA+ subpopulations for Pre-ART (left) and Post-ART (right) supporting Figure 5G and S5B. The bars 
represent median values. The results from Wilcoxon tests are shown above the histograms. (D) Frequency 
of residual PEP005/PNB-inducible viral reservoirs after ART normalized to the infected cell before treatment. 
The light boxes represent 100% of the viral population pre-ART. Dark colors represent the frequency of 
residual population post-ART. The results from Wilcoxon tests between viral subpopulations and parental 
vRNA+ cells are shown above the lines. The results from Wilcoxon tests for the decline are shown above 
the histograms. (A-D) n=12. 
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Supplemental Figure 6. Immune and viral features in Pre/Post-ART individuals. Related to 
Figure 6 
Net magnitude of HIV-specific (A) CD4+ and (B) CD8+ T cell functions by ICS assay. The results from 
Wilcoxon tests are shown above the histograms. (C) Correlations between the HIV-specific CD4+ and CD8+ 
T cell responses before and (D) after ART. R and p (Spearman) values are shown. (E) Viral features before 
and after ART treatment utilized to calculate the reduction score. The results from Wilcoxon tests are shown 
above the histograms. (A-E) n=12. 
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Table S1. Clinical data for Uninfected (UD). Chronic Progressors (CP). 
Elite Controllers (EC). and Treated (ART) participants 
 

 Participant 
ID Sex Age 

(years) 
VL  

(copies/mL) 
Total DNA 

(copies/mL) 
Int. DNA 

(copies/mL) 

CD4 
/CD8 
Ratio 

CD4 
count  

(cells/µL) 

Duration of 
infection 
(years) 

Duration of 
ART 

(years) 

U
D 

UD1 F 41 NA NA NA 2.1 1196 NA NA 
UD2 M 23 NA NA NA 2.29 465 NA NA 
UD3 M 50 NA NA NA 4.13 1758 NA NA 
UD4 M 64 NA NA NA 1.78 552 NA NA 
UD5 M 51 NA NA NA 2.18 532 NA NA 
UD6 F 39 NA NA NA 2.05 667 NA NA 
UD7 M 66 NA NA NA 2.43 701 NA NA 
UD8 M 59 NA NA NA 2.40 530 NA NA 
UD9 F 41 NA NA NA 3.93 1273 NA NA 
UD10 F 60 NA NA NA 1.46 670 NA NA 
UD11 F 45 NA NA NA 2.31 632 NA NA 
UD12 M 57 NA NA NA 1.95 726 NA NA 
UD13 F 38 NA NA NA 1.65 529 NA NA 
UD14 M 63 NA NA NA 3.50 675 NA NA 
UD15 M 65 NA NA NA 2.61 310 NA NA 

C
P 

CP1 M 26 2700 11 6 1.11 597 5.6 NA 
CP2 F 23 7095 2135 230 0.27 172 23.9 NA 
CP3 M 55 3834 3316 894 0.3 184 22.9 NA 
CP4 M 38 7000 108 1169 1.63 962 0.1 NA 
CP M 47 39489 35 4 0.96 492 8.5 NA 
CP6 M 49 44848 12738 3664 0.36 281 7.3 NA 
CP7 M 25 9871 2836 1300 0.37 371 1.5 NA 
CP8 F 37 36715 1466 323 0.59 321 0.2 NA 
CP9 M 50 79043 18446 1658 0.23 383 12.4 NA 
CP10 M 51 96873 6933 1226 0.12 216 13.4 NA 
CP11 M 42 105130 3605 1256 0.45 320 23.8 NA 
CP12 M 40 6678 3353 458 0.75 571 0.2 NA 
CP13 M 22 35859 24210 1300 0.31 597 0.1 NA 
CP14 M 34 1000000 9876 619 0.07 300 1.1 NA 
CP15 M 54 22959 3279 423 0.33 434 11.6 NA 
CP16 M 38 6235 149 3 0.89 1036 0.4 NA 
CP17 M 38 132886 24641 3545 0.23 320 0.4 NA 

E
C 

EC1 F 38 < 40 14 4 1.17 375 3.7 NA 
EC2 M 46 <40 40 0.1 0.7 591 10.4 NA 
EC3 M 62 < 40 38 12 0.96 695 22.4 NA 
EC4 F 52 < 40 85 50 1.01 500 18.9 NA 
EC5 F 47 < 40 52 12 2.73 744 16.4 NA 
EC6 M 33 < 40 21 158 0.47 642 6.5 NA 
EC7 M 59 < 20 14 33 1.12 663 19.6 NA 

A
R
T 

ART1 M 42 <40 0.1 1481 2.3 509 3.3 3.1 
ART2 M 54 <40 1760 391 0.4 448 16.7 3.3 
ART3 F 37 <40 140 252 1.3 579 4 3.5 
ART4 M 42 <40 15 6 1.34 876 4.7 3.5 
ART5 M 26 <40 1552 185 1.34 871 3.9 3.6 
ART6 M 48 <40 3431 912 0.37 531 16 5.4 
ART7 M 63 < 40 1889 796 0.52 782 10.3 6.1 
ART8 M 57 <40 2489 849 0.43 786 20.5 6.5 
ART9 M 58 <40 454 284 1.12 619 9.9 7 
ART10 M 58 <40 1681 701 0.40 671 21.4 7.4 
ART11 M 56 <40 670 444 1.34 677 10.9 9.5 
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ART12 M 19 < 40 121 70 1.01 708 19.6 10 
ART13 M 50 <40 2564 884 0.60 1110 11.3 10.8 
ART14 M 51 <40 797 610 1.63 941 26 10.8 
ART15 M 46 <40 1666 789 0.74 503 17.3 13.8 
ART16 M 55 74 564 103 0.31 398 16 15.8 
ART17 M 55 < 40 2704 1424 0.58 568 23.3 16.8 
ART18 M 52 <40 898 368 0.22 271 20.2 18.1 
ART19 M 57 <40 1213 95 0.43 431 18.4 18.3 
ART20 M 55 <40 4365 2371 0.47 557 24.3 19.3 
ART21 M 59 <40 1027 570 2.12 843 24.3 19.9 
ART22 M 58 <40 1230 590 1.02 544 21.4 20.3 
ART23 M 60 <40 1246 783 0.3 249 25.8 21.9 
ART24 M 58 <40 2020 997 0.4 474 30.8 26.9 
ART25 M 55 <40 51 35 0.55 411 31.2 28.5 

 
UD: Uninfected Donor; CP: Chronic Progressor; EC: Elite Controllers; ART: 
ART-treated Individuals 
F: Female; M: Male; VL: Viral load; Int.DNA: Integrated DNA; NA: Not 
Applicable  
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Table S2. Flow Cytometry panel for detection of HIV-1 vRNA+ cells by 
RNAflow-FISH related to Figures 1. 2. 4 and 5. 
 

Target Fluorochrome Clone Supplier Detection Catalogue 
n° 

Volume 
per test 

(µL) 
CD27 BUV395 L128 BD Surface 563815 1 
CD3 BUV496 UCHT1 BD Surface 612941 4 

CD45RA BUV563 HI100 BD Surface 741411 0.5 
CD4 BB630 SK3 BD Surface CUSTOM 0.5 

CCR7 APC-R700 2-L1-A BD Surface 566767 2 
CD8 BV480 RPA-T8 BD Surface 566121 0.5 
CD14 BV480 M5E2 BD Surface 746304 1 
CD16 BV480 3G8 BD Surface 566108 1 
CD19 BV480 H1B19 BD Surface 746457 0.5 
CD56 BV480 NCM16.2 BD Surface 566124 0.5 

Fixable 
Viability 

Dye 
eFluor 506 - ThermoFisher Surface 65-0866-14 0.1 

HIV core 
antigen RD1 KC57 Beckman 

Coulter Intracellular 6604667 2 

HIV-1 
5’exonRNA 

Alexa Fluor 
647 - ThermoFisher Intracellular VF1-

6000978 5 

HIV-1 
gagRNA 

Alexa Fluor 
750 - ThermoFisher Intracellular VF6-

6000975 5 

HIV-1 
nefRNA 

Alexa Fluor 
488 - ThermoFisher Intracellular VF4-

6000647 5 
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Table S3. Flow Cytometry panel for detection of HIV-specific T cell 
responses by Activation Induced Markers (AIM) assays related to Figures 
3 and 6. 
 

Target Fluorochrome Clone Supplier Detection Catalogue 
n° 

Volume 
per test 

(µL) 
CD3 BUV496 UCHT1 BD Surface 612941 4 
CD8 BV570 RPA-T8 BioLegend Surface 301037 1 
CD69 BV650 FN50 BioLegend Surface 310934 2 
CD4 BB630 SK3 BD Surface CUSTOM 0.5 

CD40L PE TRAP1 BD Surface 555700 5 
4-1BB PE-Dazzle 594 4B4-1 BioLegend Surface 309826 2 
OX40 APC ACT35 BD Surface 56473 2 

Aquavivid - - Invitrogen Surface L34966 0.5 
CD14 BV480 M5E2 BD Surface 746304 1 
CD16 BV480 3G8 BD Surface 566108 1 
CD19 BV480 H1B19 BD Surface 746457 0.5 
CD56 BV480 NCM16.2 BD Surface 566124 0.5 
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Table S4. Flow Cytometry panel for detection of HIV-specific T cell 
functions by Intracellular Cytokines Staining (ICS) assays related to 
Figures 3 and 6. 
 

Target Fluorochrome Clone Supplier Detection Catalogue 
n° 

Volume 
per test 

(µL) 
CD3 BV605 OKT3 BioLegend Surface 317322 1.5 
CD4 BV650 OKT4 BioLegend Surface 317435 2 
CD8 APC-eFluor 780 SK1 eBioScience Surface 47-0087-42 1 
IL-2 Alexa Fluor 488 MQ1-17H12 BioLegend Intracellular 500314 5 
IFNγ PE-Cy7 IA6-2 BD Intracellular 561314 4 
TNF APC Mab11 BD Intracellular 562084 1.5 

CD69 PerCP-
eFluor710 FN50 eBioScience Intracellular 46-0699-42 4 

Aquavivid - - Invitrogen Surface L34966 0.5 
CD14 V500 M5E2 BD Surface 561391 1 
CD19 V500 H1B19 BD Surface 561121 1 
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Table S5. Clinical data for Pre-ART and Post-ART participants 
 

 Participant 
ID Sex Age 

(years) 
VL  

(copies/mL) 
Total DNA 

(copies/mL) 
Int. DNA 

(copies/mL) 

CD4 
/CD8 
Ratio 

CD4 
count  

(cells/µL) 

Duration of 
infection 
(years) 

Duration of 
ART 

(years) 

P
r
e
-
A
R
T 

#1 M 26 2700 11 6 1.11 597 5.6 NA 
#2 M 38 7000 108 1169 1.63 962 0.1 NA 
#3 M 47 39489 35 4 0.96 492 8.5 NA 
#4 M 49 44848 12738 3664 0.36 281 7.3 NA 
#5 F 37 36715 1466 323 0.59 321 0.2 NA 
#6 M 51 96873 6933 1226 0.12 216 13.4 NA 
#7 M 42 105130 3605 1256 0.45 320 23.8 NA 
#8 M 40 6678 3353 458 0.75 571 0.2 NA 
#9 M 22 35859 24210 1300 0.31 597 0.1 NA 
#10 M 34 1000000 9876 619 0.07 300 1.1 NA 
#11 M 38 6235 149 3 0.89 1036 0.4 NA 
#12 M 38 132886 24641 3545 0.23 320 0.4 NA 

P
o
st
-
A
R
T 

#1 M 28 <40 3 3 1.19 694 7.4 1.1 
#2 M 42 <40 0.1 1481 2.3 509 3.3 3.1 
#3 M 48 <40 8 7 1.72 640 9.8 0.7 
#4 M 50 <40 2062 1370 0.80 700 9.2 1.2 
#5 F 37 <40 140 252 1.3 579 4 3.5 
#6 M 54 <40 1760 391 0.4 448 16.7 3.3 
#7 M 43 <40 1179 411 0.61 482 24.9 1 
#8 M 42 <40 314 121 1.80 602 2.7 2.2 
#9 M 26 <40 1552 185 1.34 871 3.9 3.6 
#10 M 37 <40 1366 288 0.29 662 4.2 2.6 
#11 M 42 <40 15 6 1.34 876 4.7 3.5 
#12 M 40 <40 3488 2312 0.49 616 1.8 1.2 

 
F: Female; M: Male; VL: Viral load; Int.DNA: Integrated DNA; NA: Not 
Applicable 
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General conclusion 

The viral reservoirs remain the principal barrier to cure the HIV infection. Despite the 

relatively low frequency of replication-competent cells, they are responsible for the viral 

rebound upon ART interruption [239]. However, these reservoirs account for only a small 

fraction of the total infected cells based on integrated DNA measurements [239]. While 

intact reservoir has been extensively studied [246, 261, 294], most integrated proviruses 

are defective [238, 246, 247, 261, 360] raising questions about their biological impact.  

Here, we studied the inducible HIV reservoir in individuals treated or not with standard 

ART to better characterize viral heterogeneity and responsiveness to external stimuli 

(Manuscript 1). Additionally, we analyzed the relationship between the virus-specific T cell 

responses and the viral reservoir. We investigated how specific T cell responses emerging 

during HIV infection shape the viral reservoir profile (Manuscript 2).  

In Manuscript 1, we examined a cohort of 16 ART-treated individuals recruited in Montreal 

to investigate the inducible viral reservoir. We compared the transcriptional, translational, 

genomic, and cellular profiles to a cohort of 11 untreated Chronic Progressors. To 

measure and characterize the reservoir cells in ART-treated individuals, we reactivated 

the latently infected cells using latency reversal agents. Using a multiplexed version of the 

RNAflow-FISH for single-cell mRNA detection via flow cytometry, we demonstrated 

distinct differences in the ability to produce p24 protein between vRNA-expressing cells 

from viremic individuals and those on ART. Additionally, we observed LRA-class-specific 

gene transcription and translation patterns. However, the majority of induced proviruses 

were defective, including those capable of viral translation. We also identified viral clones 

displaying diverse transcriptional, translational, and phenotypic patterns among individual 
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cells, suggesting the influence of cell-intrinsic factors on viral reservoir persistence and 

heterogeneity. 

For Manuscript 2, we conducted a comprehensive study involving 25 ART-treated 

individuals and 24 untreated PLWHIV, including 17 Chronic Progressors and 7 Elite 

Controllers. Despite Elite Controllers being known for their viremia control, we detected 

inducible HIV-infected cells in their samples. Interestingly, the HIV-infected cells exhibited 

a transcriptional and translational profile similar to the viral reservoirs observed in ART-

treated individuals, unlike Chronic Progressors. Although all three cohorts showed strong 

HIV-specific T cell responses, only those measured in Elite Controllers were associated 

with a reduced size of HIV-infected cells. To understand why the virus-specific T cells 

failed to clear the infected cells, we performed a focused analysis on Pre/Post-ART 

individuals. Our findings revealed that short abortive inducible transcripts detected during 

ART were already present prior to treatment initiation, and these reservoirs were not 

associated with the HIV-specific T cells that emerged during the infection, suggesting that 

these cells are less recognizable by the immune system, in contrast to p24-expressing 

cells. 

Together, our findings emphasize the complex nature of viral reservoirs and the 

challenges they pose in achieving a cure for HIV. Firstly, they highlight the fact that viral 

transcription does not necessarily equate to antigen expression which is considered as a 

marker of efficient latency reversal. Our results also demonstrate that these short abortive 

transcripts, despite being replication-incompetent, respond to stimuli, but may also be 

detected in the absence of stimulation in ART-treated individuals. Furthermore, they 

suggest that the persistence of these cells may involve additional mechanisms beyond 
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HIV transcriptional silencing, including resistance to cell death. Future studies will be 

necessary to decipher whether the expression of these short abortive transcripts leads to 

immune dysfunction and exhaustion associated with HIV pathogenesis even in virally 

suppressed individuals. Indeed, these defective transcripts may drive sensing 

mechanisms activating IFN signaling and the production of inflammatory cytokines 

contributing to systemic inflammation [192, 244, 248]. 

Therefore, it is worth considering the implications of these findings on therapeutic 

interventions. Understanding the role of these short abortive transcripts could inform the 

development of targeted strategies. Furthermore, the interplay between these transcripts 

and the immune system could provide valuable insights into the dynamics of HIV 

pathogenesis. It may uncover novel targets for immunomodulatory therapies aimed at 

mitigating the persistent immune dysfunction seen in individuals living with HIV, even 

under successful viral suppression, and potentially moving us closer to a functional cure. 

 

Use of RNAflow-FISH assay to study the viral reservoir cells 

In both studies presented, we used fluorescent in situ hybridization (FISH) with gene-

specific probes to identify HIV transcription in infected CD4+ T cells [254, 256]. This 

approach, known as RNAflow-FISH or RNA FISH-flow, utilizes multiple oligomeric probes 

and branched DNA signal amplification to enhance the sensitivity of detection [254-256]. 

Our group has previously developed and utilized RNAflow-FISH assay for identifying cells 

containing translation-competent viral reservoirs. In this technique, Baxter et al. co-

detected the p24 protein along with probe sets targeting the gag and pol genes [254, 255], 

which have highly conserved sequences across different clinical isolates [361]. 
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In the first manuscript, we multiplexed the previous iteration of the RNAflow-FISH assay 

to comprehensively investigate the transcriptionally active viral reservoir, irrespective of 

viral protein expression. For this purpose, we developed a two-layer multiplexed vRNA 

detection strategy (Manuscript 1, Figure 1). The first probe set, called “5’exonRNA”, 

targeted exon sequences present in all viral transcripts [140], providing detection of viral 

transcription except for the most distal exon in nef. To ensure specificity, we used two 

complementary probes. The nefRNA probe set covered the exon sequence in nef before 

the 3’ LTR to avoid recognition of the repeated sequence in the 5’ LTR and allowed the 

detection of fully elongated transcripts. Additionally, we developed a gagRNA probe set 

that targeted both full-length genomic transcripts and short nefRNA- abortive transcripts 

[191]. Our observations revealed distinct characteristics in the viral profiles between CP 

and ART-treated individuals. CP exhibited a higher proportion of HIV-infected cells 

capable of p24 translation, indicating their competency for viral protein expression. In 

contrast, ART-treated individuals predominantly had translation-incompetent viral 

reservoirs characterized by the presence of gag-encoding transcripts (Manuscript 1, 

Figure 2). Building upon these findings, in Manuscript 2, we further optimized our 

multiplexed RNAflow-FISH assay to detect processive elongation beyond the gag gene. 

This was achieved by incorporating a polRNA probe set [233]. This revised version 

enabled the identification of spontaneously active short transcripts in cells without the 

need for activation (Manuscript 2, Figure 1). By nature, inducible HIV-infected cells are 

susceptible to reactivating in the presence of external stimuli whereas spontaneously 

active reservoirs might sustain viral expression in the absence of stimulation. The latter 

may be reminiscent of what happens in anatomical sanctuaries that have been identified 

to be more conducive to viral transcription, possibly due to the suboptimal distribution of 
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antiviral drugs into tissues [234]. For instance, in SIV-infected monkeys, ART partially 

reduced levels of both DNA and RNA in lymphoid tissues, which correlated with low drug 

concentrations in these tissues compared to peripheral blood [234]. To validate the 

specificity of the RNAflow-FISH assay, we conducted a spiking experiment using HIV-

infected ACH-2 cells. a cell line with a single copy of integrated HIV DNA in its genome. 

This experiment confirmed the multiplexed RNAflow-FISH assay’s sensitivity, detecting 

as low as 6 HIV-infected cells per million CD4+ T cells (Manuscript 1, Supplemental Figure 

1). Furthermore, the use of flow cytometry to measure viral reservoirs enables the 

phenotypic characterization of HIV-infected cells. Consistent with recent studies, we have 

observed that translation-competent cells in individuals receiving ART were found to be 

enriched in TTM and TEM CD4+ T cells, while proviruses harboring large deletions were 

enriched in TCM. This enrichment of defective proviruses into TCM might be explained by 

the differentiation of TCM into TEM which are then eliminated by the immune system. 

Overall, these results represent an important milestone in the HIV reservoir research. The 

utilization of the RNAflow-FISH technique enables a comprehensive characterization of 

the inducible viral reservoirs, revealing a substantial population of transcriptionally active 

cells that are typically undetectable by flow cytometry-based methods relying on p24 

protein expression [253, 254, 256].  

 

Proportion of the transcription-competent viral reservoir 

The size of the HIV reservoir varies depending on the measurement method used. In both 

manuscripts presented, we measured the size of the transcription-competent viral 

reservoir. Our findings indicated that the pool of translation-competent cells, detected 
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through the presence of p24 protein, was approximately 20 times smaller than the 

transcription-competent reservoirs [253, 254]. Additionally, the transcription-competent 

reservoirs were approximately 7 times smaller than the quantification of HIV DNA [236] 

(Manuscript 1, Figure 2).  

In Manuscript 1, we observed that the viral transcription was more dependent on latency 

reversal agents compared to translation [259]. Moreover, we discovered that different 

classes of LRA had specific effects on gene transcription and translation patterns 

(Manuscript 1, Figure 5). Histone deacetylase inhibitors, which initiate transcription, 

predominantly led to the production of aberrant gag-encoding short transcripts, suggesting 

abortive transcription as previously reported [191]. On the other hand, protein Kinase C 

agonists induced more elongated transcripts. However, combining both classes of LRA 

did not result in an increased proportion of full-length transcripts or translation-competent 

cells among the reactivated HIV+ cells. Contrary to expectations, the advantage of 

combining LRA did not yield a true synergistic effect but instead lies in its ability to 

reactivate a broader pool of viral reservoirs. In Manuscript 2, we compared spontaneously 

active viral reservoirs with induced reservoirs using a combination of PEP005 and 

Panobinostat (a PKCa and an HDACi, respectively) in different groups of people living 

with HIV. The profile of the vRNA-expressing cells in CP and ART-treated individuals 

aligned with the observations made in Manuscript 1. Interestingly, we observed that HIV-

infected cells in EC displayed a profile more closely resembling that of ART-treated 

individuals rather than CP. Also, we observed a strong association between the two 

features of HIV reservoirs, which aligns with previous observations from our group 

(Manuscript 2, Figure 1) [233]. This led us to consider the combination of LRAs as a 
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surrogate for the spontaneously active transcription-competent reservoir. Moreover, our 

measurements revealed that the combination of PEP005 and Panobinostat induced viral 

transcription from the majority of the integrated DNA at a ratio close to 1:1. This suggests 

that the LRA combination is efficient in actively transcribing the majority of viral reservoirs 

in ART-treated and EC individuals, and that which contrast with a previous study [362]. In 

this study, the authors observed that the HIV-infected cells in EC individuals were 

associated with inefficient reactivation of the infected CD4+ T cells and with less efficient 

virion production. However, the authors assessed the viral reactivation of the cells by 

measuring either the virion or the viral RNA production in the supernatant, regardless of 

the intactness of the transcripts. We observed that the majority of inducible proviruses 

harbored large deletion spanning over rev. Therefore, it is possible that the majority of 

these transcripts are retained in the nucleus of the cells and thus cannot be detected in 

the supernatant. Overall, our findings suggest a convergence in the characteristics of 

vRNA-expressing cells between EC and ART-treated individuals, highlighting potential 

similarities in the viral reservoir dynamics and the influence of treatment on viral 

persistence. 

 

Viral integrity of the transcriptionally competent HIV-infected 

cells during ART 

Our studies revealed a diverse range of inducible proviruses in all individuals living with 

HIV, although the distribution varied depending on the infection status. In individuals with 

active replication, such as chronic progressors, approximately half of the HIV-infected 

cells expressed the p24 viral protein, followed by short abortive gag-encoding transcripts, 
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fully elongated transcripts, and transcripts lacking gag. In environments in which HIV 

replication is controlled, either through ART or in EC, only a small fraction of HIV-infected 

cells exhibited p24 translation, with the majority showing aberrant or short abortive 

transcripts (Manuscript 1, Figures 2 and 5, and Manuscript 2, Figure 1). These 

observations suggest a suboptimal transcriptional process reminiscent of abortive 

transcription [191]. The viral profile also reflects the reactivation of defective proviruses, 

which constitute a significant proportion of the integrated proviruses [238, 246, 261]. 

In order to investigate the relationship between the detection of viral transcripts and the 

integrity of proviral genes within a given cell, we employed a modified FLIPS assay (Full-

Length Individual Proviral Sequencing) for near-full-length sequencing of inducible 

proviruses [238, 246, 261] (Manuscript 1, Figure 3). Our analyzes revealed that intact 

proviruses represent 1% of the reactivated cells, close to the 2-5% previously measured 

[238, 239]. These observations indicate that even translation-competent reservoirs harbor 

defective proviruses. It is worth noting that the low proportion of intact sequences could 

be attributed to their integration in regions with low transcriptional activity, such as those 

close to the centromeres of chromosomes [294, 295]. The nature of these defects varied 

among the transcriptionally active reservoirs. Consistent with another study, the 

translation-competent cells predominantly exhibited mutations in the packaging signal ψ 

or in the major splice donor (MSD) site [360, 363]. Mutations in the ψ locus hindered 

proper encapsidation of the viral genome [27, 39] but do not impede the production of 

virus-like particles that contain viral proteins [364]. MSD mutation site could impair the 

correct splicing of the viral transcripts, potentially affecting their subsequent translation 

into viral proteins [365, 366]. The detection of spliced RNA despite MSD defects suggests 



223 

that this mutation may be bypassed, possibly through the activation of an alternative splice 

donor site [249]. Similar defects were observed in the vRNA-expressing cells incapable of 

p24 translation, although they were often overshadowed by more severe defects. Large 

deletions spanning over either gag or nef regions were commonly detected, consistent 

with previous studies demonstrating the prevalence of large deletions among cells 

carrying proviral DNA [238, 246, 247, 261]. Premature stop codons, particularly in nef and 

tat, were also found across all viral subpopulations, although defects in nef do not hinder 

viral replication [367]. These findings raise the possibility that tat mutations contribute to 

establishing and/or maintaining latency during ART [368]. However, the premature stop 

codon did not impair the potent reactivation and transcription of proviruses, as the use of 

LRA, especially PKCa such as PMA or PEP005, overcomes the block by directly recruiting 

NF-κB or P-TEFb, promoting transcription elongation in a Tat-independent manner [369]. 

Unlike analyzes of integrated DNA [238, 246, 247, 261], we observed minimal 

occurrences of inversions and hypermutations in transcriptionally active viral reservoirs. 

These defects have potentially either impeded productive transcription or affected their 

detection by the RNAflow-FISH probe sets. 

Recent studies in EC have uncovered an intriguing finding: despite their lower frequency 

of integrated proviruses, these proviruses were, in fact, proportionally more intact 

compared to ART-treated individuals [370] and therefore to CP [238]. However, the profile 

of inducible HIV-infected cells in EC, resembling that of ART-treated individuals 

(Manuscript 2, Figure 1), suggests that inducible viral reservoirs in EC might be enriched 

in defective proviruses. Some studies have shown that the intact proviruses from EC were 

enriched in transcriptionally repressed regions, while the defective proviruses were 
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predominantly found in euchromatic regions [370, 371]. These findings suggest indeed 

that the inducible HIV-infected cells in EC are mostly defective and further investigations 

will be required to determine the inducible viral reservoir integrity in EC. 

While it is acknowledged that defective proviruses carrying large deletions or inversions 

are incapable of generating replication-competent viruses, it is important to consider the 

potential implications of proviruses harboring milder defects. Among the majority of 

defective proviruses, which commonly exhibit stop codons or point mutations, there 

remains a possibility for reversion [372, 373], giving rise to fully intact HIV viruses that are 

capable of replication. This prospect raises questions about the role of these less severe 

defects in the persistence and evolution of the viral reservoir, as well as their potential 

contribution to viral rebound and disease progression. Therefore, further investigations 

are needed to determine if these defective proviruses can lead to the emergence of 

replication-competent viral variants. 

 

Relationships between HIV-specific T cell responses and viral 

reservoirs  

Thus far, two hypotheses have been proposed to explain the persistent immune 

activation, inflammation, and subsequent immune dysfunction observed in all individuals 

living with HIV, including those receiving ART and EC. The first, widely studied, implicates 

the viral reservoirs as the primary culprits [192, 193, 235, 374]. Recently, our group and 

others have also described spontaneous viral gene transcription and translation during 

ART [233, 375], suggesting that immune persistence might be driven by continuous 
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expression of viral antigens. The second, known as the “die is cast” hypothesis, posits 

that the pathogenic processes occurring prior to the initiation of ART are the main factors 

responsible for immune dysfunction after treatment [376-378]. Be that as it may, this 

immune persistence underscores its potential importance for future HIV cure strategies. 

These strategies should purge the viral reservoir, uphold immunosurveillance, and bolster 

the development of bNAbs [379, 380]. In this thesis, we unveiled an intriguing connection 

between the quantitative and qualitative features of the viral reservoirs and the HIV-

specific immune responses, and how these dynamics influence one another.  

Notably, in chronic progressors, the absence of a discernible association between the size 

of the viral reservoir and HIV-specific CD4+ and CD8+ T cell responses may be due to the 

coexistence of both positive and negative associations combining different features, which 

would mask any overt correlation (Figure 13). During ART, however, we show a positive 

correlation of the viral reservoirs with HIV-specific CD4+ and CD8+ T cell responses, 

implying that the reservoirs may play a role in sustaining these immune responses (Figure 

13). Finally, elite controllers present a different scenario, with negative associations 

suggesting that the HIV-specific T cells control the infection (Figure 13). We also have 

shown that pre-ART HIV-specific CD4+ and CD8+ T cell responses exhibited a clear 

correlation with the clearance of both spontaneously and active viral reservoirs, 

highlighting the crucial role the immune responses play in controlling viral persistence. 

This thesis also reveals that even defective proviruses are not biologically inert, as 

previously considered, and potentially influence the HIV-specific immune responses, 

affecting the efficacy of therapies reliant on such responses. These proviruses may still 

express viral genes, potentially impacting the immune system. The proportion of these 
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proviruses capable of expressing Env, spontaneously or not, may hold critical implications 

for therapy effectiveness, either by maintaining a reservoir of cells poised to control the 

viral rebound or by continuously stimulating HIV-specific cells, potentially leading to 

immune exhaustion. 

 

Figure 13. –  Relationship between HIV-specific responses and viral reservoirs 
Viral reservoirs and HIV-specific immune responses share an intriguing association. In CP (left), there 
is an absence of associations between the HIV-specific immune responses and the infected cells. 

During ART (middle), either the spontaneous expression or the pathogenic processes that occurred 
prior to ART are responsible for the persistence of immune activation. In EC (right), the HIV-specific 
immune responses clear the viral reservoirs.  

 

Possible impact of the defective proviruses on the HIV-specific 

T responses 

To date, the prevailing understanding is that defective proviruses are incapable of 

replication, as no studies have demonstrated the production of infectious particles. 
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However, evidence suggests that these defective proviruses may still exert some 

influence on HIV pathogenesis [244]. For instance, HIV-infected cells generate MHC-I-

associated peptides, including cryptic epitopes, that are recognized by CTL [249, 381, 

382]. Our own investigations have indirectly shown that HIV-infected cells carrying 

defective proviruses downregulate the CD4 molecule on their cell surface, suggesting the 

potential production of viral proteins such as Nef or Vpu [87]. Moreover, some reports 

have indicated that defective proviruses have the ability to generate what is referred to as 

“zombie” viral proteins, possibly derived from cryptic or alternative RNA sequences 

allowing viral translation [244, 382]. These zombie proteins may trigger immune 

responses aimed at eliminating the HIV-infected cells harboring such proviruses [248, 

249, 374]. Also, the defective RNA transcripts might be targets for immune sensors which 

can lead to the production of inflammatory cytokines, sustaining an inflammatory 

environment [192, 244]. These findings raise the possibility that defective proviruses could 

contribute to the complex interplay between the virus and the immune system.  

The impact of defective proviruses on HIV-specific immune responses and pathogenesis 

is a subject of considerable interest. During HIV pathogenesis, there is a well-documented 

association between persistent antigen stimulation and the exhaustion and dysfunction of 

HIV-specific T cell responses. For example, HIV-specific CD8+ T cells express elevated 

levels of inhibitory molecules such as PD-1, TIGIT, and LAG-3, resulting in the reduction 

of anti-viral functions [165, 169]. Our findings, which demonstrate a negative correlation 

between the presence of vRNA-expressing cells and HIV-specific T cell responses in EC 

support the notion that high levels of vRNA-expressing cells contribute to compromised 

control of the HIV infection. This may explain why some cells are capable of “leaking” virus 
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particles or viral transcripts during ART. The existence of spontaneously active proviruses 

during ART [233] may perpetuate chronic inflammation and immune dysfunction. This 

study demonstrated an association between HIV-specific responses, their functional 

properties, and the magnitudes of spontaneously active viral reservoirs. These results 

suggest that the phenomenon of spontaneous viral expression plays a crucial role in 

driving and shaping immune responses during ART. These observations hold significant 

implications, particularly in the context of the “shock/kick and kill” strategy, which requires 

the involvement of potent HIV-specific CD4+ and CD8+ T cells. The presence of viral RNA, 

which serves as targets for cellular sensors, may lead to a persistent inflammatory 

environment that can contribute to diminished anti-viral functions of HIV-specific T cells 

due to exhaustion and dysfunction [169, 305, 306]. Consequently, this hindrance may 

impede the eradication of reactivated HIV-infected cells. 

Further investigations are required to clarify the complex dynamics and potential immune 

implications associated with defective proviruses in the context of HIV infection and the 

“shock/kick and kill” strategy. 

 

Possible role of the HIV-specific T responses on the 

persistence of defective proviruses 

How the immune responses impact the persistence of the viral reservoirs and their 

associations with the spontaneously active viral reservoir is unclear.  HIV infection 

correlates with elevated levels of pro-inflammatory cytokines and chemokines. This 

inflammatory environment is associated with the impairment of HIV-specific T cell 
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responses and the disruption of T cell homeostasis. For instance, TNF, a pro-inflammatory 

cytokine highly produced during HIV infection, appears to favor HIV transcription by 

activating NF-κB signaling [383]. Therefore, this pro-inflammatory environment could 

potentially create a feedback loop, triggering the activation of defective proviruses and 

exacerbating immune activation. Following the initiation of ART, translation-competent 

cells, which are susceptible to recognition and elimination by CTL [302], are reduced in 

number. Consequently, there is an enrichment of HIV-infected cells harboring short 

abortive transcripts. These short transcripts were observed prior to ART initiation, 

suggesting that the cells carrying such abortive transcripts are pre-existent to ART 

initiation. By sequencing these short transcripts from the longitudinal individuals, it may 

be possible to ascertain whether they originate from the same clone or represent distinct 

events, providing valuable insights into their origin and persistence. 

The lack of correlation observed between the vRNA-expressing cells carrying short 

abortive transcripts and the HIV-specific T cell responses suggests that these reservoirs 

might either evade detection by immune cells or exhibit increased resistance to immune 

clearance. It is also plausible that the immune system itself fails to eliminate these HIV-

infected cells with defective proviruses, as immune dysfunction and exhaustion persist 

despite the initiation of ART [227, 287, 288, 307, 309]. Our group has identified distinct 

functional profiles of HIV-specific CD4+ T cells depending on the analyzed cohort. In 

chronic infection, HIV-specific CD4+ T cells exhibit a prominent cTFH signature within non-

cTFH cells, while individuals who effectively control viral replication display TH17 functions 

[313, 314]. Although ART-treated individuals show some restoration of TH17 functions, 

there is a persistence of expanded and altered HIV-specific T cell populations expressing 
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CXCL13 and IL-21 [313]. The enrichment of cTFH-like functions prior to and after ART 

initiation may play a role in shaping the viral reservoir. While cTFH cells are critical for 

sustaining protective antibody responses for pathogen clearance, their heightened 

cytokine expression also contributes to the maintenance of non-specific antibodies. In the 

context of HIV infection, it is conceivable that B cells produce less specific antibodies, 

which may not confer a beneficial effect, allowing the defective proviruses that produce 

cryptic proteins to evade antibody responses [384]. Despite the presence of these 

alternative functions, we observed that pre-treatment HIV-specific CD4+ T cell responses 

in CP were associated with a reduction in HIV-infected cells following ART initiation. 

However, no such association was found between the cells carrying short abortive cells 

and HIV-specific T cell responses, suggesting that pre-ART HIV-specific T cell responses 

are more effective in clearing translation-competent infected cells rather than translation-

incompetent for Gag. This preferential disappearance of translation-competent cells for 

the Gag protein could be attributed to the cytopathic effect of the virus or their preferential 

recognition by CTLs. It is also plausible that HIV-infected cells containing defective 

proviruses incompetent for Gag translation, exhibit increased resistance to cell death [385, 

386]. Notably, studies have shown that CTL responses targeting epitopes from the protein 

Gag are more efficient in controlling viral replication compared to responses targeting 

other viral proteins [387-389]. The pro-inflammatory environment, sustained by HIV 

infection could play a role in the persistence of these proviruses. For instance, IL-7 

signaling induced the expression of BCL-2 [390], which has been associated with the 

survival of T cells but also with the survival of HIV-infected cells and their resistance to 

cell death [288]. Additionally, the early initiation of ART following infection may have 

influenced the profile of the viral reservoir. In our study, the cohort of pre/post-ART 
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individuals is enriched in people who initiated the treatment early after infection. It is known 

that individuals who start ART early experience a significant reduction in viral reservoir 

size and maintain more potent HIV-specific immune responses [290, 391, 392]. These 

findings provide an explanation for the observed persistence of short abortive transcripts 

over time. Therefore, further investigations are necessary to ascertain whether the 

intricate relationship between viral reservoirs and HIV-specific immunity holds true for 

individuals who remained ART-naïve for a longer period of time. 
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Blood versus tissue 

Due to challenges associated with working with large animals that can be infected with 

SIV, both manuscripts presented in this thesis focused solely on studying viral reservoir 

cells in ex vivo samples of peripheral blood. Lymphocytes constitute a mere 2% of 

circulating cells but comprise 98% of cells in lymphoid tissues [393]. The high 

concentration of lymphocytes in tissues facilitates the spread of HIV through cell-to-cell 

transmission within anatomical compartments [394], suggesting that the proportion of HIV 

reservoir cells is likely to be higher in tissues than in peripheral blood [395]. Moreover, the 

suboptimal distribution of ARVs within tissues may allow for replication escape, leading 

potentially to the independent evolution of proviruses and the emergence of drug 

resistance during ART [234]. Therefore, investigating tissues from HIV-infected individuals 

would be necessary to determine the viral profile of proviruses that are more likely to 

contribute to viral rebound during ART. Our group is collaborating with Dr. Jake D. Estes’ 

team at Oregon Health & Science University in Portland, USA, to characterize tissue 

reservoirs in comparison to peripheral reservoir cells in SIV-infected NHP. Preliminary 

findings in viremic animals indicate no significant difference in the viral profile between 

tissue and blood compartments (data not shown). We are also planning to study the viral 

reservoir cells in treated monkeys, although the analysis has not yet started due to the 

recent completion of sample collection. 
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Perspectives for future treatment approaches  

Undoubtedly, ART has revolutionized the management of HIV. However, this treatment 

does not represent a cure for individuals living with HIV as viral reservoirs exist. Moreover, 

we highlighted the continued presence of short abortive transcripts, even in individuals 

undergoing ART. These transcripts, though replication-incompetent, remain responsive to 

stimuli, and can also be expressed spontaneously, representing a reservoir of latent viral 

activity. This phenomenon poses a significant obstacle to achieving a cure and raises 

questions about the long-term efficacy of current treatment regimens. Indeed, ARV do not 

target the step of transcription.  

Addressing this challenge requires a multifaceted approach. One avenue of exploration 

could involve the development of targeted LRAs that specifically trigger the reactivation 

of cells harboring short viral transcripts. Also, as described in Manuscript 1, exploring 

combinatorial approaches that synergistically target multiple aspects of the viral lifecycle 

could represent a promising avenue for future research. Reactivation of the viral reservoirs 

might render them susceptible to immune recognition and clearance. Furthermore, it might 

be worth investigating the signaling pathways and molecular interactions involved in viral 

latency. As observed for exhausted T cells during chronic infection [396-398], it is possible 

that HIV infection leads to epigenetic regulations, including DNA methylation, long-

distance chromatin remodeling, or posttranslational histone modifications favoring viral 

latency. To do so, our group is planning to study these epigenetic hallmarks in HIV-

infected CD4+ T cells from longitudinal individuals living with HIV pre-post ART initiation.  
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RNAflow-FISH requirements 

While RNAflow-FISH provides valuable insight into the characteristics of the HIV-infected 

cells, it does have certain limitations. Firstly, the identification of latent viral reservoirs in 

primary samples is hindered by the scarcity of these cells in ART-treated individuals, with 

an estimated frequency of 1 HIV-infected cell per million CD4+ T cells. Therefore, the 

accuracy of the assay improves as more events are acquired, aligning with the Poisson 

distribution for detecting rare events. Typically, we acquire around 1.5-3 million CD4+ T 

cells per subject, per condition. To ensure sufficient cell numbers for flow cytometry, 

considering the cell loss associated with the RNAflow-FISH protocol, we start with at least 

15-20 x 106 CD4+ T cells in culture. It is also possible that the size of the measured 

reservoir using the multiplexed RNAflow-FISH strategy is underestimated. In both 

manuscripts, we utilized probe sets designed based on the consensus B HIV sequences, 

limiting our studies to Clade B only. While the majority of individuals in our cohort are 

infected with Clade B isolates, this approach restricts the characterization of viral 

reservoirs from other clades. Developing probes that target other strains would allow the 

characterization of viral reservoirs from diverse clades. The multiplexed RNAflow-FISH 

might also fail to detect cells carrying proviruses with deletions spanning the region 

targeted by our designed probe sets. In both manuscripts, inducible viral reservoir cells 

were identified through ex vivo stimulation using LRAs. However, this reactivation process 

limits the phenotyping of inducible viral reservoirs due to the pleiotropic effects of LRAs 

on cellular markers. Moreover, stimulation using LRAs only provides information on 

inducible reservoirs poised for reactivation. Nevertheless, in Manuscript 2, we used an 

optimized iteration of the multiplexed RNAflow-FISH [233] to identify cells that are primed 
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for spontaneous viral gene transcription and translation during ART without the need for 

stimulations. Finally, despite its ability to identify and characterize transcription- and 

translation-competent cells, the branched DNA amplification of a low amount of viral RNA 

can degrade RNA and thus hinder downstream transcriptomic analyzes.  

 

The HIV-infected cohort  

The majority of the participants included in both studies were males, reflecting the 

epidemiology of the HIV-infected population in Montreal. It is known that immune 

responses can vary based on sex, as biological factors such as hormonal differences 

contribute to distinct HIV infection patterns between males and females [399, 400]. For 

instance, estrogen has been associated with protective effects against SIV infection and 

lower HIV infection rates due to reduced lymphocyte migration to the site of infection [399]. 

Females also exhibit smaller reservoir sizes than men during ART [239, 400]. Moreover, 

women are overrepresented among elite controllers and post-treatment controllers [401]. 

In our cohort of EC, we observed a similar trend, with 43% of female participants 

compared to 11% and 4% in the CP and ART-treated individual cohorts, respectively. 

However, as EC comprise approximately 1% of the total HIV-infected individuals, our 

access to a limited number of individuals in Montreal restricted the extent of 

characterization we could achieve. Therefore, recruiting EC from other regions would 

provide reliable insights into the viral reservoir cells of individuals controlling viremia. 
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Our results contribute to a better understanding of the persistence and characteristics of 

viral reservoir cells during HIV infection. The results from both manuscripts shed light on 

a population of defective viral genomes that exhibit transcriptional and transcriptional 

activity. 

Our studies demonstrate that the reactivation of intact proviruses through LRA stimulation 

represents only a minor fraction of the inducible reservoirs in individuals undergoing ART. 

Additionally, we show that while current LRAs effectively promote viral transcription, they 

fail to increase viral protein production which is crucial for antigen presentation and 

subsequent recognition by CTL. Therefore, these observations may have important 

implications for therapeutic strategies that aim to target viral reservoir cells.  

Defective proviruses are considered replication-incompetent for HIV infection. Although 

our findings do not directly investigate this particular aspect of infected cells, they suggest 

the production of viral transcripts and proteins that could contribute to the 

pathophysiological significance of defective proviruses. The identification of these 

transcriptionally active reservoirs in EC suggests that they persist at low levels, potentially 

contributing to the loss of infection control and the deleterious impact of immune activation 

commonly observed in all HIV-infected individuals. 
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SUMMARY

Cellular immune defects associated with suboptimal responses to severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) mRNA vaccination in people receiving hemodialysis (HD) are poorly understood. We
longitudinally analyze antibody, B cell, CD4+, andCD8+ T cell vaccine responses in 27HDpatients and 26 low-
risk control individuals (CIs). The first two doses elicit weaker B cell and CD8+ T cell responses in HD than in
CI, while CD4+ T cell responses are quantitatively similar. In HD, a third dose robustly boosts B cell responses,
leads to convergent CD8+ T cell responses, and enhances comparatively more T helper (TH) immunity. Unsu-
pervised clustering of single-cell features reveals phenotypic and functional shifts over time and between
cohorts. The third dose attenuates some features of TH cells in HD (tumor necrosis factor alpha [TNFa]/inter-
leukin [IL]-2 skewing), while others (CCR6, CXCR6, programmed cell death protein 1 [PD-1], and HLA-DR
overexpression) persist. Therefore, a third vaccine dose is critical to achieving robust multifaceted immunity
in hemodialysis patients, although some distinct TH characteristics endure.

INTRODUCTION

Implementation of severe acute respiratory syndrome coronavi-

rus 2 (SARS-CoV-2) vaccination has led to a sharp decrease in

the severity of COVID-19 disease worldwide.1,2 In the general

population, mRNA vaccines against SARS-CoV-2 induce robust

responses of both humoral3–5 and cellular immunity, which is

dominated by B cells and T helper (TH) responses with a weaker

CD8+ T cell component.6,7 The initial series of mRNA vaccines

comprised two doses. A third dose was recommended to offset

waning immunity and improve recognition of variants of concern

(VOCs), including Omicron.8–10 In low-risk populations, substan-

tial protection is conferred by one dose,11 with notable antigen-

specific immunity.12–14 Some public health agencies delayed the

recommended interval between doses to increase population

coverage during initial vaccine scarcity.15,16 Studies in low-risk

Cell Reports Medicine 4, 100955, March 21, 2023 ª 2023 The Author(s). 1
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Figure 1. In HD patients, the initial two mRNA vaccine inoculations elicit poor B cell responses, which are reinvigorated by a third dose

(A) Schematic representation of study design, visits, and vaccine dose administration (indicated by a syringe). Blood samples were collected at five time points: at

baseline, B; 3-4 weeks after the first dose, D1 and the second dose, D2; 12–16 weeks after the second dose, M2; and 4 weeks after the third dose, D3. Following

provincial vaccination guidelines, 20 HD participants (HDS) received the two doses at 5-week intervals and 26 control individuals (CIs) received the two doses at

(legend continued on next page)
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individuals subsequently showed that a longer interval between

the first two doses enhanced humoral responses,5,17,18 and

increased specific B cell responses and maturation, with little

impact on T cells.18–20

Patients with end-stage kidney disease receiving hemodialy-

sis (HD) are susceptible to infections and demonstrate subopti-

mal responses to standard vaccinations against diphtheria,

hepatitis B virus (HBV), or influenza.21 They display altered im-

mune functions affecting B and T lymphocytes,22 monocytes,23

dendritic cells, and neutrophils24 due to uremia toxins25 and

blood-membrane interactions during the dialysis process.26

However, multiple and/or higher vaccine doses proved to be

an effective strategy, e.g., for HBV or influenza vaccination.27

HD patients are vulnerable to SARS-CoV-2 infection, severe

COVID-19,28,29 and breakthrough events.30 Therefore, HD are

considered a high-priority population for SARS-CoV-2 vaccina-

tion. Vaccination in HD generated anti-SARS-CoV-2 antibodies

but at lower levels compared with the global population,31,32

and with earlier decline,33 even after three doses.34 While vac-

cine studies in HD have focused on humoral responses, a better

understanding of specific B and T cell immunity is essential to

identify underlying defects. CD4+ T cell help plays a critical role

in the generation and maintenance of adaptive immunity, partic-

ularly of B cell responses,35 and CD8+ T cells may play a direct

protective role against the virus. Some studies have shown lower

SARS-CoV-2-reactive interferon gamma (IFNg)-producing T cell

frequencies in HD,36,37 strengthening the need to understand

this arm of the immune system. While studies suggest that

long-interval vaccine regimens are not appropriate for HD, re-

sulting in weaker antibody levels, the impact on cellular immunity

remains to be defined.

Herein, we conducted a prospective longitudinal cohort study

to define the quantitative and qualitative trajectories of vaccine-

induced antibody, B, CD4+, and CD8+ T cell responses in SARS-

CoV-2-naive HD patients receiving three mRNA SARS-CoV-2

vaccine doses, compared with antigen-specific responses in

low-risk CIs.

RESULTS

Study participants
We assessed cellular and antibody responses in blood samples

from three cohorts of SARS-CoV-2-naive participants who

received three mRNA vaccine doses (Figure 1A, Table 1): (1) 20

people on HD (HDS cohort) who received the first two doses

with a 5-week interval (median, interquartile range [IQ] = 35

[33–35] days); (2) 26 low-risk health care workers with no major

kidney disease or immunosuppressive condition (control individ-

uals [CIs]) who received the first two doses at a 16-week interval

(median [IQ] = 111 [109–112] days), in agreement with the

Quebec Public Health guidelines at the time of the study; (3)

seven HD who received a 12-week delayed second dose (me-

dian [IQ] = 83 [82–84] days) (HDL long-interval HD cohort). The

HDS and CI cohorts were studied in detail, while we performed

focused analyses on the HDL cohort.

Blood was sampled at baseline (B) 1–12 days before the first

dose; 3–4weeks after the first dose (D1); 3–4weeks after the sec-

ond dose (D2); 3–4 months after the second dose (memory; M2),

and 4 weeks after the third dose (D3). Donors with breakthrough

COVID-19 eventswere excluded afterward. Therewere no signif-

icant differences between HDS and HDL in terms of gender, age,

or time on HD. HDS and HDL were respectively 10 and 15 years

older than the CI. The time of sampling before the first dose (B),

between D1 and D2, between D1 and D3, between D2 and D3,

and between injection and sampling were significantly different.

Hemodialyzed participants are a heterogeneous population.38

Clinical details for our cohorts are provided in Table S1. The

causes of end-stage renal disease (ESRD) were diverse (dia-

betes mellitus [DM], glomerulonephritis, hypertension, etc.), as

were comorbidities other than DM. None were living with HIV.

16-week intervals. A second group of seven HD participants (HDL) received a delayed second dose with an interval of 12 weeks. Actual times are summarized in

Table 1.

(B and C) Kinetics of RBD+ IgG responses in HDS participants (orange) or CI (blue) participants. HDS on immunosuppressive drugs are represented by square

symbols, and HDS not on immunosuppressants are represented by circles. (B) Lines connect data points from the same donor. The bold lines represent the

median values of each cohort. Right panel: statistical comparisons using a linearmixedmodel. (C) Comparisons between HDS andCI participants. Bars represent

median ± interquartile range. Intercohort statistical comparisons using a linear mixed model are shown. Frequencies of responders are written below the his-

tograms.

(D and E) Kinetics of antibody neutralizing activity measured with plasma from HDS participants (orange) or CI (blue) participants. HDS on immunosuppressive

drugs are represented by square symbols; HDS not on immunosuppressants are represented by circles. (D) Lines connect data points from the same donor. The

bold lines represent the median values of each cohort. Right panel: statistical comparisons using a linear mixed model. (E) Comparisons between HDS and CI

participants. Bars representmedians ± interquartile ranges. Intercohort statistical comparisons using a linearmixedmodel are shown. Frequencies of responders

are written below the histograms.

(F–H) (F) Gating strategy to identify RBD+ B cells. (G and H) Kinetics of RBD+ B cell responses in HDS participants (orange) or CI (blue) participants. HDS on

immunosuppressive drugs are represented by square symbols; HDS not on immunosuppressants are represented by circles. (G) Lines connect data points from

the same donor. The bold lines represent the median values of each cohort. Right panel: statistical comparisons using a linear mixed model. (H) Comparisons

between HDS and CI participants. Bars represent median ± interquartile range. Intercohort statistical comparisons using a linear mixed model are shown.

Frequencies of responders are written below the histograms.

(I) Contemporaneous correlations of RBD+ B cells and anti-RBD IgG. Values and colors represent Spearman r, asterisks indicate p values (*p < 0.05, **p < 0.01,

***p < 0.001).

(J) Comparison between HDS and CI of the proportions of Omicron BA.1-RBD+ B cells among wild-typeWuhan-1-specific RBD+ B cells. Mann-Whitney tests are

shown.

(K) Proportions of IgD-, IgM-, IgA-, and IgG-positive cells in RBD+ B cells at D2 and D3 in HDS and CI participants, with Wilcoxon tests.

(L) Comparison of IgM+ and IgG+ RBD+ B cells between HDS and CI participants at D2 and D3. Mann-Whitney tests are shown.

(M) Proportion of IgD+/� and CD27+/� populations in RBD+ memory B cells in HDS and CI participants at D2 and D3. In (B–E) and (G–I) n = 20 HDS, n = 26 CI; in

(J) n = 9 HDS, n = 14 CI; in (K) and (M) n = 6 HDS, n = 13 CI; in (L) n = 10 HDS, n = 15 CI.
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A few participants received immunosuppressive medications

(prednisone, cyclosporine, tacrolimus). However, these patients

did not behave as outliers in the different immunological ana-

lyses. These individuals are represented by different symbols—

squares instead of circles—in the figure plots.

In HD patients, the initial two mRNA vaccine
inoculations elicit poor B cell responses, which are
reinvigorated by a third dose
We measured the levels of immunoglobulin (Ig) G targeting the

receptor-binding domain (RBD). This domain is the major target

for neutralization39,40 and is associated with vaccine efficacy.41

At baseline, anti-RBD IgG were undetectable in all participants,

consistent with their SARS-CoV-2-naive status (Figures 1B and

1C). Both cohorts developed anti-RBD IgG responses after

each vaccine dose (D1, D2, and D3) with a small decline at a

memory time point (M2) (Figure 1B). However, the antibody

levels at D1 were lower in HDS compared with CI, with a me-

dian-fold difference of 6. The antibody levels in HDS remained

significantly lower through all follow-up time points (Figure 1C).

Only 80% (16 out of 20) of HDS seroconverted after the first

dose compared with 100% (26 out of 26) of CIs. However, all

HDS experienced an increase in anti-RBD IgG responses after

the third dose (Figure 1C). In the HDL regimen, the levels of

anti-RBD IgG were not significantly different compared with

HDS (Figure S1A). We also evaluated the capacity of plasma

samples from donors to neutralize pseudoparticles bearing the

SARS-CoV-2 spike (S) (D614G) glycoprotein, as previously

described.14,42 Neutralizing activity was measured by the

neutralization half-maximum inhibitory dilution (ID50). None of

the plasma samples collected at baseline was able to neutralize

SARS-CoV-2 in HDS and CIs (Figures 1D and 1E). The first dose

had only a small impact on the neutralization capacity in most

donors (Figures 1D and 1E) with only 25% (5 out of 20) of HDS

compared with 60% (15 out of 25) of CI exhibiting a neutralizing

activity against the D614G S at D1 (Figure 1E). The second dose

increased the neutralization capacity in the HDS cohort but had

significantly less activity than in the CI cohort. Strikingly, the

third dose abrogated the differences between both groups

(Figures 1D and 1E). In linewith anti-RBD-IgG levels (Figure S1A),

Table 1. Clinical characteristics of study participants

mRNA vaccine

CIsa HDa

Long delayb (16 weeks) Short delay (HDS)
b (5 weeks) Long delay (HDL)

b (12 weeks)

Variable (n = 26) (n = 20) (n = 7)

Vaccine regimen

Pfizer BNT162b2 vaccine (3 doses) n = 25 n = 19 n = 7

Heterologous vaccine strategy

(Moderna mRNA- 1273 and Pfizer BNT162b2)

n = 1 n = 1 n = 0

Age (years)c 51 (41–56) 61 (55–64) 66 (55–77)

Gender

Male 11 (42%) 13 (65%) 4 (57%)

Female 15 (58%) 7 (35%) 3 (43%)

Vaccine dose spacing

Days between doses 1 and 2c 111 (109–112) 35 (33–35) 83 (82–84)

Days between doses 1 and 3c 329 (323–334) 168 (166–168) 230 (229–231)

Days between doses 2 and 3c 219 (211–222) 133 (133–133) 147 (147–147)

Visits for immunological profiling

B, days before first dosec 1 (0–5) 12 (7–12) 1 (01–2)

D1, days after first dose 21 (19–26) 28 (28–30) 28 (28–29)

D1, days before second dose 90 (85–92) 5 (5–7) 54 (54–56)

D1, days before third dosec 306 (302–310) 138 (138–139) 203 (201–203)

D2, days after first dosec 133 (130–139) 63 (63–63) 111 (110–112)

D2, days after second dose 21 (20–27) 28 (28–29) 28 (28–28)

D2, days before third dosec 196 (193–197) 105 (103–105) 119 (119–119)

M2, days after first dosec 224 (222–228) 119 (117–119) 167 (167–168)

M2, days after second dosec 112 (110–119) 84 (84–84) 84 (84–84)

M2, days before third dosec 104 (101–112) 49 (49–49) 63 (63–63)

D3, days after first dosec 362 (355–364) 198 (198–198) 265 (264–266)

D3, days after second dosec 249 (245–252) 163 (163–163) 182 (182–182)

D3, days after third dose 29 (25–34) 30 (30–32) 35 (35–35)
aValues displayed are medians, with interquartile range (IQR) in parentheses for continuous variables, or percentages for categorical variables.
bCI, HDS and HDL HD participants cohorts were compared by: Mann-Whitney test for continuous variables, Fisher’s test for categorical variables.
cValues statistically different between the CI, HDS, and/or HDL cohorts (p < 0.05).
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Figure 2. Vaccination induces strong CD4+ T cell responses but poor CD8+ T cell immunity in HD participants

Frequencies of SARS-CoV-2 S-specific CD4+ and CD8+ T cells in HDS (orange) and CI (blue) who received three vaccine doses. HDS on immunosuppressive

drugs are represented by square symbols, HDS not on immunosuppressants are represented by circles. PBMCs were stimulated ex vivo with a pool of over-

lapping S peptides.

(legend continued on next page)
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the longer interval between the first two doses in HDL did not

lead to higher neutralizing activity against the S glycoprotein

(Figure S1B).

We next measured RBD+ B cells using two fluorescently

labeled recombinant RBD probes (Figures 1F and S1C).6,19 We

observed differences in both magnitude and longitudinal trajec-

tories of B cell responses between cohorts (Figures 1G and 1H).

There was a trend for weaker priming of B cell responses (D1) in

HDS than in CI, which did not reach statistical significance after

correction for multiple comparisons. At D2 and M2, the fre-

quencies of RBD+ B cells in HDS were lower and consistently

trailed those in CIs, resulting in almost parallel curves (Figure 1G).

In contrast, the responses to the third dose differed, with a more

robust expansion of B cell responses in HDS compared with CIs.

Consequently, we observed stronger B cell responses at D3 in

HDS than in CIs (Figure 1H). Consistent with the antibodies (Fig-

ure S1A) and unlike CIs,19 a long interval in HDL did not improve

the generation of the RBD+ B cell pool (Figure S1D). The delayed

kinetics of anti-RBD IgG responses in HDS compared with CIs is

illustrated by contemporaneous associations between B cell and

antibody responses: while we observed in CIs a significant pos-

itive correlation between RBD+ B cells and anti-RBD IgG at D2,

this correlation only appeared at D3 in HDS (Figure 1I).

The rapid worldwide spread of the Omicron variant has

decreased vaccine efficacy against infection.43 However, pro-

tection against severe diseases remains good and is significantly

increased by a third vaccine dose.10 To determine if HD treat-

ment was associated with altered viral cross-recognition by

B cells, we tested if HDS immunized with wild-type (WT)

Wuhan-1 strain S could elicit cross-reactive B cell responses

against Omicron BA.1 RBD (Figure S1E). Among all the WT

RBD+ B cells at D3, 65% co-stained for Omicron BA.1 RBD

probes, indicating cross-reactivity (Figure 1J). No significant dif-

ference was observed between HDS and CIs (Figure 1J).

We next assessed the differentiation of RBD+ B cells following

vaccination. To avoid phenotyping bias, we only included donors

in whomwe detectedR5RBD+B cells at every time point. As the

rare RBD+ B cells in HDS at D1 precluded reliable phenotyping,

we focused on D2 and D3. We measured the expression of

IgM, IgD, IgA, and IgG on RBD+ B cells (Figure S1F). While

IgG+ cells were dominant in both cohorts at all time points

(Figures 1K, 1L, and S1G), its fraction was lower in HDS at D2,

and those of IgM+ and IgD+ cells were higher (Figures 1L and

S1H). The profiles converged between cohorts at D3. We next

determined the memory differentiation profile of RBD+ B cells

using IgD and CD27 co-expression (Figure S1I). CD27 is ex-

pressed on memory B cells44 and IgD is mostly found on

unswitched B cells.45 In both cohorts, RBD+ B cells were mainly

IgD�CD27� (Figure 1M). In HDS, CD27
�IgD+ cells represented

15% of RBD+ B cells at D2 and decreased at D3 in favor of

mature CD27+IgD� cells. Compared with HDS, we measured in

CIs a low fraction of immature CD27�IgD+ RBD+ B cells at D2,

in favor of more mature cells. This phenotype was stable at D3.

Quantitatively, the magnitude of memory B cell responses

increased between M2 and D3 in both groups (Figure S1J).

Our data show that, compared with a CI cohort, HDS elicit low

RBD+ and mature B cell responses after two doses, consistent

with lower antibody levels. A third immunization in HDS is critical

to achieving B cell responses of higher magnitudes than those

observed in CIs and leads to convergent differentiation profiles.

Vaccination induces strong CD4+ T cell responses but
poor CD8+ T cell immunity in HD participants
SARS-CoV-2-specific CD4+ T cells help is crucial to the develop-

ment of B cell responses and correlates with long-term humoral

responses andCD8+ T cell immunity.6,7,46,47Wemeasured Spike

(S)-specific T cell responses (Figure S2A) using activation-

induced marker (AIM)5,6,48,49 and intracellular cytokine staining

(ICS) assays.6

S-specific CD4+ and CD8+ T cell responses were assessed by

anAND/ORBoolean combination gating strategy of the upregula-

tion of CD69, CD40L, 4-1BB, and OX-40 upon a 15-h stimulation

with anoverlappingpeptidepool spanning theScoding sequence

(Figure S2B). This strategy detected S-specific AIM+ CD4+ (Fig-

ure S2C) andCD8+ T cell responses (FigureS2D) at all timepoints.

Baseline responses were reported in other studies to result from

previous cross-reactive expositions to common coronavi-

ruses,50,51 and possibly to pre-exposition to abortive infection

without seroconversion.52 To assess the functionality of the spe-

cific T cells, we measured the expression of IFNg, interleukin

(IL)-2, tumor necrosis factor alpha (TNFa), IL-17A, IL-10, and

CD107a following a 6-h stimulation with the S peptide pool. We

determined total cytokine+ CD4+ T cell responses by a similar

OR Boolean combination gating strategy applied to the ICS re-

sults (Figure S2E). Specific cytokine+ CD4+ T cell responses

were detected at all time points (Figure S2F). Inmost participants,

no significant CD8+ T cell functions were detected and this could

not be further assessed (Figure S2G).

AIM+ CD4+ T cell responses in HDS significantly increased af-

ter priming, plateaued at D2, waned slightly at M2, and further

(A and B) Net AIM+CD4+ T cell responses. (A) Longitudinal analysis of S-specific AIM+ CD4+ T cell responses. Lines connect datapoints from the same donor. The

bold lines represent the median values of each cohort. Right panel: statistical comparisons using a linear mixed model. (B) Comparisons between HDS and CI

participants. Bars represent median ± interquartile range. Intercohort statistical comparisons using a linear mixed model are shown.

(C and D) Net cytokine+ CD4+ T cell responses measured by ICS. (C) Longitudinal analysis of the magnitude of cytokine+ CD4+ T cell responses. Lines connect

datapoints from the same donor. The bold lines represent the median values of each cohort. Right panel: statistical comparisons using a linear mixed model. (D)

Comparisons between HDS and CI participants. Bars represent median ± interquartile range. Intercohort statistical comparisons using a linear mixed model are

shown.

(E and F) Net AIM+CD8+ T cell responses. (E) Longitudinal analysis of S-specific AIM+CD8+ T cell responses. Lines connect datapoints from the same donor. The

bold lines represent the median values of each cohort. Right panel: statistical comparisons using a linear mixed model. (F) Comparisons between HDS and CI

participants. Bars represent median ± interquartile range. Intercohort statistical comparisons using a linear mixed model are shown.

(G–I) Comparison of WTWuhan-1-specific and Omicron BA.1-specific CD4+ and CD8+ T cell responses in HDS (orange) and CI (blue) participants. Mann-Whitney

tests are shown. (G) Net S-specific AIM+ CD4+ T cell responses, (H) Net S-specific cytokine+ CD4+ T cell responses, and (I) Net S-specific AIM+ CD8+ T cell

responses. In (A–F) and (J) n = 20 HDS, n = 26 CI participants; in (G) n = 10 HDS, n = 10 CI; in (H) n = 7 HDS, n = 7 CI; in (I) n = 9 HDS, n = 10 CI participants.
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increased to peak at D3 (Figure 2A). In CIs, the increase at D3

was more muted (Figure 2A). We observed a trend for stronger

AIM+ CD4+ T cell responses in HDS than in CIs at M2 and signif-

icantly higher magnitudes at D3 (Figure 2B). Cytokine+ CD4+

T cell responses in HDS followed trajectories comparable with

the AIM responses (Figures 2C and 2D), with stronger effector

CD4+ T cell responses inHDS comparedwithCI at D3 (Figure 2D).

Unlike CD4+ T cells, AIM+ CD8+ T cell responses were lower in

HDS than CI at all time points except M2 and D3, at which they

converged (Figures 2E and 2F). A trend for increased CD8+

T cell responses in HDS at D3 compared with baseline was

observed (Figures 2E and 2F). Of note, the CI cohort was charac-

terized by sizable pre-existing CD8+ T cell responses at baseline,

which likely affected the patterns observed (Figures 2E and 2F).

Similar to the RBD+ B cell responses, a longer interval in HDL did

not show clear benefits for mRNA-vaccine-elicited cellular

responses, for either CD4+ (Figure S2H and S2I) or CD8+ (Fig-

ure S2J) T cell responses.

We next assessed the presence of Omicron-reactive CD4+

and CD8+ T cell responses using an overlapping Omicron

BA.1 S peptide pool on D3 samples. We detected Omicron

BA.1-reactive AIM+ CD4+ (Figure 2G), cytokine+ CD4+ (Fig-

ure 2H), and AIM+ CD8+ (Figure 2I) T cell responses in both co-

horts. The magnitude of WT and Omicron BA.1 S-specific

CD4+ T cell responses did not differ between groups, suggesting

cross-reactivity.

These data demonstrate the emergence of robust SARS-CoV-

2-specific CD4+ T cell responses after the initial priming dose in

HDS, while a minimum of three doses was required to generate

low CD8+ T cell responses.

mRNA vaccines elicit multifaceted AIM+ CD4+ T cell
responses with qualitative features in HD distinct from
CI participants
To qualitatively evaluate the S-specific AIM+ CD4+ T cell re-

sponses, we applied unsupervised analyses, as described.6

We studied chemokine receptors that are preferentially ex-

pressed by some lineages and involved in tissue homing

(CXCR5 for TFH; CXCR3 for TH1; CCR6 for TH17/TH22 andmucosal

homing; CXCR6 for pulmonary mucosal homing, activation

markers [Human Leukocyte Antigen-DR isotype (HLA-DR) and

CD38], and an inhibitory checkpoint [programmed cell death

protein 1 [PD-1]).

The distribution of clustered populations was represented by

the uniform manifold approximation and projection (UMAP) al-

gorithm. Cluster identity was performed using Phenograph,

resulting in the identification of 14 clusters (Figures 3A and

3B) based on distinct profiles of relative marker expression

(Figures 3C and S3A). The 14 clusters were detectable at all

time points (Figures 3A and 3D), most of them following fre-

quency trajectories consistent with those observed for total

AIM+ CD4 T cells in both cohorts (Figures 3E and S3B).

Some qualitative differences in relative proportions persisted

after the third dose, in HDS significant expansion of C4 and

C7, two clusters enriched in CXCR6, CCR6, CD38, and PD-1

expression (Figures 3F and S3C). As shown in Figure 3C, C7

differed from C4 only by its enrichment in HLA-DR expression

(Figure 3C). In univariate analyses, we observed at D3 in HDS

significant expansion of PD-1+, HLA-DR+, CXCR6+ cells, and,

to a lesser extent, CD38+ cells both in absolute frequencies

and as relative fractions of AIM+ CD4+ T cells (Figures 3G

and S3D).

Therefore, mRNA vaccination elicits in both HDS and CI a

multifaceted response already observed after the first dose.

After the full course of three vaccinations, TH responses show

some qualitative differences between cohorts, with higher

expression in HDS of chemokine receptors associated with

mucosal immunity (CCR6, CXCR6), immune activation (HLA-

DR), and the inhibitory immune checkpoint PD-1.

The first two vaccine inoculations elicit in HDS a TNFa/
IL-2 skewed TH profile that is attenuated by the third
dose
Given the qualitative differences observed with AIM assays, we

used the same unsupervised approach to identify differences

in CD4+ T cell effector functions. Expression of TNFa, CD107A,

IL-10, IFNg, IL-2, and IL-17A defined eight functional clusters,

also detected at all time points (Figures 4A–4C and S4A) in

both cohorts (Figure 4D). All clusters increased in magnitude af-

ter the first two doses, irrespective of clinical status (Figures 4E

and S4B). Several qualitative differences were observed at

D1 and D2 between cohorts, with the TNFa/IL-2-expressing

C6 enriched in HDS and C1, C2, and C8 overrepresented in

CIs (Figure 4F). The third dose led to a partial convergence of

the functional profiles, although the differences in C6 and C8

proportions remained significant at D3. In univariate analyses,

TNFa and IL-2 expressions were also higher, and IFNg and IL-

10 were lower in HDS compared with CIs during the initial vacci-

nation series. Statistically significant differences were mostly

abrogated by the third dose (Figures 4G and S4D).

These analyses show that HDS are associated with a func-

tional skewing upon mRNA vaccination. However, functional

Figure 3. mRNA vaccines elicit multifaceted AIM+ CD4+ T cell responses with qualitative features in HD distinct from CI participants

(A) Multiparametric UMAP representation of S-specific AIM+ CD4+ T cells based on CD38, HLA-DR, CCR6, CXCR6, CXCR5, CXCR3, and PD-1 expression at

each time point, aggregated data for the HDS and CI cohorts. The colors identify 14 populations clustered by unsupervised analysis using Phenograph.

(B) Each cluster is labeled on the global UMAP.

(C) Heatmap summarizing for each cluster the mean fluorescence intensity (MFI) of each loaded parameter.

(D) Pie charts depicting the representation of each identified cluster within total AIM+ CD4+ T cells.

(E) Longitudinal net frequencies of selected AIM+ CD4+ T cell clusters in HDS (orange) and CI (blue) participants for clusters 1, 2, 7, 8, and 10. Lines connect data

from the same donor. The bold lines represent the median values of each cohort. Wilcoxon tests for each pairwise comparison are shown below.

(F) Proportions of AIM+ clusters 1, 2, 7, 8, and 10 among AIM+ CD4+ T cells in HDS and CI at D1, D2, and D3. Bars represent median ± interquartile range. Mann-

Whitey tests are shown.

(G) Cohort comparison of univariate analyses. Bars represent median ± interquartile range. Statistical comparisons using a linear mixed model are shown. In

(A)–(G) n = 20 HDS, n = 26 CI participants.
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responses quantitatively and qualitatively converge between

cohorts after the third dose.

Associations between RBD+ B cell and S-specific CD4+

T cell responses appear late in people on HD
We next examined temporal associations between B and CD4+

T cell responses. The net magnitudes of baseline, D1, and D2

responses for each AIM+ and cytokine+ cluster were correlated

with post-boost RBD+ B cell responses at D2 (Figures 5A and

S5A) or D3 (Figures 5B and S5B). No positive correlation be-

tween the two cellular compartments was found at D2 in HDS

(Figure 5A), in contrast to CIs (Figure S5A).6 Instead, several tem-

poral associations were found in HDS between TH and RBD+ B

cell responses at D3 (Figure 5B). Among the subsets with signif-

icant correlations, we found clusters enriched in CXCR3 and/or

CXCR5 (AIM+ C8, C9, C11, and C14), and functional clusters

enriched in IL-2 and TNFa (cytokine+ C4, C5, and C6) (Figure 5B).

We previously reported in a low-risk population of vaccinees

that S-specific CXCR5+ AIM+ CD4+ T cells (cTFH) after the first

vaccine dose were predictive of RBD+ B cell responses

after the second dose.6 We observed in HDS an association be-

tween the cTFH after the second dose and RBD+B cell responses

after the third dose (Figure 5C). In comparison, we only found a

contemporary association between cTFH and the RBD+ B cell re-

sponses after the third dose in CIs (Figure S5C). Narrowing our

observations to PD-1+ cTFH sub-populations, as they have

been more strongly associated with B cell help,53 we only

observed temporal and contemporary correlations with the

RBD-B+ cells at D3 in HDS but not in CIs (Figure S5D).

These data demonstrate that there are temporal associations

between CD4+ T cell help and B cell responses in HDS partici-

pants. However, these correlations mostly emerge only after

the third dose, consistent with the delayed kinetics of vaccine

response in HDS individuals.

Trajectories of vaccine features highlight the need for
multiple boosts in people on HD
Our data reveal multiple immune features whose trajectories

differed between cohorts. To compare these trajectories, we

used a normalization strategy allowing comparisons between

features irrespective of their magnitude. First, we calculated

the average response per participant at all time points, for

each feature. The ratio of the measured parameter at the time

point to its averaged value defined its trajectory. Each ratio

was then plotted on a heatmap, and clustered according to the

normalized trajectory (Figures 6A and 6B). Three patterns were

observed among HDS (Figure 6A): a first group of features

peaked early after the priming (AIM+ C1, C12, and cytokine+

C3). A second group showed strong responses after different

boosts. This group notably included humoral RBD+ IgG re-

sponses, CXCR3+ (C2, C8, C9, and C14) AIM clusters, and the

TNFa+ IL-2+-enriched C6 cluster. The third pattern corre-

sponded to late response peaking at D3 and included RBD+ B

cells, AIM+ CD8+ T cells, total AIM+ and cytokine+ CD4+

T cells, and several AIM+ and cytokine+ clusters.

Different trajectories were observed in CIs (Figure 6B). Unlike

HDS, total CD4 and CD8 responses, along with most AIM+ clus-

ters, weremobilized early at D1 andwere boosted at D2. The first

boost enhanced total cytokine+ CD4+ T, B cell, and IgG re-

sponses and most cytokine+ clusters. The second boost further

recalled these responses. In contrast, these immune features

were delayed in HDS and mobilized only at D3.

These results highlight the necessity for repeated boosting in

HDS to achieve peak immune responses for all immune features.

This contrasts with overall earlier peak immune responses in CIs,

for whom the immune parameters are robustly generated after

the first or the second dose.

DISCUSSION

HD patients are at risk for severe infectious diseases, including

COVID-19, and frequently respond poorly to standard vaccina-

tions, including the initial two-dose series of SARS-CoV-2

mRNA vaccines. We show that the administration of a third vac-

cine dose is pivotal in stimulating B cell expansion and matura-

tion to levels similar to controls. While previous studies reported

reduced IFNg-producing T cell responses, high-dimensional

functional assays demonstrate that TH responses in HD are

phenotypically and functionally skewed, not quantitatively infe-

rior. Our results on cellular immunity are consistent with vaccina-

tion strategies previously proved effective in HD: administration

of multiple and/or higher injections can counterbalance their low

responses to immunization.27 We show that the optimal vaccine

dosing interval is population dependent: in contrast to the gen-

eral population,18–20 increasing the time between the first two

doses resulted in weaker humoral and cellular immunity in HD.

The third dose led to partially converging antibody levels be-

tween cohorts, although they remained lower in HD than CIs at

all time points. This is consistent with studies on HBV, hepatitis

C virus (HCV), and influenza vaccines,21 and previous SARS-

CoV-2 studies.32,54 Importantly, while the neutralization capacity

was significantly lower after the second dose in HDS than in

Figure 4. The first two vaccine inoculations elicit in HDS a TNFa/IL-2 skewed TH profile that is attenuated by the third dose

(A) Multiparametric UMAP representation of S-specific cytokine+ CD4+ T cells based on TNFa, CD107a, IL-10, IFNg, IL-2, and IL-17A expression at each time

point, aggregated data for the HDS and CI cohorts. The colors identify eight populations clustered by unsupervised analysis using Phenograph.

(B) Each cluster is labeled on the global UMAP.

(C) Heatmap summarizing for each cluster the MFI of each loaded parameter.

(D) Pie charts depicting the representation of each identified cluster within total cytokine+ CD4+ T cells.

(E) Longitudinal frequencies of selected cytokine+ CD4+ T cell clusters 1, 2, 4, 6, and 8 in HDS (orange) and CI (blue) participants. Lines connect data from the same

donor. The bold lines represent the median values of each cohort. Wilcoxon tests for each pairwise comparisons are shown below the graphs.

(F) Proportions of cytokine+ clusters 1, 2, 4, 6, and 8 among cytokine+ CD4+ T cells in HDS and CI at D1, D2, and D3. Bars represent median ± interquartile range.

Mann-Whitey tests are shown.

(G) Cohort comparison of univariate analyses. Bars represent median ± interquartile range. Statistical comparisons using a linear mixed model are shown. In (A)–

(G) n = 20 HDS, n = 26 CI participants.
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CI participants, the third dose significantly increased the neutral-

ization responses in HDS, bringing them to levels similar to those

measured in CIs. The low frequencies of RBD+ B cell responses

observed in HD after the first two doses are likely major contrib-

utors to these disparities, but their quality may play a role as well.

There was a delay in the maturation of B cell responses with the

persistence of immature and unswitched IgM+ and IgD+ RBD+

B cells in HD after two mRNA vaccine doses. These features

were reported in kidney transplant recipients and dialysis pa-

tients55,56 and attributed to chronic inflammation caused by

uremia toxins, along with defects of innate and T cell immu-

nity.22,23,25 We also observed incomplete B cell maturation in a

cohort of CI vaccinated with the standard 3-week short-interval

regimen of mRNA vaccine,19 and thus we cannot univocally

A B

C

Figure 5. Associations between RBD+ B cell and S-specific CD4+ T cell responses appear late in people on HD

Temporal relationships between S-specific-CD4+ T cells and RBD+ B cells in HDS.

(A) Correlation between total CD4+ T cell frequencies at B–D2 and RBD+ B cell frequencies at D2 in HDS (n = 20).

(B) Correlation between total CD4+ T cell frequencies at B–D3 and RBD+ B cell frequencies at D3 in HDS (n = 20). Asterisks indicate statistically significant p values

from a Spearman test (*p < 0.05, **p < 0.01, ***p < 0.001). Colors indicate Spearman r.

(C) Correlations between frequencies of AIM+ CXCR5+ CD4+ T cells (for cTFH) at the B–D3 visits and RBD+ B cell frequencies at D3 in HDS. The r and p values from

a Spearman test are indicated in each graph.
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delineate such defects in the 5-week-interval regimen applied to

the HDS cohort. The longer delay between the two first

doses might contribute to this difference in maturation. Some

vaccinal studies with a standard 21-day schedule reported that

antigen-specific germinal center reactions weremaintained after

6 months with an increase in somatic hypermutations over

time.57,58

Another key finding is that antigen-specific CD4+ T cell re-

sponses in HD were robust. As measured by multiplexed AIM

and ICS, their magnitudes were comparable with or greater

than those measured in controls, depending on the time point

considered. These responses were as highly diverse in pheno-

type and function in HDS as in CIs, but with qualitative differ-

ences that persisted throughout the longitudinal follow-up. We

identified a pro-inflammatory/activated skewing of TH responses

in HD, with CCR6, CXCR6, and HLA-DR overexpression. Such

CD4+ T cell populations have been described as preferentially

recruited at sites of inflammation in autoimmune diseases,

including inflammatory kidney disease.59,60 The simultaneous

overexpression of the inhibitory checkpoint PD-1 by these cells

may contribute to suboptimal help to other immune subsets.

PD-1 upregulation on both CD4+ and CD8+ T cell populations

in HD was previously reported, indicating that this dysregulation

is not unique to SARS-CoV-2-specific responses.61 While cTFH
cells are heterogeneous,62 with the PD-1+ fraction of cTFH
endowed with better helper capacity to B cells in direct ex vivo

co-culture experiments than the quiescent PD-1� frac-

tion,53,63,64 the broad expression of PD-1 in HD complicates

interpretation of this marker’s upregulation on CXCR5+ CD4+

T cells in HD donors. As we draw a comparison with a control

cohort, we therefore mostly used a conservative analysis on total

CXCR5+ CD4+ T cells. However, analyses focusing on CXCR5+

PD-1+ cTFH revealed some additional associations between

T cell help and RBD+ B cells in the HD cohort.

CD4+ T cell responses in HD also presented functional skew-

ing, with an overrepresentation of TNFa+ and IL-2+, at the

expense of IL-10+ and IFNg+ cells. These patterns raise ques-

tions about the impact of these cytokines in the establishment

of vaccine responses. It has been shown that high levels of

TNFa in COVID-19 could induce downstream activation of TH1
cells and block the final step of cTFH differentiation.65 This skew-

ing may contribute to the delay observed in B cell responses to

A B

Figure 6. Trajectories of vaccine features highlight the need for multiple boosts in people on HD

(A and B) Trajectories of specific responses to mRNA vaccines in (A) HDS and (B) CI. Trajectories are represented by the fold change of the response at each time

point for a given feature, to the mean response of every time point for the same feature. Significant fold change is colored in either orange (if increased) or blue (if

decreased) (mixed-effect analysis with Bonferroni correction for multiple comparisons, colors represent adjusted p < 0.05). White color represents fold changes

that are not significantly different from the mean response. n = 20 HDS and 26 CI.
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SARS-CoV-2 vaccination due to insufficient feedback inhibition

of pro-inflammatory cytokines.66 The third dose was character-

ized in HD by the normalization of the effector function profile

compared with the CI. Therefore, differences in the assays

used (e.g., high-dimensional flow cytometry versus IFNg Elispot)

likely explain discrepancies between our data, in which we found

robust CD4+ T cell responses in HD, and studies showingweaker

T cell responses in this population.36,37

CD8+ T cell responses tend to be generated in HD only after

the third dose of vaccine, in light of previous results showing

that people with ESRD have more exhausted and anergic

CD8+ T cells than CIs.61 In both cohorts, CD8+ T cell responses

remain low compared with their CD4+ T cell counterparts,

consistent with the TH-biased profile of responses elicited by

SARS-CoV-2 mRNA vaccines.67

Our results show that a long (12-week) interval between the

first two doses is not beneficial for people receiving HD: both

B cell and antibody responses in HDL after the second dose

tend to be weaker than those observed in the HDS cohort. The

optimal dosing interval in people receiving HD remains uncer-

tain; another study suggests that a slightly longer interval (up

to 45 days, compared with 35 days in our study) was associated

with stronger humoral responses.68

VOCs are an evolving challenge. After the third dose, HD

developed B and CD4+ T cell responses specific to SARS-

CoV-2 cross-reactive to Omicron BA.1 and at levels similar to

CI. These findings complement previous reports showing that

a third vaccine dose in HD enhanced neutralizing capacity of

antibody responses against VOCs.9 Therefore, they might have

protection against VOCs such as Omicron similar to CIs.8–10

The global immune profiles observed longitudinally are consis-

tent with a model in which HD respond more slowly to vaccina-

tion, with a third dose required to achieve B and T cell responses

quantitatively and qualitatively close to those generated after

two doses in CIs. Temporal associations between SARS-CoV-

2-specific CD4+ T cell and RBD+ B cell responses are shifted

by one dose in HD, with a delayed link between the two features

compared with CIs. As cellular immune responses are compar-

atively less affected by the third dose in CIs than HD individuals,

responses from both cohorts globally converged after the full

vaccination course. Some studies have highlighted such conver-

gence for anti-RBD IgG responses between HD and CIs after

three mRNA vaccine doses.69,70 We believe that the finding

that low cellular immunity responsiveness in HD can be over-

come by repeat dosing is a major positive conclusion of our

study and provides an immunological basis for previous findings

on the antibody responses elicited by a third dose in this vulner-

able population.

Determining whether the qualitative skewing of CD4+ T cell

responses observed in HD can alter protection against break-

through infection, how long cellular responses persist after

the third dose, and how additional booster doses can further

modulate the immune profiles identified will warrant further

study.

Limitations of the study
Our study identified several alterations of adaptive immunity eli-

cited by SARS-CoV-2 vaccines in HD patients, with a spectrum

of responsiveness in this population. Further studies are needed

to better understand what individual factors may contribute to

this heterogeneity. Mechanistic studies of related immune de-

fects are very challenging, as no animal model for long-term

chronic HD exists.

HD individuals are known to have frequent comorbidities and

in our study were older than CIs. These factors might affect

immune responses independently of HD. However, while the co-

horts studied are too small to conduct multivariate analyses,

chronic diseases are highly prevalent in HD patients, therefore

distinguishing individual factors would have limited practical

impact.

This study focuses on SARS-CoV-2 naive individuals. Addi-

tional studies are required to evaluate how prior infection shapes

hybrid immunity in HD upon vaccination.

The size of the long-interval hemodialyzed cohort is small. It

was not possible to recruit more suitable participants as the

standard of care shifted to a short-interval regimen soon after

the vaccination campaign began. The time points between

D1 and D3, and D2 and D3, were not matched between cohorts.

Therefore, this difference in timing might lead to potential quan-

titative differences in anti-SARS-CoV-2 antibodies due to the

higher rate of RBD-B cell maturation in the short-delay cohort.
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(2021). A single dose of the SARS-CoV-2 vaccine BNT162b2 elicits Fc-

mediated antibody effector functions and T cell responses. Cell Host

Microbe 29, 1137–1150.e6. https://doi.org/10.1016/j.chom.2021.06.001.

15. Paltiel, A.D., Zheng, A., and Schwartz, J.L. (2021). Speed versus efficacy:

quantifying potential tradeoffs in COVID-19 vaccine deployment. Ann.

Intern. Med. 174, 568–570. https://doi.org/10.7326/M20-7866.

16. Tuite, A.R., Zhu, L., Fisman, D.N., and Salomon, J.A. (2021). Alternative

dose allocation strategies to increase benefits from constrained COVID-

19 vaccine supply. Ann. Intern. Med. 174, 570–572. https://doi.org/10.

7326/M20-8137.

17. Grunau, B., Goldfarb, D.M., Asamoah-Boaheng, M., Golding, L., Kirkham,

T.L., Demers, P.A., and Lavoie, P.M. (2022). Immunogenicity of extended

mRNA SARS-CoV-2 vaccine dosing intervals. JAMA 327, 279–281.

https://doi.org/10.1001/jama.2021.21921.

18. Hall, V.G., Ferreira, V.H., Wood, H., Ierullo, M., Majchrzak-Kita, B., Mangu-

iat, K., Robinson, A., Kulasingam, V., Humar, A., and Kumar, D. (2022). De-

layed-interval BNT162b2mRNACOVID-19 vaccination enhances humoral

immunity and induces robust T cell responses. Nat. Immunol. 23, 380–385.

https://doi.org/10.1038/s41590-021-01126-6.
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E., Darko, S., Brassard, N., Nganou-Makamdop, K., Arumugam, S., Gen-

dron-Lepage, G., et al. (2019). Altered differentiation is central to HIV-spe-

cific CD4(+) T cell dysfunction in progressive disease. Nat. Immunol. 20,

1059–1070. https://doi.org/10.1038/s41590-019-0418-x.

Cell Reports Medicine 4, 100955, March 21, 2023 15

Article
ll

OPEN ACCESS

https://doi.org/10.1016/j.isci.2022.105904
https://doi.org/10.1016/j.cell.2021.10.011
https://doi.org/10.1128/CMR.00084-18
https://doi.org/10.1128/CMR.00084-18
https://doi.org/10.3390/toxins12040224
https://doi.org/10.3390/toxins12040224
https://doi.org/10.3390/toxins12050340
https://doi.org/10.1155/2017/8415179
https://doi.org/10.3390/toxins12070439
https://doi.org/10.1038/s41598-021-01660-1
https://doi.org/10.1038/s41598-021-01660-1
https://doi.org/10.1053/j.ajkd.2019.06.014
https://doi.org/10.1053/j.ajkd.2019.06.014
https://doi.org/10.1016/S2214-109X(20)30264-3
https://doi.org/10.1016/S2214-109X(20)30264-3
https://doi.org/10.1053/j.ajkd.2021.01.003
https://doi.org/10.7326/M21-4176
https://doi.org/10.7326/M21-4176
https://doi.org/10.1503/cmaj.210673
https://doi.org/10.2215/CJN.03500321
https://doi.org/10.1093/ckj/sfab048
https://doi.org/10.1016/j.kint.2021.06.025
https://doi.org/10.1016/j.immuni.2019.04.011
https://doi.org/10.1016/j.immuni.2019.04.011
https://doi.org/10.1053/j.ajkd.2021.06.002
https://doi.org/10.1186/s12865-021-00458-0
https://doi.org/10.1186/s12865-021-00458-0
https://doi.org/10.1016/S0140-6736(16)32064-5
https://doi.org/10.1016/S0140-6736(16)32064-5
https://doi.org/10.1016/j.cell.2020.09.037
https://doi.org/10.1016/j.cell.2020.09.037
https://doi.org/10.1038/s41586-020-2381-y
https://doi.org/10.1038/s41586-020-2381-y
https://doi.org/10.1016/S2666-5247(21)00305-0
https://doi.org/10.1016/S2666-5247(21)00305-0
https://doi.org/10.1016/j.xcrm.2020.100126
https://doi.org/10.1016/j.xcrm.2020.100126
https://doi.org/10.1056/NEJMoa2105000
https://doi.org/10.1056/NEJMoa2105000
https://doi.org/10.1182/blood-2004-09-3740
https://doi.org/10.1182/blood-2004-09-3740
https://doi.org/10.3389/fimmu.2012.00302
https://doi.org/10.1126/sciimmunol.abi6950
https://doi.org/10.1016/j.cell.2021.01.007
https://doi.org/10.1038/s41590-019-0418-x


49. Niessl, J., Baxter, A.E., Morou, A., Brunet-Ratnasingham, E., Sannier, G.,

Gendron-Lepage, G., Richard, J., Delgado, G.G., Brassard, N., Turcotte,

I., et al. (2020). Persistent expansion and Th1-like skewing of HIV-specific

circulating T follicular helper cells during antiretroviral therapy. EBioMedi-

cine 54, 102727. https://doi.org/10.1016/j.ebiom.2020.102727.

50. Braun, J., Loyal, L., Frentsch, M., Wendisch, D., Georg, P., Kurth, F., Hip-

penstiel, S., Dingeldey, M., Kruse, B., Fauchere, F., et al. (2020). SARS-

CoV-2-reactive T cells in healthy donors and patients with COVID-19. Na-

ture 587, 270–274. https://doi.org/10.1038/s41586-020-2598-9.

51. Grifoni, A., Weiskopf, D., Ramirez, S.I., Mateus, J., Dan, J.M., Moder-

bacher, C.R., Rawlings, S.A., Sutherland, A., Premkumar, L., Jadi, R.S.,

et al. (2020). Targets of T Cell responses to SARS-CoV-2 coronavirus in

humans with COVID-19 disease and unexposed individuals. Cell 181,

1489–1501.e15. https://doi.org/10.1016/j.cell.2020.05.015.

52. Swadling, L., Diniz, M.O., Schmidt, N.M., Amin, O.E., Chandran, A., Shaw,

E., Pade, C., Gibbons, J.M., LeBert, N., Tan, A.T., et al. (2022). Pre-existing

polymerase-specific T cells expand in abortive seronegative SARS-CoV-2.

Nature 601, 110–117. https://doi.org/10.1038/s41586-021-04186-8.

53. Locci, M., Havenar-Daughton, C., Landais, E., Wu, J., Kroenke, M.A., Ar-

lehamn, C.L., Su, L.F., Cubas, R., Davis, M.M., Sette, A., et al. (2013). Hu-

man circulating PD-1+CXCR3-CXCR5+ memory Tfh cells are highly func-

tional and correlate with broadly neutralizing HIV antibody responses.

Immunity 39, 758–769. https://doi.org/10.1016/j.immuni.2013.08.031.

54. Stumpf, J., Siepmann, T., Lindner, T., Karger, C., Schwöbel, J., Anders, L.,
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Institutional permissions and oversight
All work was conducted in accordance with the Declaration of Helsinki and approved by the institutional boards of the participating

institutions (Quebec Renal Network31 multicentric protocol MP-02-2021-9006; and CHUM protocols 19.381 and 20.065).

Informed consent
All work was conducted in accordance with the Declaration of Helsinki and written informed consent obtained before enrollment into

the study.

Subject characteristics
Subject characteristics are summarized in Table 1. Patients with end-stage renal disease receiving hemodialysis (HD) were enrolled

into the Quebec Renal Network (QRN) COVID-19 Study as previously described31 and followed every 2-3 days at the Center Univer-

sitaire de Santé McGill (CUSM), the Center Hospitalier de l’Université de Montréal (CHUM), and the Hôpital du Sacré-Coeur de

Montréal (HSCM). Participants from this cohort were followed and sampled before and after vaccination. Blood draws were

performed at baseline (B) 12 days before the first dose of vaccine with mRNA vaccine, 4 weeks after the first dose (D1), 4 weeks

post second dose (D2), 12 weeks after the second dose (M2) and 4-5 weeks post third dose (D3). Hemodialyzed participants

were divided into two cohorts: a short interval cohort for which the first two vaccine doses were administered 5 weeks apart

(HDS, n = 20); and a long interval cohort (HDL, n = 7) for which the first two doses were given 12 weeks apart when vaccine scarcity

was limiting.

The cohort of control individuals (CI, n = 26) consisted of healthcare workers who did not have a major medical precondition

qualifying for a short interval schedule (e.g, immunosuppression) and who received the first two vaccine doses 16 weeks apart

per Quebec public health guidelines early in the vaccination campaign in Canada. The third inoculation was given 7 months after

the second dose. Blood draws were performed at baseline (B) 1 day before the first dose of mRNA vaccine, 3 weeks after the first

dose (D1), 3 weeks following the second dose (D2), 16 weeks after the second dose (M2), and 4 weeks after the third dose (D3).

Median age and interquartile range for the HDS cohort was 61 [55-64], and 13 individuals were males (65%). Median age and

interquartile range for the CI cohort were younger (median = 51 [41-56], p < 0.001), and 11 individuals were males (42%). The

HDL cohort was not significantly older (median = 66 [55-77]) and 4 individuals were males (57%). Time on hemodialysis between

each cohort was comparable (See Table 1).

METHOD DETAILS

PBMCs and plasma isolation
Peripheral blood mononuclear cells (PBMCs) were isolated from blood samples by Ficoll density gradient centrifugation and cryo-

preserved in liquid nitrogen until use. Plasma was stored at �80�C. For antibody assays, plasma was heat-inactivated for 1 h at

56�C prior to experiments. Plasma from uninfected donors collected before the pandemic were used as negative controls and

used to calculate the seropositivity threshold in our ELISA assay.

Enzyme-linked immunosorbent assay
The SARS-CoV-2 RBD ELISA assay used was previously described.42 Briefly, recombinant SARS-CoV-2 RBD proteins or BSA

(2.5 mg/mL) as negative control were prepared in PBS and adsorbed to plates overnight at 4�C. Coated wells were subsequently

blocked with blocking buffer and then washed. CR3022 mAb (50 ng/ml) or a ½50 dilution of plasma from HD, or CI donors were pre-

pared in a diluted solution of blocking buffer and incubated with the RBD-coated wells. Plates were washed followed by incubation

with the respective secondary Abs. The binding of CR3022 IgG was quantified with HRP-conjugated antibodies specific for the Fc

region of human IgG and used to normalize the RLU from each plate. HRP enzyme activity was determined after the addition of a 1:1

mix of Western Lightning oxidizing and luminol reagents (Perkin Elmer Life Sciences). Light emission was measured with an LB942

Tri-Star luminometer (Berthold Technologies). Signal obtained with BSAwas subtracted for each plasma and was then normalized to

the signal obtained with CR3022 present in each plate. The seropositivity threshold was established using the following formula:

mean of pre-pandemic SARS-CoV-2 negative plasma + (3 SD of the mean of pre-pandemic SARS-CoV-2 negative plasma).

Virus neutralization assay
The SARS-CoV-2 virus neutralization assay was used previously.42 Briefly, 293T cells were transfected with the lentiviral vector

pNL4.3 R-E� Luc plasmid (NIH AIDS Reagent Program) and a plasmid encoding for the full-length SARS-CoV-2 Spike D614G

glycoprotein42,71 at a ratio of 10:1. Two days post-transfection, cell supernatants were harvested and stored at �80�C until use.

Pseudoviral particles were incubated with the indicated plasma dilutions (1/50; ½50; 1/1250; 1/6250; 1/3 1/31,250) for 1h at 37�C
and were then added to the 293T-ACE2 target cells followed by incubation for 48 h at 37�C. Then, cells were lysed and followed
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by one freeze-thaw cycle. An LB942 Tri-Star luminometer (Berthold Technologies) was used to measure the luciferase activity. The

neutralization half-maximal inhibitory dilution (ID50) represents the plasma dilution to inhibit 50% of the infection of 293T-ACE2 cells

by SARS-CoV-2 pseudoviruses.

RBD-specific B cell staining
PBMCswere resuspended at 4x106 cells/mL in RPMI (Gibco by Life Technologies) supplemented with penicillin/streptomycin (Gibco

by Life Technologies), 10% heat inactivated FCS and incubated at 37�C, 5% CO2 for 2hrs in the presence of fluorescently labeled

CCR10 antibody.

For surface stain, PBMCs were first stained for viability dye (Aquavivid, Thermofisher, 20min, 4�C) next with a mix containing a bril-

liant stain buffer (BD Biosciences), the surface markers for B cells detection (CD19, CD20, CD21, IgM and IgD), B cells memory

phenotype (CD24, CD27, IgG and IgA), plasmablasts and plasma cells (CD38 and CD138) phenotypes, T-cells andmonocytes exclu-

sion (CD3, CD56, CD14, and CD16) (30min, 4�C) (see Table S2 for antibodies), as well as fluorescently-labeled probes for RBD+

B cells detection targeting two different epitopes of the RBD (RBD1-AF488 and RBD2 AF594). Omicron BA.1-RBD peptide (Accro-

biosystem) was labeled, and the Omicron BA.1-RBD probe was also added into the mix where appropriate (RBD Omicron BA.1

AF647). Cells were fixed with 1% paraformaldehyde (Sigma-Aldritch) for 15 min at room temperature before filtration for acquisition

on a FACSymphony A5 Cell Analyzer (BD Biosciences) and analyzed using FlowJo (BD, v10.6.2).

Activation-induced markers (AIM) assay
PBMCs were plated in a 96-wells flat bottom plate, at 10x106 cells/mL RPMI (Gibco by Life Technologies) supplemented with peni-

cillin/streptomycin (Gibco by Life Technologies), 10% heat inactivated FCS and incubated at 37�C, 5% CO2. After a rest of 3hrs,

a CD40 blocking antibody (Miltenyi) was added to the culture to prevent the interaction of CD40L with CD40 and its subsequent

downregulation. In addition, antibodies for chemokine receptors CXCR6, CXCR3, CXCR5, and CCR6 were added in culture. After

15min incubation at 37�C, 5% CO2, cells were stimulated with 0.5 mg/mL staphylococcal enterotoxin B (SEB) or 0.5 mg/mL of over-

lapping peptide pools for Wuhan-1 or Omicron BA.1 variants SARS-CoV-2 Spike (JPT) for 15 hrs at 37�C, 5% CO2. An unstimulated

condition with 0.4mL of DMSO served as a negative control.

Cells were stained for viability dye (Aquavivid, Thermofisher, 20min, 4�C), surface markers (30min, 4�C) (see Table S3 for anti-

bodies) and fixed using 2% paraformaldehyde (Sigma-Aldritch, 15min, RT) before filtration for acquisition on the flow cytometer

(FACSymphony A5 Cell Analyzer; BD Biosciences) and analyzed using FlowJo (BD, v10.6.2). For phenotypic analysis of antigen-spe-

cific CD4+ T cells, only responses that were >2-fold over unstimulated condition were included to limit the impact of background

staining. In contrast, for analysis of antigen-specific CD4+ T cell subsets as percentage of total CD4+ T cells, background-subtracted

net values were used, which did not require excluding responses.

Intracellular cytokines staining (ICS) assay
PBMCs were resuspended at 10x106 cells/mL RPMI (Gibco by Life Technologies) supplemented with penicillin/streptomycin (Gibco

by Life Technologies), 10% heat inactivated FCS, and incubated at 37�C, 5% CO2. After a rest of 2hrs, cells were stimulated with

0.5 mg/mL staphylococcal enterotoxin B (SEB) or 0.5 mg/mL of overlapping peptide pools for Wuhan-1 or Omicron BA.1 variants

SARS-CoV-2 Spike (JPT) for 6 hrs at 37�C, 5% CO2. An unstimulated condition with 0.4mL of DMSO served as a negative control.

Brefeldin A (BD Biosciences), Monensin-1 (BD Biosciences), and a fluorescently labeled CD107a antibody were added for the re-

maining 5hrs.

Cells were stained for viability dye (Aquavivid, Thermofisher, 20min, 4�C), surface markers (30min, 4�C), and intracellularly for cy-

tokines (30min, room temperature) using the IC Fixation/Permeabilization kit (eBioscience) (see Table S4 for antibodies) and filtrated

before acquisition on the flow cytometer (FACSymphony A5 Cell Analyzer, BDBiosciences) and analyzed using FlowJo (BD, v10.6.2).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics
Symbols represent biologically independent samples from HD and CI donors. Lines connect data from the same donor. Thick lines

represent median values. Linear mixed models fitting cell frequencies in terms of cohort, time point, and their interaction were run

using R and the package ‘‘nlme’’. Model diagnostics were performed, checking for heteroscedasticity and normality among resid-

uals. All retained models used a square-root transform on the response variable, which helped in reducing the impact of outliers.

Post-hoc contrasts across all pairwise comparisons of factor levels were obtained with the package ‘‘emmeans’’, correcting the

p values by the method of Holm-Bonferroni where applicable. An important caveat of the square-root transform is that the reported

contrast estimates and their confidence intervals remain on this scale, making their interpretation tricky. This was not deemed too

great an obstacle, as qualitative statements on significant contrasts could be made based on p values. Thirty-five linear mixed

models were retained, those being anti-RBD IgG, RBD B, AIM CD4, ICS CD4, AIM CD8, CXCR3, CXCR5, CXCR6, CCR6, PD-1,

CD38, HLA-DR, IFNg, IL-2, TNFa, IL-10, CD107a and IL-17A being compared between HDS, CI and HDL cohorts. There were

also comparisons of HDS, HDL, and CI for anti-RBD IgG, RBD B, AIM CD4, ICS CD4, and AIM CD8. Models without satisfactory di-

agnostics were abandoned in favor of non-parametric methods. Differences in responses for the same patient before and after
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vaccination were performed using Wilcoxon matched pair tests. Differences in responses between HDS and CI were measured by

Mann-Whitney tests. Wilcoxon and Mann-Whitney tests were generated using GraphPad Prism (version 9.2.0). p values < 0.05 were

considered significant. p values are indicated for each comparison assessed. For descriptive correlations, Spearman’s R correlation

coefficient was applied. For graphical representation on a log scale (but not for statistical tests), null values were arbitrarily set at the

minimal values for each assay.

Software scripts and visualization
Graphics and pie charts were generated using GraphPad PRISM (v9.2.0) and ggplot2 (v3.3.3) in R (v4.1.0). Heat maps were gener-

ated in R (v4.1.0) using the pheatmap package (v1.0.12). Principal component analyses were performedwith the prcomp function (R).

Uniform manifold approximation and projection (UMAP) was performed using package M3C (v1.14.0) on gated FCS files loaded

through the flowCore package (v2.4.0). Samples were downsampled to a comparable number of events (300 cells for AIM, 100 cells

for ICS). Scaling and logical transformation of the flow cytometry data were applied using the FlowSOM72 R package (v2.0.0). All

samples at all time points were loaded. Clustering was achieved using Phenograph (v0.99.1) with the hyperparameter k (number

of nearest neighbors) set to 150). We previously provided all R codes scripted for this paper in another study.6 We obtained an initial

14 AIM+ and 8 ICS+ clusters. For B and CD4+ T cell phenotyping, only participants with R5 events across all depicted time points

were analyzed.
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Figure S1. Antibody and SARS-CoV-2-specific B cell responses in hemodialysis patients. 

Related to Figure 1. (A) Comparison of RBD-specific IgG responses between HDL (red), HDS 

(orange) and CI (blue) participants at D2, M2 and D3. HDS on immunosuppressive drugs are 

represented by square symbols, and HDS not on immunosuppressants are represented by circles. 

Bars represent medians ± interquartile ranges. Intercohort statistical comparisons using a linear 

mixed model are shown. (B) Comparison of neutralizing activity between HDL (red), HDS (orange) 

and CI (blue) participants at D2, M2 and D3. HDS on immunosuppressive drugs are represented 

by square symbols, and HDS not on immunosuppressants are represented by circles. Bars 

represent medians ± interquartile ranges. Intercohort statistical comparisons using a linear mixed 

model are shown. (C) Gating strategy to identify RBD+ B cells. (D) Comparison of RBD+ B cell 

responses between HDL (red), HDS (orange) and CI (blue) participants at D2, M2 and D3. HDS on 

immunosuppressive drugs are represented by square symbols, and HDS not on 

immunosuppressants are represented by circles. Bars represent medians ± interquartile ranges. 

Intercohort statistical comparisons using a linear mixed model are shown. (E) Gating strategy of 

Omicron RBD+ B cells among total B cells (left) and among Wuhan-1-RBD+ B cells (right). (F) 

Examples of gatings for IgD, IgM, IgA and IgG expression on total CD19+CD20+ B cells (left) or 

RBD+ B cells (right). (G) Histograms reporting the longitudinal frequency of isotype expression in 

HDS (orange) and CI (blue) participants. Lines connect data points for individual participants. 

Wilcoxon tests are shown above each panel. (H) Comparison of IgD+ and IgA+ RBD+ B cells 

between HDS and CI participants at D2 and D3. Mann-Whitney tests are shown. (I) Gating strategy 

of IgD+/- and CD27+/- of total (left) and RBD+ memory B cells (right). (J) Histograms reporting the 

longitudinal frequency of each IgD and CD27 RBD-B phenotypes in CD19+CD20+ B cells for HDS 

(orange) and CI (blue) participants. In support of the pie charts displayed in Figure 1K. Wilcoxon 

tests are shown above. In ABD) n=7 HDL, n=20 HDS, n=26 CI. GJ) n=20 HDS, n=26 CI. H) n=16 

HDS, n=23 CI.  



0 50K 150K 250K
0

50K

100K

150K

200K

250K

0 50K 150K 250K
0

50K

100K

150K

200K

250K

0 50K 150K 250K
0

50K

100K

150K

200K

250K

0-103 103 104 1050

50K

100K

150K

200K

250K

0-103 103 104 105

0

-103

103

104

105

0-103 103 104 105

0

-103

103

104

105

0-10 10 10 103 3 4 5

0

-103

103

104

105
0-103 103 104 105

0

-103

103

104

105
0-103 103 104 105

0

-103

103

104

105

0-103 103 104 105

0

-103

103

104

105
0-103 103 104 105

0

-103

103

104

105
0-103 103 104 105

0

-103

103

104

105

0-103 103 104 105

0

-103

103

104

105
0-103 103 104 105

0

-103

103

104

105
0-103 103 104 105

0

-103

103

104

105

0-103 103 104 105

0

-103

103

104

105
0-103 103 104 105

0

-103

103

104

105
0-103 103 104 105

0

-103

103

104

105

0-103 103 104 105

0

-103

103

104

105
0-103 103 104 105

0

-103

103

104

105
0-103 103 104 105

0

-103

103

104

105

0-103 103 104 105

0

-103

103

104

105
0-103 103 104 105

0

-103

103

104

105
0-103 103 104 105

0

-103

103

104

105

C
D

40
L 

– 
P

E

CD40L – PE CD40L – PE OX40 – APC

C
D

69
 –

 B
V

65
0

O
X

40
 –

 A
P

C

C
D

69
 –

 B
V

65
0

O
X

40
 –

 A
P

C

C
D

69
 –

 B
V

65
0

4-1BB – PE-Dazzle 594 4-1BB – PE-Dazzle 594 4-1BB – PE-Dazzle 594

Lymphocytes Singlets Singlets Live cells T cells CD4 and CD8

22
74

90
829999

39

0.04

26

0.79

0.1

32

0.88

0.03

22

0.98

0.06

33

0.72

0.03

24

0.84

0.07

34

1.38

0-10 10 10 103 3 4 5

0

-103

103

104

105
0-103 103 104 105

0

-103

103

104

105
0-103 103 104 105

0

-103

103

104

105

0-103 103 104 105

0

-103

103

104

105
0-103 103 104 105

0

-103

103

104

105
0-103 103 104 105

0

-103

103

104

105

0-103 103 104 105

0

-103

103

104

105
0-103 103 104 105

0

-103

103

104

105
0-103 103 104 105

0

-103

103

104

105

0-103 103 104 105

0

-103

103

104

105
0-103 103 104 105

0

-103

103

104

105
0-103 103 104 105

0

-103

103

104

105

0-103 103 104 105

0

-103

103

104

105
0-103 103 104 105

0

-103

103

104

105
0-103 103 104 105

0

-103

103

104

105

0-103 103 104 105

0

-103

103

104

105
0-103 103 104 105

0

-103

103

104

105
0-103 103 104 105

0

-103

103

104

105

IL-10 – PE IL17A – eF660 CD107a – BV785TNFα – AF488 IL-2 – PE-Dazzle 594 IFNγ – PE-Cy7

0-10 10 10 100-10 10 10 10 0-10 10 10 10 0-10 10 10 10 0-10 10 10 100-10 10 10 10

C
D

69
 –

 P
er

C
P

-e
Fl

uo
r 7

10

IL-10 IL17A CD107aTNFα IL-2 IFNγ
6.9E-3

2.26

0.04

2.9E-3

1.82

0.06

3.9E-3

2.43

0.06

8.0E-3

1.63

0.03

0

0.11

1.5E-3

5.9E-3

0.55

2.2E-3

A C

B

D

F

G

E

H I J

<0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

0.053 <0.001 <0.001 0.014 0.002 <0.001 <0.001 <0.001 0.001 <0.001

0.265 <0.001 <0.001 <0.001 0.006 0.469 <0.001 <0.001 <0.001 <0.001

0.444 0.852 0.206 0.930 0.083 0.619 >0.999 0.172 0.923 0.587
1.5

1.0

0.5

0

1.5

1.0

0.5

0

0.6

0.4

0.2

0

1.8

0.8
0.8

1.2

0.6

0.4

0.2

0

1.8

0.8
0.8

1.2

0.6

0.4

0.2

0

3

1.0

0.8

1

0.6

0.4

0.2

0

3

1.0

0.8

1

6

4

2

0

8

6

4

2

0

8

A
IM

+  C
D

4+  T
 c

el
ls

 (%
)

A
IM

+  C
D

8+  T
 c

el
ls

 (%
)

C
yt

ok
in

e+  C
D

4+  T
 c

el
ls

 (%
)

C
yt

ok
in

e+  C
D

8+  T
 c

el
ls

 (%
)

Spike
stimulation

Spike
stimulation

Spike
stimulation

Spike
stimulation

– – – – –+ + + + + – – – – –+ + + + +

– – – – –+ + + + + – – – – –+ + + + +

– – – – –+ + + + + – – – – –+ + + + +

– – – – –+ + + + + – – – – –+ + + + +

B D1 D2 M2 D3 B D1 D2 M2 D3

B D1 D2 M2 D3 B D1 D2 M2 D3

B D1 D2 M2 D3 B D1 D2 M2 D3

B D1 D2 M2 D3 B D1 D2 M2 D3

6
/19

13
/20

19
/20

16
/20

11
/16

16
/25

24
/26

23
/23

16
/22

17
/20

5
/19

8
/20

10
/20

8
/20

5
/16

12
/25

23
/26

14
/23

5
/22

10
/20

2
/13

11
/19

16
/20

8
/19

9
/13

2
/22

14
/22

18
/23

6
/22

11
/18

1
/13

5
/19

6
/20

2
/19

1
/13

2
/22

4
/22

7
/23

4
/22

0
/18

HDS CI

HDS CI

HDS CI

HDS CI

0.006 0.135
0.060

0.766 0.157
0.766

0.354 0.002
0.216

0.255 0.624
0.309

0.956 0.489
0.956

0.128 0.001
0.731

0.341<0.001
<0.001

>0.999>0.999
>0.999

0.967 0.238
0.436

0.6

0.4

0.2

0

3

1
0.8

2

0.50

0.25

0

2

1

0.75

3

2

1

0

5

4

D2 M2 D3 D2 M2 D3 D2 M2 D3

AIM+ CD4+ T cells Cytokine+ CD4+ T cells AIM+ CD8+ T cells

N
et

 A
IM

+  C
D

4+  T
 c

el
ls

 (%
)

N
et

 A
IM

+  C
D

8+  T
 c

el
ls

 (%
)

N
et

 c
yt
ok
in
e+

 
C

D
4+  T

 c
el

ls
 (%

)

HDL

CI
HDS

HDL

CI
HDS

HDL

CI
HDS

Figure S2



Sannier, Nicolas et al. 

Figure S2. SARS-CoV-2-specific T cell responses in hemodialysis patients. Related to 

Figure 2. (A) Representative upstream generic gating and (B) ORgate strategy to identify    

SARS-CoV-2-specific AIM+ T cells. For simplicity, the example focuses on CD4+ T cells.             

(CD) Raw frequencies of (C) AIM+ CD4+ and (D) CD8+ T cells following ex vivo stimulation of 

PBMCs with a pool of SARS-CoV-2 Spike peptides (colored). HDS are represented on the left  

and CI on the right for each panel. As a control, PBMCs cells were left unstimulated (grey        

bars). HDS on immunosuppressive drugs are represented by square symbols, and                         

HDS not on immunosuppressants are represented by circles. The bars represent median      

values. Wilcoxon tests are shown. The numbers of responders at least two times over 

unstimulated conditions are written below the histograms for each timepoint. (E) Representative 

ORgate strategy to identify SARS-CoV-2-specific cytokine-expressing T cells. For simplicity, the 

example focuses on CD4+ T cells. (FG) Raw frequencies of (F) cytokine-expressing CD4+ T      

cells and (G) CD8+ T cells following ex vivo stimulation of PBMCs with a pool of SARS-CoV-2 

Spike peptides (colored). HDS are represented on the left and CI on the right for each panel. As 

a control, PBMCs cells were left unstimulated (grey bars). HDS on immunosuppressive drugs     

are represented by square symbols, and HDS not on immunosuppressants are represented by 

circles. The bars represent median values. Wilcoxon tests are shown. The numbers of  

responders at least two times over unstimulated conditions are written below the histograms        

for each timepoint. (HIJ) Comparison at D2, M2 and D3 of (H) net AIM+ CD4+ T cell responses, 

(I) net cytokines+ CD4+ responses and (J) net AIM+ CD8+ responses between HDL (red),              

HDS (orange) and CI (blue) participants. HDS on immunosuppressive drugs                                          

are represented by square symbols, and HDS not on immunosuppressants                                           

are represented by circles. The bars represent median and interquartile ranges.                

Intercohort statistical comparisons using a linear mixed model. In A-G) n=20 HDS, n=26 CI 

participants, in H-J) n=20 HDS, n=26 CI, n=7 HDL participants.  
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Figure S3. Phenotypic characterization of SARS-CoV-2-specific CD4+ T cell responses in 

hemodialysis patients. Related to Figure 3. (A) Heat map overlaid on the AIM+ UMAP    

showing the gradient of expression for each marker. (B) Longitudinal analysis of net AIM+        

CD4+ T cell clusters, regarding clusters 3, 4, 5, 6, 9, 11, 12, 13, and 14 for HDS (orange, n=20) 

and CI (blue; n=26) participants. Lines connect data from the same donor. Bold lines represent 

median values. Wilcoxon tests are shown below for each pairwise comparison. Complement 

Figure 3E. (C) Proportions of AIM+ clusters 3, 4, 5, 6, 9, 11, 12, 13 and 14 among AIM+ CD4+ T 

cells in HDS and CI at D1, D2 and D3. Bars represent medians ± interquartile ranges. Mann-

Whitey tests are shown. Complement Figure 3F. (D) Longitudinal frequencies of CCR6+,  

CXCR5+, CXCR3+, PD-1+, CD38+ and HLA-DR+ AIM+ CD4+ T cells in HDS (orange) and CI     

(blue). Lines connect data from the same donor. The bold lines represent the median value            

of each cohort. Statistical comparisons using a linear mixed model. 
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Figure S4. Effector functions profiling of SARS-CoV-2-specific CD4+ T cells responses in 

hemodialysis patients. Related to Figure 4. (A) Heat map overlaid on the cytokine+ UMAP 

showing the gradient of expression for each marker. (B) Longitudinal analysis of net cytokine+ 

CD4+ T cell clusters, regarding clusters 3, 5 and 7 for HDS (orange, n=20) and CI (blue; n=26) 

participants. Lines connect data from the same donor. Bold lines represent median values. 

Wilcoxon tests are shown below for each pairwise comparison. Complement Figure 4E. (C) 

Proportions of cytokine+ clusters 3, 5 and 7 among ICS+ CD4+ T cells in HDS and CI at D1,             

D2 and D3. Bars represent median ± interquartile range. Mann-Whitey tests are shown. 

Complement Figure 4F. (D) Longitudinal frequencies of TNFα+, IL-2+ and IFNγ+ CD4+ T cells in 

HDS (orange) and CI (blue). Lines connect data from the same donor. The bold line represents 

the median value of each cohort. Statistical comparisons using a linear mixed model. 
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Figure S5. Associations between RBD+ B cell and SARS-CoV-2-specific CD4+ T cell 

responses in hemodialysis patients. Related to Figure 5. Temporal relationships between S-

specific CD4+ T cells and RBD+ B cells. (A) Correlation between total CD4+ T cell frequencies at 

B-D2 and RBD+ B cell frequencies at D2 in CI (n=26). (B) Correlation between total CD4+ T cell 

frequencies at B-D3 and RBD+ B cell frequencies at D3 in CI (n = 26). Asterisks indicate 

statistically significant p value from a Spearman test (p<0.05). Colors indicate Spearman r. (C) 

Correlations between frequencies of AIM+ CXCR5+ CD4+ T cells (for cTfh) at the B–D3 visits and 

RBD+ B cell frequencies at D3 in CI. The r and p values from a Spearman test are indicated in 

each graph. (D) Correlations between frequencies of AIM+ CXCR5+ PD-1+ CD4+ T cells (for PD-

1+ cTfh) at the B–D3 visits and RBD+ B cell frequencies at D3 in HDS (top) and CI (bottom). The r 

and p values from a Spearman test are indicated in each graph. 
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Table S1. Clinical characteristics of the hemodialysis cohorts†. Related to Table 1. 
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1072-36 PCKD 15 N N N N N N N N N N Y Prednisone, 
Cyclosporine N 

1072-37 GN 4.3 Y Y N N N N N N N N N N N 

1072-38 GN 2.6 N N N N N N N N N N N N N 

1072-46 Atypical HUS 14.4 N N N N N N N N N N Y Prednisone N 

1072-56 HTN 28.4 N N N N Y N N N N N Y N N 

1072-61 GN 13.2 N N N N N N N N N N Y Prednisone, 
Tacrolimus N 

1072-64 DM vs GN 2.7 Y N Y N N N N N N N N N N 

1072-66 GN 10.4 N N N N N N N N N N N N N 

1072-68 GN 8.2 N N N N N N N N Y N N N N 

1072-72 DM 3.7 Y N N N N N N N N N N N N 

1072-84 HTN 8.5 N N N N N N N Y N N N N N 

1072-86 Alport 
syndrome 23.4 N N N N N N N N N N Y Tacrolimus N 

1072-94 GN 13.4 Y N N N N N N N N N Y Prednisone, 
Tacrolimus N 

1072-103 DM 4.2 Y N N N N N N Y Y N N N N 

1072-104 DM 0.9 Y Y N N N N N N N N N N N 

1072-105 GN 5.5 Y Y N N N N N N N N Y Tacrolimus N 

1072-106 DM 0.4 Y N N N N N N N N N N N N 

1072-116 DM &  
HTN 2.6 Y N N N N N N N N N N N N 

1072-117 GN 0.2 N N N N N N N N N N N N N 

1073-111 DM 0.2 Y N Y Y N N N N N N N N N 

Median  
(Interquartile range) 

4.9  
(2.6-13.3) 10 2 2 1 1 0 0 2 2 2 7 6 0 

H
D

L  

1071-03 DM 3.9 Y N Y N Y N N N N N N N N 

1071-07 DM 6.8 Y N N N N N N N N N N N N 

1071-08 DM 6.3 Y N N N N N N N N N N Prednisone N 

1071-38 DM 0.6 Y N N N N N N Y N N N N N 

1071-42 DM 5.9 Y N N N N N Y Y N N N N N 

1071-43 GN 2.0 N N N N N N Y N N N N N N 

1071-51 HTN 3.5 N N N N N N N N N N N N N 

Median  
(Interquartile range) 

3.9  
(2.8-6.1) 5 0 1 0 1 0 2 2 0 0 0 1 0 
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† Values displayed are absolute numbers and percentages for categorical variables.  

CAD = Coronary Artery Disease; COPD = Chronic Obstructive Pulmonary Disease; DM = 

Diabetes Mellitus; GN = Glomerulonephritis; HBV = Hepatitis B Virus; HCV = Hepatitis C Virus; 

HIV = Human Immunodeficiency Virus; HTN = Hypertension; HUS = Hemolytic Uremic Syndrome; 

PCKD = Polycystic Kidney Disease; PVD = Perivascular Disease; TIA = Transient Ischemic 

Attack. 

N = No; Y = Yes. 
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Table S2. Flow cytometry antibody staining panel for B cells characterization. Related to 
STAR Methods, Main Figure 1, Supplementary Figure 1. 

 

 

  

Marker – Fluorophore Clone Source Catalog # 
CD3 – BV480 UCHT1 BD Biosciences 566105 
CD14 – BV480 M5E2 BD Biosciences 746304 
CD16 – BV480 3G8 BD Biosciences 566108 
CD19 – BV650 SJ25C1 Biolegend 363026 
CD20 – BV711 2H7 Biolegend 563126 
CD21 – BV786 B-LY4 BD Biosciences 740969 

CD24 – BUV805 ML5 BD Biosciences 742010 
CD27 – APC-R700 M-T271 BD Biosciences 565116 

CD38 – BB790 HIT2 BD Biosciences CUSTOM 
CD56 – BV480 NCAM16.2 BD Biosciences 566124 

CD138 – BUV661 MI15 BD Biosciences 5 749873 
CCR10 – BUV395 1B5 BD Biosciences 565322 
HLA-DR – BB700 G46-6 BD Biosciences 566480 

IgA – PE IS11-8E10 Miltenyi 130-113-476 
IgD – BUV563 IA6-2 BD Biosciences 741394 
IgG – BV421 G18-147 BD Biosciences 562581 

IgM – BUV737 UCH-B1 Thermo Fisher Scientific 748928 
LIVE/DEAD Fixable dead cell N/A Thermo Fisher Scientific L34960 
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Table S3. Flow cytometry antibody staining panel for activation-induced marker assay. 
Related to STAR Methods, Main Figure 2 and 3, Supplementary Figure 2 and 3. 

 

 

  

Marker – Fluorophore Clone Source Catalog # 
CD3 – BUV496 UCHT1 BD Biosciences 612941 
CD4 – BB630 SK3 BD Biosciences 624294 
CD8 – BV570 RPA-T8 Biolegend 301037 
CD14 – BV480 M5E2 BD Biosciences 746304 
CD19 – BV480 HIB19 BD Biosciences 746457 
CD38 – BB790 HIT2 BD Biosciences CUSTOM 

CD45RA – PerCP Cy5.5 HI100 BD Biosciences 563429 
CD69 – BV650 FN50 Biolegend 310934  

CD134 (OX40) - APC ACT35 BD Biosciences 563473 
CD137 (4-1BB) – PE-Dazzle 594 4B4-1 Biolegend 309826 

CD154 (CD40L) - PE TRAP1 BD Biosciences 555700 
CD183 (CXCR3) – BV605 G025H7 Biolegend 353728 
CD185 (CXCR5) – BV421 J25D4 Biolegend 356920 

CD186 (CXCR6) – BUV805 13B 1E5 BD Biosciences 748448 
CD196 (CCR6) – BUV737 11A9 BD Biosciences 564377 

CD279 (PD1) – BV711 EH122H Biolegend 329928 
HLA-DR – FITC LN3 Biolegend 327005 

LIVE/DEAD Fixable dead cell N/A Thermo Fisher Scientific L34960 
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Table S4. Flow cytometry antibody staining panel for intracellular cytokines staining 
assay. Related to STAR Methods, Main Figure 2 and 4, Supplementary Figure 2 and 4. 

 

 

Marker – Fluorophore Clone Source Catalog # 
CD3 – BUV395 UCHT1 BD Biosciences 563546 
CD4 – BV711 L200 BD Biosciences 563913 
CD8 – BV570 RPA-T8 Biolegend 301037 

CD14 – BUV805 M5E2 BD Biosciences 612902 
CD16 – BV650 3G8 Biolegend 302042 

CD19 – APC-eFluor780 HIB19 Thermo Fisher Scientific 47-0199 
CD56 – BUV737 NCAM16.2 BD Biosciences 564448 

CD69 – PerCP-eFluor710 FN50 Thermo Fisher Scientific 46-0699-42 
CD107A – BV786 H4A3 BD Biosciences 563869 

IFN-γ – PECy7 B27 BD Biosciences 557643 
CD154 (CD40L) – BV421 TRQP1 BD Biosciences 563886 

IL-2 – PE-Dazzle 594 MQ1-17H12 Biolegend 500344 
IL-10 – PE JES3-9D7 BD Biosciences 554498 

IL-17A – eFluor660 eBio64CAP17 Thermo Fisher Scientific 50-7179-42 
TNF-α – Alexa Fluor 488 Mab11 Thermo Fisher Scientific 502915 

Granzym B – Alexa Fluor 700 GB11 BD Biosciences 561016 
LIVE/DEAD Fixable dead cell N/A Thermo Fisher Scientific L34960 
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An extended SARS-CoV-2 mRNA vaccine prime-boost
interval enhances B cell immunity
with limited impact on T cells

Alexandre Nicolas,1,2,9 Gérémy Sannier,1,2,9 Mathieu Dubé,1 Manon Nayrac,1,2 Alexandra Tauzin,1,2

Mark M. Painter,3,4,5 Rishi R. Goel,3,4 Mélanie Laporte,1 Gabrielle Gendron-Lepage,1 Halima Medjahed,1

Justine C. Williams,5 Nathalie Brassard,1 Julia Niessl,1,2,8 Laurie Gokool,1 Chantal Morrisseau,1 Pascale Arlotto,1

Cécile Tremblay,1,2 Valérie Martel-Laferrière,1,2 Andrés Finzi,1,2 Allison R. Greenplate,3,4 E. John Wherry,3,4,5

and Daniel E. Kaufmann1,6,7,10,*

SUMMARY

Spacing the first two doses of SARS-CoV-2 mRNA vaccines beyond 3–4 weeks
raised initial concerns about vaccine efficacy. While studies have since shown
that long-interval regimens induce robust antibody responses, their impact on
B and T cell immunity is poorly known. Here, we compare SARS-CoV-2 naive do-
nors B and T cell responses to two mRNA vaccine doses administered 3–4 versus
16weeks apart. After boost, the longer interval results in a highermagnitude and
a more mature phenotype of RBD-specific B cells. While the two geographically
distinct cohorts present quantitative and qualitative differences in T cell
responses at baseline and after priming, the second dose led to convergent
features with overall similar magnitude, phenotype, and function of CD4+ and
CD8+ T cell responses at post-boost memory time points. Therefore, compared
to standard regimens, a 16-week interval has a favorable impact on the B cell
compartment but minimally affects T cell immunity.

INTRODUCTION

The standard SARS-CoV-2 mRNA vaccine regimens recommend an interval of 21 days (Pfizer-BioNTech

BNT162b2) or 28 days (Moderna mRNA-1273) between vaccine doses. However, the optimal interval has

not been determined in controlled trials. In the context of vaccine scarcity and given the significant

protection already conferred by the first dose in non-high-risk populations,1–3 some public health agencies

implemented schedules with longer intervals to rapidly extend population coverage.4–6 While such strate-

gies generated concerns given uncertain immunogenicity, a longer period of partial vulnerability to

infection, and a hypothetical risk of escape mutant selection, epidemiological evidence supports this

approach as a valid alternative in lower-risk populations7,8 in which robust T cell and antibody responses

are observed after a single dose.9 Recent reports suggest that an extended interval between priming

and boost procured enhanced humoral responses.10–13

As protective antibodies are associated with vaccine efficacy,14,15 there is a need to better understand the

generation and maintenance of B cell memory responses elicited by different vaccine modalities. As CD4+

T cell help provided by T follicular helper (Tfh) is critical for the expansion, affinity maturation, and memory

development of B cells,16–19 it is also important to determine whether dosing interval affects CD4+ and

CD8+ T cell vaccine responses. Demonstrating a direct protective role of SARS-CoV-2-specific CD4+ and

CD8+ T cells independent of humoral immunity has been more challenging, but a number of studies

support the notion that these lymphocyte subsets may contribute to recovery from COVID-19: Th1 cells,

which foster development of CD8+ T cell memory,20 and Th17 are important for mucosal immunity.21

However, T cell subsets show important heterogeneity and plasticity, better fitting with spectra of pheno-

types and functions than fully distinct populations.22 Previous studies by our group21 and others23,24 have

demonstrated that SARS-CoV-2-specific CD4+ T cells generated after the first vaccine dose predicted the

humoral, B cell and CD8+ T cell responses at later time points.
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2Département de
Microbiologie, Infectiologie
et Immunologie, Université
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6Département de Médecine,
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However, in contrast to the important progress made in the understanding of the kinetics of B and T cell

responses in short-interval mRNA vaccine schedules,23–26 how a long interval between the first two vaccine

doses affects B and T cell immunity compared to standard dosing regimens remains poorly known due to

the paucity of studies performing side-by-side comparisons with the same cellular immunity assays.10,12,27

Here, we apply standardized high-parameter flow cytometry assays to longitudinally compare the quanti-

tative and qualitative features of vaccine-induced Spike-specific B cells, CD4+ T cells, and CD8+ T cells in

SARS-CoV-2 naive participants enrolled in two cohorts: participants who received the two mRNA vaccine

doses administered 16 weeks apart, defined as a long interval regimen; and participants who received the

two doses 3-4 weeks apart, defined as a short-interval regimen.

RESULTS

Study participants

We evaluated immune responses in two independent cohorts of health care workers (HCW) that received

two doses of mRNA vaccines (Figure 1A). The two cohorts differed by the time interval between the priming

and the boosting inoculations, which defined the long interval (LI) cohort (16-week spacing, n = 26;

Montreal cohort) and the short-interval (SI) cohort (3-4 weeks spacing, n = 12; Philadelphia cohort). Blood

samples were examined at baseline (B) before vaccination; 3 weeks after the first dose (D1); 1-3 weeks after

the second dose (D2), and 10 to 16 weeks after the second dose (M2). A later M20 time point (median

23 weeks (22-25) after the second dose) was also analyzed in SI participants to provide a better comparison

to M2 from LI volunteers. Clinical characteristics are shown in Table 1. The median age of the participants in

the short-interval cohort was 15-year-old significantly younger (Mann-Whitney p = 0.019). Both cohorts

significantly differed in the interval between prime and boost, and in the time of sampling D2 (3 weeks

post second dose for LI, 1 week for SI) and M2 (16 weeks post second dose for LI, 10 for SI). No other

statistical differences were noted.

A 16-week delayed boost enhances the magnitude and maturation of B cell responses

To evaluate SARS-CoV-2-specific B cells, we focused on the Receptor Binding Domain (RBD) of Spike to

minimize the inclusion of B cells cross-reactive to endemic coronaviruses.28,29 Co-detection of two fluores-

cently labeled recombinant RBD probes greatly enhances specificity (Figure 1B and30 flow cytometry panel,

Table S1; gating strategy, Figure S1A). We examined the magnitude of RBD-specific B cells (defined as

RBD1+RBD2+CD19+CD20+) in the two cohorts (Figure 1C). Most participants showed no signal at baseline,

and clear RBD-specific B cell responses after priming that were very similar between the LI and SI cohorts at

the D1 time point, as expected. In the LI cohort, the second dose elicited robust recall responses at D2,

followed by a decline at M2. The recall response in SI participants was more modest and plateaued at

Figure 1. A 16-week delayed boost enhances the magnitude and maturation of B cell responses

(A) Schematic representation of study design. Blood samples were analyzed at four-time points in the long (red) interval (LI) and short (blue) interval (SI)

cohorts: baseline (B); 3 weeks after priming (D1), 1–3 weeks after boost (D2), and 10–16 weeks after boost (M2). For SI participants, a later M20 time point

(23 weeks after boost) was also analyzed.

(B) Representative examples of RBD-specific B cell responses.

(C–E) Kinetics of RBD-specific B cell responses in LI (red) vs SI (blue) cohorts.

(C) Individual responses according to time of sampling. Colored background and syringe indicate the time of dose injections. Dots indicate time points

examined.

(D) The bold line represents cohort’s median value. Right panel: Wilcoxon tests.

(E) Inter-cohort comparisons. Bars represent medians G interquartile ranges. Mann-Whitney tests are shown.

(F) Scatterplots showing temporal RBD+ B cell correlations in the LI and SI cohorts. r: correlation coefficient. Significant correlations by Spearman tests

(p < 0.05) are shown in bold.

(G) Frequencies of IgD, IgM, IgA, and IgG-positive cells within RBD-specific B cells within each cohort. Bars represent mediansG interquartile ranges. Paired

comparisons were performed with Wilcoxon tests.

(H) Proportion of IgM+ and IgD+ ORgate cells among RBD+ B cell cells. Bars represent medians G interquartile ranges with Mann-Whitney tests for

comparisons between the LI and SI cohorts.

(I) Proportion of IgG+ cells within RBD-specific B cells. Bars represent mediansG interquartile ranges, withMann-Whitney tests for comparisons between the

LI and SI cohorts.

(J) Proportion of IgD+/� and CD27+/� populations in RBD-specific B cells.

(K) Comparison of CD27-IgD + cells within RBD-specific B cells between the LI and SI cohorts. Bars represent mediansG interquartile ranges, Mann-Whitney

tests are shown. In (C–F) n = 26 for long-interval (LI), n = 12 short-interval (SI). In (G, H, I, and K), n = 19 long-interval (LI), n = 9 short interval (SI). In (J), only the

D2 andM2 time points provided enough events for analysis. n = 14 for long-interval (LI), n = 8 short-interval (SI). In (F–J), phenotypic analyses include samples

for which more than 5 RBD+ B cells were measured.
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M2 and M2’ (Figures 1C–1E). The LI individuals globally peaked at higher magnitudes of RBD+ B cell

responses despite being globally older (Figure 1E) but converged with the SI cohort at subsequentmemory

time points (Figures 1C–1E). In contrast to short-interval participants, where no temporal association could

be found between post-prime RBD+ B cell responses and post-boost RBD+ B cells, a strong and statistically

significant positive correlation was observed in the long-interval cohort (Figure 1F). Likewise, RBD+ B cell

responses at D2 were associated with stronger memory responses in the long-interval cohort (Figure 1F).

We next determined whether the interval between vaccine doses qualitatively impacted the development

of antigen-specific B cells by measuring IgM, IgD, IgA, and IgG expression on RBD-specific B cells (Fig-

ure S1B). To avoid excessive noise in phenotyping analyses, we only included donors in whom we detected

R5 RBD-specific B cells at every time point. RBD-specific B cells from LI and SI donors were dominated by

IgG+ at both D2 and M2 time points (Figures 1G and S1C). However, a higher proportion of unswitched

IgM+ or IgD+ RBD-specific B cells was detected at both time points in the SI cohort (Figures 1H and

S1D). Consequently, the proportion of IgG+ RBD+ B cells was lower in the SI than in the LI cohort (Figure 1I).

Both the elevated proportion of immature IgM+/IgD+ RBD-specific B cells (Figure S1E) and decreased pro-

portion of IgG+ RBD-specific B cells were observed at the later M20 SI time point (Figure S1F). Thus, when

comparing M20 SI with M2 LI, additional maturation time did not mitigate the differences in IgM+/IgD+ and

IgG+ RBD-specific B cells proportion between both cohorts (Figures 1H and 1I).

To assess RBD-specific B cell differentiation, we next quantified IgD and CD27 co-expression (Figure S1G).

CD27 is predominantly expressed on memory B cells,31 and IgD on unswitched B cells.32 An atypical dou-

ble-negative (DN) IgD�CD27�was dominant at both the D2 andM2 time points in both cohorts (Figures 1J

Table 1. Clinical characteristics of the study participantsa

Long Interval (LI)b Short Interval (SI)b

Prime-boost intervalc 16 weeks apart 3 weeks apart

Variablec (n = 26) (n = 12)

Vaccine regimen

Pfizer BNT162b2 vaccine (2 doses) n = 25 n = 11

Heterologous vaccine strategy (Moderna

mRNA-1273 and Pfizer BNT162b2)

n = 1 n = 0

Moderna mRNA-1273 vaccine (2 doses) N = 0 n = 1

Age (years)c 51 (41–56) 38 (22–63)

Sex

Male 11 (42%) 4 (33%)

Female 15 (58%) 8 (66%)

Vaccine dose spacing (days)

Days between doses 1 and 2c 111 (109–112) 21 (20–28)

Visits for immunological profiling (days)

B, days before first dose 1 (0–5) 0 (-1–1)

D1, days after first dose 21 (19–26) 21 (20–28)

D1, days before second dose 90 (85–92) 0 (-1–0)

D2, days after first dosec 133 (130–139) 29 (27–38)

D2, days after second dosec 21 (20–27) 7 (7–12)

M2, days after first dose 224 (222–228) 94 (86–115)

M2, days after second dosec 112 (110–119) 70 (65–94)

M2’, days after first dose 186 (196–181)

M2’, days after second dose 165 (175–153)

aValues displayed are medians, with IQR: interquartile range in parentheses for continuous variables, or percentages for

categorical variables.
bThe Long-interval (LI) and Short-interval (SI) cohorts were compared by the following statistical tests: for continuous

variables, Mann-Whitney test, for categorical variables, Fisher’s test.
cStatistically different values between the LI and SI cohorts (p < 0.05).
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Figure 2. The initial two-dose vaccination series elicits Spike-specific CD4+ T cell responses of similar magnitude irrespective of dosing interval

SARS-CoV-2 Spike-specific CD4+ and CD8+ T cells in long (red) and short (blue) receiving two vaccine doses.

(A–C) Longitudinal (A and B) and inter-cohort (C) analyses of net Spike-specific AIM+ CD4+ T cell responses.

(D–F) Longitudinal (D and E) and inter-cohort (F) analyses net AIM+ CD8+ T cell responses.
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and S1H). In the LI cohort, class-switched memory IgD�CD27+ RBD-specific B cells were present at D2 and

subsequently contracted at M2. This more mature subset was negligible at both time points in the SI

cohort. Immature IgD+CD27�were rarely observed in LI participants, contrasting with their sizable propor-

tion at M2 and M20 in the SI cohort (Figures 1J and S1I). There was a trend for a higher proportion of

unswitched RBD-specific B cells in SI compared to LI at M2. This difference reached significance when

comparing LI M2 with SI M20, time points that are more comparable (Figure 1K).

The SI and LI cohorts studied here represent subsets of cohorts in which we previously studied humoral

responses in-depth.13 To contextualize our RBD-specific B cells analysis, we plotted the humoral responses

against RBD in our cohorts (Figure S1J). We observed no statistically significant differences in the magni-

tude of RBD-specific antibody responses between the LI and SI cohorts at corresponding time points

(Figures S1K and S1L). However, we observed a significantly higher RBD avidity at M2 in the LI cohort

(Figure S1M), in agreement with a previous report showing higher RBD avidity in individuals receiving a

long interval compared to a short interval.13

These data show that compared to the standard short-interval regimen, the second vaccine dose given

after a long 16-week interval elicited robust RBD+ B cell responses peaking at higher magnitude than a

shorter 3-week interval. The longer interval resulted in increased B cell maturity and stronger associations

between early post-boost and memory responses.

The initial two-dose vaccination series elicits spike-specific CD4+ T cell responses of similar

magnitude irrespective of dosing interval

CD4+ T cells help play a critical role in the development of B cell and CD8+ T cell immunity. We, therefore,

measured Spike-specific T-cell responses at the four time points in the two cohorts (Figures 2 and S2). As in

our previous work,9 we used both a TCR-dependent activation-induced marker (AIM) assay that broadly

identifies antigen-specific T cells and intracellular cytokine staining (ICS) to perform functional profiling

(flow cytometry panels: Tables S2 and S3).

The AIM assay involved a 15-h incubation of PBMCs with an overlapping peptide pool spanning the Spike

coding sequence of the ancestral strain and the measurement of CD69, CD40L, 4-1BB and OX40 upregu-

lation upon stimulation. We used an AND/OR Boolean combination gating to assess the total frequencies

of antigen-specific CD4+ and CD8+ T cells (Figures S2A and S2B).9,33 At D2, all individuals had detectable

CD4+ T cell responses (Figure S2C), and most had measurable CD8+ T cell responses (Figure S2D).

AIM CD4+ T cell responses in the two cohorts differed at baseline and after the first dose (Figure 2A). An

increased plasma antibody binding to the prevalent OC43 betacoronavirus was noted in the LI cohort

(Figure S2E). It raises the possibility that the higher AIM responses at baseline of LI are the consequences

of previous cross-reactive expositions to common coronaviruses,34,35 although pre-exposition to abortive

infection without seroconversion is also possible.36 The effect of the second dose in LI was modest, with

AIM CD4+ T cell responses still higher than at baseline, but lower than the initial responses at D1. In

contrast, in SI the second dose further increased after an initially weaker CD4+ T cell response. Despite

these initial differences, the trajectories converged at D2 (Figures 2B and 2C). In LI participants, the AIM

CD4+ T cell responses decreased at the memory time points, a decline not yet observed in the SI cohort

owing to a comparatively earlier sampling.

The trajectories of AIM+ CD8+ T responses were heterogeneous (Figure 2D). As reported in our previous

study,21 LI participants elicited weak but significant responses after priming, a trend for stronger responses

after the boost and contraction at M2 (Figure 2E). Consistent with AIM+ CD4+ T cell responses, AIM+ CD8+

T cell responses in the SI cohort were lower at baseline and D1 (Figure 2F). AIM+ CD8+ T responses

Figure 2. Continued

(G–I) Longitudinal (G and H) and inter-cohort (I) analyses of the net magnitude of cytokine+ CD4+ T cell responses. The bold lines in B, E and H represent

median values. The bars in C, F and I represent medianG interquartile ranges. In (B, E, H), the right panel shows statistical comparisons usingWilcoxon tests.

In (C, F, I), Mann-Whitney tests are shown for inter-cohort comparisons and Wilcoxon tests for intra-cohort comparisons.

(J and K) Heatmap showing temporal correlations of (J) AIM+ CD4+ and (K) AIM+ CD8+ T cells between the different time points for the two cohorts. The

numbers in high square represent the correlation coefficient r. Significant Spearman tests results are indicated by stars (*: p < 0.1, **: p < 0.05, ***: p < 0.001).

In A-K) LI cohort: n = 26, SI cohort: n = 12.
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D

Figure 3. The second dose leads to convergence of some CD4+ T helper differentiation features differing early between the LI and SI cohorts

(A) Representative flow cytometry dot plots for the indicated univariate phenotypic populations.

(B) Net longitudinal frequencies of each AIM+ CD4+ T cell subpopulation in LI (red) and SI (blue) cohorts. Bold lines represent cohort’s median value. Bottom

panel: Wilcoxon tests for each pairwise comparison.
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plateaued from D2 up to M20 at levels comparable to the post-attrition levels seen in the LI cohort

(Figures 2E and 2F), again indicating a convergence between the two vaccine modalities.

The ICS assay involved a 6-h stimulation with the Spike peptide pool and measurement of the effector

molecules IFN-g, IL-2, TNF-a, IL-17A, IL-10, and CD107a. We defined cytokine+CD4+ T cell responses by

an AND/OR Boolean gating strategy (Figure S2F). Cytokine+ CD4+ T effector cells were readily detected

after vaccination in most participants (Figure S2G). Total cytokine+ CD8+ T cell responses were weak or

undetectable in most participants, precluding their detailed analysis (Figure S2H). The ICS patterns in

both cohorts paralleled the AIM assays, albeit at a lower magnitude (Figure 2G). Cytokine responses in

SI and LI converged at D2 and remained similar at M2 and M2’ (Figures 2H and 2I). In contrast to AIM,

however, cytokine+ CD4+ T cell responses at M2 remained significantly higher than at baseline in both

cohorts (Figure 2H), showing longer-term memory poised for exerting effector functions.

As the expansion of previously primed antigen-specific T cells may impact T cell responses to vaccination,

we examined correlations across visits (Figures 2J and 2K). We found in the LI cohort weak associations

between post-priming AIM+ CD4+ T cell responses and those measured after boost or at the memory

time point, respectively (Figure 2J). These associations were stronger in SI participants. We also found tem-

poral associations for Spike-specific CD8+ T responses despite their lower magnitudes (Figure 2K).

These data show that in contrast to B cell responses, the initial differences in the magnitude of Spike-spe-

cific CD4+ and CD8+ T cell responses that we observed between cohorts prior and early after priming

disappeared after the second dose. The similar responses at the memory time point suggest that the

time interval between the two doses has a limited impact on the emergence and maintenance of Spike-

specific CD4+ and CD8+ T cell immunity.

The second dose leads to convergence of some CD4+ T helper differentiation features

differing early between the LI and SI cohorts

As the interval had a limited impact on the generation of CD4+ T cells but B cell responses remained lower after

the second dose, we tested if different intervals could qualitatively affect CD4+ T cell responses and compared

key CD4+ T cell subsets at D2 andM2 (Figure 3). We examined chemokine receptors that are preferentially, but

not exclusively, expressed by some lineages and are involved in tissue homing (CXCR5 for Tfh; CXCR3 for Th1;

CCR6 for Th17 and Th22 and mucosal homing; CXCR6 for pulmonary mucosal homing,37,38 and PD-1 as an

inhibitory checkpoint (Figure 3A)), and assessed their longitudinal fluctuations (Figures 3B and 3C).

CCR6+ cells were dominant in both cohorts, representing a median of 72% in LI and 54% in SI of all D2

responses, but with a wide inter-individual variation (Figure 3D). Median CXCR5+ was 28% (LI) and 14%

(SI), median CXCR3+ was 14% (LI) and 27% (SI), and PD-1+ was 17% (LI) and 23% (SI). CXCR6+ cells were

the rarest tested polarization, representing 13% (LI) and 14% (SI) of AIM+ CD4+ T cells. We observed a var-

iable contribution of these Thelper subsets to the differences in total magnitude of CD4+ T cell responses

between the LI and SI cohorts at baseline and after priming (Figures 3B and 3C). The CCR6+ and CXCR5+

subset showed major differences, with increased frequencies in LI at D2, then convergence at M2, whereas

the kinetics of the CXCR3+ and CXCR6+ subsets showed no significant differences at any time points in the

two cohorts (Figures 3B and 3C). The PD-1+ subset differed initially but exhibited similar magnitudes after

the second dose and at M2 (Figures 3B and 3C). As shown by the relative fraction of each subset in the total

AIM+ CD4+ T cell populations, some qualitative differences were still present shortly after the second dose

but mostly waned at the memory time point (Figure 3D).

These results show that although the LI and SI cohorts presented qualitative differences at baseline and

after the priming dose, repeat inoculation led tomostly converging features at the memory time point after

the second dose despite the interval difference between doses in the two cohorts.

Figure 3. Continued

(C) Cohort comparisons at each time point for the subsets presented in (A). The bars represent median G interquartile ranges. Mann-Whitney tests are

shown.

(D) Proportion of CXCR5+, CXCR3+, CCR6+, CXCR6+ and PD-1+ cells in total AIM+ CD4+ T cells at the D2 andM2 time points following the second dose. Bars

represent medians G interquartile ranges. Mann-Whitney tests are shown.

(B–D) Phenotypic analyses include only individuals for which the spike-specific signal was R2 times over the background, with R5 positive events. (BCD) LI

cohort: n = 26, SI cohort: n = 12.
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The long and short vaccination regimens elicit largely similar patterns of CD4+ T cell effector

functions

We next compared effector functions by ICS at D2 and M2, focusing on IFN-g, TNF-a, IL-2, IL-10, and

CD107a (Figures 4A–4C). IFN-g+ and IL-2+ CD4+ T cells contracted at M2 in both cohorts, whereas TNFa

remained constant (Figures 4A and 4B). A decline of CD107a+ and IL-10+ CD4+ T cells was also observed

at M2 in both cohorts, but was more pronounced in the LI, consistent with the later time of sampling. After

the second dose, we did not detect any statistically significant differences in the qualitative functional

profile of CD4+ T cell responses elicited by the long and short-interval vaccination schedules, as illustrated

by the relative fraction of each cytokine in the total ICS response (Figure 4C).

A

B

C

Figure 4. The long and short vaccination regimens elicit largely similar patterns of CD4+ T cell effector functions

(A) Longitudinal net frequencies of indicated cytokine+ CD4+ T cell subpopulations in the LI (red) and SI (blue) cohorts. Bold lines represent cohort’s median

value. Lower panel: Wilcoxon tests for each pairwise comparison.

(B) Cohort comparisons at each time point for each function represented in (A). The bars represent mediansG interquartile ranges. Mann-Whitney tests are

shown.

(C) Proportions of IFN-g, Il-2, TNF-a, IL-10, and CD107a-expressing cells among total cytokine+ CD4+ T cells. Bars represent mediansG interquartile ranges.

Mann-Whitney tests are shown to compare long and short-interval cohorts.

(A-C) Phenotypic analyses include only individuals for which the spike-specific signal was R2 times over the background, with R5 positive events. (AB) LI

cohort: n = 26, SI cohort: n = 12. (C) LI cohort: n = 19, SI cohort: n = 8.
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Therefore, a longer interval between the first and second doses does not significantly alter the profile of

tested effector CD4+ T functions.

DISCUSSION

Several studies have shown that extending the interval between the first two doses of SARS-CoV-2 mRNA

vaccines beyond the recommended regimens of 3-4 weeks can lead to stronger antibody responses.10–13

These studies have led some public health agencies tomodify their vaccination guidelines accordingly (eg.,

8 weeks or more between the primary two doses in Quebec39). However, the impact of long-interval

regimens on cellular immunity is still poorly known due to the paucity of studies performing side-by-side

in-depth comparisons of different dosing regimens with the same assays. Here, we compared the anti-

gen-specific B cell, CD4+ T cell, and CD8+ T cell responses elicited in SARS-CoV-2 naive participants by

a 16-week interval regimen compared to the standard 3-4 weeks schedule.We observed that a long interval

increased the magnitude and maturation of RBD-specific B cell responses, while the completion of the

primary vaccine series led to quantitatively and qualitatively similar memory CD4+ and CD8+ T cell memory

responses in both regimens.

The RBD-specific B cells responses to the first vaccine dose were very consistent between the two co-

horts and did not appear impacted by the age difference between the groups. In contrast, the magni-

tude of these responses markedly differed after the second dose, with a robust increase in the LI cohort

contrasting with a weak gain for the SI cohort. A second dose after a short interval might act like a pro-

longed antigen delivery rather than a recall of primed responses, thus explaining a more limited benefit.

While the sampling time could contribute to differences observed early after the second dose, the dif-

ferences persisted as a strong trend at M2 before a late convergence at M20 memory time point. The

increased B cell responses with a long interval are supporting recent findings showing that a longer

interval also increases the peak humoral responses and antibody maturation,10–12,40,41 and are consistent

with the fact that germinal centers remain active for several weeks after vaccination,42 with the

continuous evolution of the B cell compartment for several months43 and accumulation of somatic hyper-

mutations.18,42,44 Hence, an early second dose likely corresponds to a suboptimal timing in terms of

re-exposure to the cognate antigen, while a longer interval allows for a better evolution of the B cell

repertoire. In line with these findings, the B cell maturation profile differed between the LI and SI cohorts

after the second dose: almost all RBD-specific B cells presented an isotype-switched IgG+ phenotype in

LI participants, contrasting with sizable IgM+ and IgD+ cell populations in SI volunteers which, impor-

tantly, persisted 23 weeks after boost. The memory differentiation phenotype was also consistent with

this profile, with a larger fraction of RBD+ B cells with a CD27+ IgD� memory phenotype early after boost

in the LI participants. As we previously reported21 the RBD-specific B cell responses were dominated by

the double-negative CD27� IgD� cells, including at the memory time point. This phenotypic subset was

described in autoimmune diseases45,46 and in response to vaccination.47 CD27� IgD+ RBD+ B cells were

absent at baseline and in previously infected individuals,21 suggesting recently activated B cells. Taken

together, these results suggest that the long-interval regimen is beneficial to the generation and matu-

ration of the B cell compartment, consistent with the higher avidity achieved after the two doses of the

long-interval schedule.

We observed that Spike-specific CD4+ and CD8+ T cell responses at baseline were significantly stronger in

the LI compared to the SI cohort. While we cannot exclude that this difference is due to precedent abortive

SARS-CoV-2 infection with no seroconversion,36 other studies have shown that cross-reactive immunity to

common coronaviruses plays a major role in shaping these pre-existing SARS-CoV-specific CD4+ and CD8+

T cell responses.48–51 Of note, our two cohorts were of geographically distinct locations (LI: Montreal, SI:

Philadelphia) and the LI participants were significantly older than the SI volunteers. While the lack of suffi-

cient PBMC samples precluded direct testing of cross-reactivity for CD4 and CD8 T cell responses, the

higher antibody recognition of the OC43 Spike by the plasma from the LI cohort supports the possibility

that differential previous exposure to endemic coronaviruses contributes to the pre-vaccination differences

observed. These differences persisted after the first vaccine dose, consistent with a previously reported

association between pre-existing T cell immunity and responses after priming.9,49,52,53 Importantly,

however, the quantitative and qualitative differences in CD4+ and CD8+ T cell responses decreased already

early after the second vaccine dose and waned almost entirely at the memory time point collected 10 to

16 weeks after the boost. This convergence was present both in phenotypic AIM assays (e.g, for CXCR5+

and CCR6+ CD4+ T cells) and functional ICS assays. IFN- g+ and IL-2+ CD4+ T cell responses were
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comparable in the two cohorts, consistent with a recent study.10 Similarly, we did not identify differences

in memory responses for TNF-a and IL-10 production. The small difference in CD107a+ CD4+ T cells

frequencies should be interpreted with caution, given the very low magnitude of these responses. At first

sight, our IL-2 data differ from another study that reported stronger memory IL-2+ CD4 T cell responses in

long-interval vaccination.12 However, the timeline may contribute to these differences. In our study, we

assessed memory later after the second dose (10-16 weeks versus 4 weeks in12). Therefore, the completion

of the primary 2-dose vaccination leads to convergent CD4+ and CD8+ T cell memory responses

irrespective of dosing interval.

While the initial rationale of delaying the second dose was to provide some level of immunity more rapidly

to a larger number of people in the context of limited vaccine supply,6 our results show that this strategy is

beneficial to the generation of B cell responses without negative impact on T cell immunity. The potential

immunological benefits of increasing the interval between doses must be weighed against a prolonged

window of suboptimal protection, particularly while the virus and its different variants of concern are circu-

lating in the population. Many countries now recommend a third dose, and more, although compliance

with additional inoculations is a significant issue. Whether additional inoculations further abrogate the dif-

ferences in cellular immunity observed between the long and short-interval regimens after the primary

vaccination series warrants further investigation.

Limitations of the study

The cohorts were from two different countries that implemented different vaccination policies. As a result,

the time points after the second dose were not perfectly matched. To mitigate this, we emphasized the

direct comparisons on memory time points, which are less likely to be affected by the difference in the

time of sampling.

The LI cohort is globally older than the SI cohort. Because age is associated with immune senescence,54,55

we may underestimate the benefit of extending the delay between the two doses. Our global message re-

mains that compared to the standard vaccination schedule, a longer interval provides equivalent or better

spike-specific B, CD4, and CD8 T cell responses.

Here, we investigated individuals who were SARS-CoV-2 naive prior to vaccination. However, we did not

investigate the impact of long versus short-interval vaccine regimens in previously infected people.

Further comparative studies are therefore required to assess the impact of dosing interval on cellular

hybrid immunity. Also, we could not measure the impact of pre-exposition to abortive SARS-CoV-2

infection.

The demographically distinct LI and SI cohorts presented differences in T cell responses at baseline that we

interpreted as likely reflecting the presence of a pre-existing pool of cross-reactive cells to other corona-

viruses. Formal demonstration would require epitope-specific mapping of T cell responses, for which we

did not have enough PBMC samples available. Also, in the current study, we could not measure the impact

of potential pre-exposition to abortive SARS-CoV-2 infection that might potentiate cellular responses in

absence of seroconversion.

We analyzed the cellular responses to ancestral strain antigens corresponding to the mRNA vaccines. The

limiting availability in PBMC did not allow to assess the impact of dosing interval on B and T cell responses

to variants of concern.

The size of the cohorts investigated here, particularly of the short-interval group, is not sufficient to uncover

potential smaller qualitative differences in the T cell responses that might be caused by different intervals.

However, the contrasting results obtained for B cell responses compared to T cell responses are clear

enough to conclude that modifying the time between vaccine inoculations has a much bigger impact on

B cell than T cell immunity.

Our study conducted in a low-risk HCW cohort may not be generalizable to vulnerable groups, particularly

immunocompromised or elderly populations, in which the cellular immune responses and the risk/benefit

ratio may differ. Future studies will be required to better quantify the immune response over time in these

populations.
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S.J., Stampfel, G., Hintenberger, R., Tilg, H.,
et al. (2021). B and T cell response to SARS-
CoV-2 vaccination in health care
professionals with and without previous
COVID-19. EBioMedicine 70, 103539. https://
doi.org/10.1016/j.ebiom.2021.103539.

27. Flaxman, A., Marchevsky, N.G., Jenkin, D.,
Aboagye, J., Aley, P.K., Angus, B., Belij-
Rammerstorfer, S., Bibi, S., Bittaye, M.,
Cappuccini, F., et al. (2021). Reactogenicity
and immunogenicity after a late second dose
or a third dose of ChAdOx1 nCoV-19 in the
UK: a substudy of two randomised controlled
trials (COV001 and COV002). Lancet 398,
981–990. https://doi.org/10.1016/s0140-
6736(21)01699-8.

28. Klumpp-Thomas, C., Kalish, H., Drew, M.,
Hunsberger, S., Snead, K., Fay, M.P.,
Mehalko, J., Shunmugavel, A., Wall, V., Frank,
P., et al. (2021). Standardization of ELISA
protocols for serosurveys of the SARS-CoV-2
pandemic using clinical and at-home blood
sampling. Nat. Commun. 12, 113. https://doi.
org/10.1038/s41467-020-20383-x.

29. Hicks, J., Klumpp-Thomas, C., Kalish, H.,
Shunmugavel, A., Mehalko, J., Denson, J.P.,
Snead, K.R., Drew, M., Corbett, K.S., Graham,
B.S., et al. (2021). Serologic cross-reactivity of
SARS-CoV-2 with endemic and seasonal
Betacoronaviruses. J. Clin. Immunol. 41,
906–913. https://doi.org/10.1007/s10875-
021-00997-6.

30. Anand, S.P., Prevost, J., Nayrac, M.,
Beaudoin-Bussieres, G., Benlarbi, M., Gasser,
R., Brassard, N., Laumaea, A., Gong, S.Y.,
Bourassa, C., et al. (2021). Longitudinal
analysis of humoral immunity against SARS-
CoV-2 Spike in convalescent individuals up to
8 months post-symptom onset. Cell reports.
Medicine 2, 100290. https://doi.org/10.1016/
j.xcrm.2021.100290.

31. Tangye, S.G., Liu, Y.J., Aversa, G., Phillips,
J.H., and de Vries, J.E. (1998). Identification of
functional human splenic memory B cells by
expression of CD148 and CD27. J. Exp. Med.
188, 1691–1703. https://doi.org/10.1084/jem.
188.9.1691.

32. Moore, K.W., Rogers, J., Hunkapiller, T.,
Early, P., Nottenburg, C., Weissman, I., Bazin,
H., Wall, R., and Hood, L.E. (1981). Expression
of IgDmay use both DNA rearrangement and
RNA splicing mechanisms. Proc. Natl. Acad.
Sci. USA 78, 1800–1804. https://doi.org/10.
1073/pnas.78.3.1800.

33. Niessl, J., Baxter, A.E., Mendoza, P., Jankovic,
M., Cohen, Y.Z., Butler, A.L., Lu, C.L., Dubé,
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

UCHT1 (BUV395) [Human anti-CD3] BD Biosciences Cat#563546;

Lot: 9058566; RRID:AB_2744387

1B5 (BUV 395) [Human anti-CCR10] BD Biosciences Cat# 565322;

Lot: 1198884

RRID:AB_2739181

IA6-2 (BUV 563) [Human anti-IgD] BD Biosciences Cat# 741394;

Lot: 2048494

RRID:AB_2870889

MI15 (BUV 661) [Human anti-CD138] BD Biosciences Cat# 749873;

Lot: 1140733

RRID:AB_2874113

UCH-B1 (BUV 737) [Human anti-IgM] BD Biosciences Cat# 748928;

Lot: 1154015

RRID:AB_2873331

ML5 (BUV 805) [Human anti-CD24] BD Biosciences Cat# 742010;

Lot: 1154017

RRID:AB_2871308

G18-145 (BV421) [Human anti-IgG] BD Biosciences Cat# 562581;

Lot: 1033053

RRID:AB_2737665

SJ25C1 (BV650) [Human anti-CD19] Biolegend Cat# 363026;

Lot: B328293

RRID:AB_2564255

2H7 (BV711) [Human anti-CD20] BD Biosciences Cat# 563126;

Lot: 2032072

RRID:AB_2313579

B-LY4 (BV786) [Human anti-CD21] BD Biosciences Cat# 740969;

Lot: 1167364

RRID:AB_2740594

G46-6 (BB700) [Human anti-HLADR] BD Biosciences Cat# 566480;

Lot: 1053189

RRID:AB_2744477

IS11-8E10 (PE) [Human anti-IgA] Miltenyi Cat# 130-113-476;

Lot: 5210405486

RRID:AB_2733861

M-T271 (APC-R700) [Human anti-CD27] BD Biosciences Cat# 565116;

Lot: 0262146

RRID:AB_2739074

UCHT1 (BUV496) [Human anti-CD3] BD Biosciences Cat#612941; Lot:1022424; RRID:AB_2870222

L200 (BV711) [Human anti-CD4] BD Biosciences Cat#563913; Lot:03000025; RRID:AB_2738484

SK3 (BB630) [Human anti-CD4] BD Biosciences Cat#624294 CUSTOM; Lot:0289566

RPA-T8 (BV570) [Human anti-CD8] Biolegend Cat#301037; Lot:B281322; RRID:AB_10933259

M5E2 (BUV805) [Human anti-CD14] BD Biosciences Cat#612902; Lot:0262150; RRID:AB_2870189

M5E2 (BV480) [Human anti-CD14] BD Biosciences Cat#746304; Lot: 9133961; RRID:AB_2743629
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

3G8 (BV650) [Human anti-CD16] Biolegend Cat#302042; Lot:B323847; RRID:AB_2563801

HIB19 (APC-eFluor780) [Human anti-CD19] Thermo Fisher Scientific Cat#47-0199; Lot:2145095; RRID:AB_1582231

HIB19 (BV480) [Human anti-CD19] BD Biosciences Cat#746457; Lot:1021649; RRID:AB_2743759

HIT2 (BB790) [Human anti-CD38] BD Biosciences Cat# 624296 CUSTOM; Lot: 9119974

HI100 (PerCP Cy5.5) [Human anti-CD45RA] BD Biosciences Cat#563429; Lot:8332746; RRID:AB_2738199

NCAM16.2 (BUV737) [Human anti-CD56] BD Biosciences Cat#564448; Lot:8288818; RRID:AB_2744432

FN50 (PerCP-eFluor710) [Human anti-CD69] Thermo Fisher Scientific Cat#46-0699-42; Lot:1920361; RRID:AB_2573694

FN50 (BV650) [Human anti-CD69] Biolegend Cat# 310934; Lot:B303462; RRID:AB_2563158

H4A3 (BV786) [Human anti-CD107A] BD Biosciences Cat#563869; Lot:8144866; RRID:AB_2738458

ACT35 (APC) [Human anti-CD134 (OX40)] BD Biosciences Cat#563473; Lot:1015537; RRID:AB_2738230

4B4-1 (PE-Dazzle 594) [Human anti-CD137 (4-1BB)] Biolegend Cat# 309826; Lot:B253152; RRID:AB_2566260

TRAP1 (BV421) [Human anti-CD154 (CD40L)] BD Biosciences Cat#563886; Lot:9037850; RRID:AB_2738466

TRAP1 (PE) [Human anti-CD154 (CD40L)] BD Biosciences Cat#555700; Lot:7086896; RRID:AB_396050

J25D4 (BV421) [Human anti-CD185 (CXCR5)] Biolegend Cat# 356920; Lot:B325837; RRID:AB_2562303

B27 (PECy7) [Human anti-IFN-g] BD Biosciences Cat#557643; Lot:8256597; RRID:AB_396760

MQ1-17H12 (PE-Dazzle594) [Human anti-IL-2] Biolegend Cat#500344; Lot:B2261476; RRID:AB_2564091

JES3-9D7 (PE) [Human anti-IL-10] BD Biosciences Cat#554498; Lot:8198773; RRID:AB_395434

eBio64CAP17 (eFluor660) [Human anti-IL-17A] Thermo Fisher Scientific Cat#50-7179-42; Lot:2151998; RRID:AB_11149126

Mab11 (Alexa Fluor 488) [Human anti-TNF-a] Biolegend Cat#502915; Lot:B285221; RRID:AB_493121

LIVE/DEAD Fixable dead cell Thermo Fisher Scientific L34960

Mouse monoclonal anti-SARS-CoV-2 Spike (CR3022) Dr M. Gordon Joyce RRID: AB_2848080

Goat anti-Human IgG Fc Cross-absorbed Secondary

Antibody, HRP

Invitrogen Cat#31413; RRID: AB_429693

Alexa Fluor 647 AffiniPure Goat Anti-Human

IgA + IgG + IgM (H+L)

Jackson ImmunoResearch Cat#109-605-064; RRID: AB_2337886

Biological samples

SARS-CoV-2 naı̈ve donor blood samples This paper N/A

Chemicals, peptides, and recombinant proteins

Dulbecco’s Modified Eagle’s medium (DMEM) Wisent Cat#319-005-CL

Roswell Park Memorial Institute (RPMI) ThermoFischer Scientific Cat#61870036

Penicillin/Streptomycin VWR Cat#450-201-EL

Fetal Bovine Serum (FBS) VWR Cat#97068-085

Bovine Serum Albumin Sigma Cat#A7638

PepMix� SARS-CoV-2 (Spike Glycoprotein) JPT Cat#PM-WCPV-S-1

Staphylococcal Enterotoxin B (SEB) Toxin technology Cat#BT202

Phosphate Buffered Saline (PBS) ThermoFischer Scientific Cat#10010023

Tween 20 Sigma Cat#P9416-100ML

Freestyle 293F expression medium ThermoFischer Scientific Cat#12338018

Formaldehyde 37% ThermoFischer Scientific Cat#F79-500

ExpiFectamine 293 transfection reagent ThermoFischer Scientific Cat#A14525

Westen Lightning Plus-ECL, Enhanced

Chemoluminescence Substrate

Perkin Elmer Life Sciences Cat#NEL105001EA

Experimental models: Cell lines

HEK293T cells ATCC Cat#CRL-3216; RRID: CVCL_0063

FreeStyle 293F cells ThermoFischer Scientific Cat#R79007; RRID: CVCL_D603

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Daniel E. Kaufmann (daniel.kaufmann@chuv.ch).

Materials availability

All unique reagents generated during this study are available from the lead contact upon amaterial transfer

agreement (MTA).

Data and code availability

The published article includes all datasets generated and analyzed for this study. This paper does not

report any original code. Further information and requests for resources and reagents should be directed

to and will be fulfilled by the lead contact Author (daniel.kaufmann@chuv.ch).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethics statement

All work was conducted in accordance with the Declaration of Helsinki in terms of informed consent

and approval by an appropriate institutional board. Blood samples were obtained from donors who con-

sented to participate in this research project at CHUM (19.381). Individuals from the Philadelphia cohort

were enrolled in the study with approval from the University of Pennsylvania Institutional Review Board

(IRB# 844642). All participants were otherwise healthy and did not report any history of chronic health

conditions.

Participants

No specific criteria such as number of patients (sample size), clinical or demographic were used for

inclusion, beyond negative PCR confirmation for SARS-CoV-2 infection. The study was conducted in

26 SARS-CoV-2 naı̈ve individuals with a long interval, and 12 with a short interval. All the information is

summarized in Table 1.

PBMCs collection

PBMCs were isolated from blood samples by Ficoll density gradient centrifugation and cryopreserved in

liquid nitrogen until use.

Plasma and antibodies

Plasma samples were collected, heat-inactivated for 1 hour at 56�C and stored at�80�Cuntil ready to use in

subsequent experiments. Plasma samples from uninfected donors collected before the pandemic were

used as negative controls and used to calculate the seropositivity threshold in our ELISA assay. The

RBD-specific monoclonal antibody CR3022 was used as a positive control in ELISA assays. Horseradish

peroxidase (HRP)-conjugated Abs able to detect the Fc region of human IgG (Invitrogen) was used as sec-

ondary Abs to detect Ab binding in ELISA experiments. Alexa Fluor-647-conjugated goat anti-human Abs

able to detect all Ig isotypes (anti-human IgM+IgG+IgA; Jackson ImmunoResearch Laboratories) were

used as secondary Ab to detect plasma binding in flow cytometry experiments.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant DNA

pCAGGS-OC43 Spike Prévost et al.56 N/A

Software and algorithms

Flow Jo v10.8.0 Flow Jo https://www.flowjo.com

GraphPad Prism v8.4.1 GraphPad https://www.graphpad.com

R studio v4.1.0 R studio https://rstudio.com
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Cell lines

293T human embryonic kidney cells (obtained from ATCC) were maintained at 37�C under 5% CO2 in Dul-

becco’s modified Eagle’s medium (DMEM) (Wisent) containing 5% fetal bovine serum (FBS) (VWR) and

100 mg/ml of penicillin-streptomycin (Wisent).

METHOD DETAILS

Protein expression and purification

FreeStyle 293F cells (Thermo Fisher Scientific) were grown in FreeStyle 293F medium (Thermo Fisher

Scientific) to a density of 1 x 106 cells/mL at 37�C with 8% CO2 with regular agitation (150 rpm). Cells

were transfected with a plasmid coding for SARS-CoV-2 S RBD using ExpiFectamine 293 transfection

reagent, as directed by the manufacturer (Invitrogen).56,57 One week later, cells were pelleted and dis-

carded. Supernatants were filtered using a 0.22 mm filter (Thermo Fisher Scientific). The recombinant

RBD proteins were purified by nickel affinity columns, as directed by the manufacturer (Thermo Fisher

Scientific). The RBD preparations were dialyzed against phosphate-buffered saline (PBS) and stored in

aliquots at �80�C until further use. To assess purity, recombinant proteins were loaded on SDS-PAGE

gels and stained with Coomassie Blue.

SARS-CoV-2-specific B cells characterization

To detect SARS-CoV-2-specific B cells, we conjugated recombinant RBD proteins with Alexa Fluor 488 or

Alexa Fluor 594 (Thermo Fisher Scientific) according to the manufacturer’s protocol. 2 3 106 frozen PBMC

from SARS-CoV-2 naı̈ve donors were prepared in Falcon� 5ml-round bottom polystyrene tubes at a final

concentration of 4 3 106 cells/mL in RPMI 1640 medium (GIBCO) supplemented with 10% of fetal bovine

serum (Seradigm), Penicillin- Streptomycin (GIBCO) and HEPES (GIBCO). After a rest of 2h at 37�C and 5%

CO2, cells were stained using LIVE/DEAD Fixable Aqua dead cell (Thermo Fisher Scientific, Waltham, MA)

in DPBS (GIBCO) at 4�C for 20min. The detection of SARS-CoV-2-antigen specific B cells was done by

adding the RBD probes to the antibody cocktail listed in Table S1. Staining was performed at 4�C for

30min and cells were fixed using 2% paraformaldehyde at 4�C for 15min. Stained PBMC samples were

acquired on Symphony cytometer (BD Biosciences) and analyzed using FlowJo v10.8.0 software. To avoid

excessive noise in phenotyping analyses, we only included donors in whom we detected R5 RBD-specific

B cells at every time point.

Activation-induced marker (AIM) assay

The AIM assay9,33,58,59 was adapted for SARS-CoV-2 specific CD4 and CD8 T cells, as previously described.9

PBMCs were thawed and rested for 3h in 96-well flat-bottom plates in RPMI 1640 supplemented with

HEPES, penicillin and streptomycin and 10% FBS. PBMCs were then split in 3 conditions of 1.73106

PBMCs each: i) stimulated with an S glycoprotein peptide pool (0.5 mg/ml per peptide, corresponding

to the pool of 315 overlapping peptides (15-mers) spanning the complete amino acid sequence of the

Spike glycoprotein (JPT), ii) stimulated with Staphylococcus enterotoxin B (SEB) (0.5 mg/ml) as positive con-

trol and iii) a condition containing the same DMSO concentration as the Spike peptide pool stimulation

served as a negative control. Cells were stimulated for 15h at 37�C and 5% CO2. CXCR3, CCR6, CXCR6

and CXCR5 antibodies were added in culture 15 min before stimulation. Cells were stained using LIVE/

DEAD Fixable Aqua dead cell (Thermo Fisher Scientific, Waltham, MA) for 20 min at 4 C then surface

markers (30 min, 4�C). Abs used are listed in Table S2. Cells were fixed using 2% paraformaldehyde

for 15 min at 4 C before acquisition on Symphony cytometer (BD Biosciences). Analyses were performed

using FlowJo v10.8.0 software. To minimize noise and increase specificity in the qualitative phenotypic

analysis, we included only samples for which the spike-specific signal was at least 2 times over background

with R5 positive events.33,60,61

Intracellular cytokine staining (ICS)

The ICS assay was adapted to study SARS-CoV-2-specific T cells, as previously described.9 PBMCs were

thawed and rested for 2 h in RPMI 1640 medium supplemented with 10% FBS, Penicillin-Streptomycin

(Thermo Fisher Scientific, Waltham, MA) and HEPES (Thermo Fisher scientific, Waltham, MA). PBMCs

were then split in 3 conditions of 1.73106 PBMCs each: i) stimulated with an S glycoprotein peptide

pool (0.5 mg/ml per peptide, corresponding to the pool of 315 overlapping peptides (15-mers) spanning

the complete amino acid sequence of the Spike glycoprotein (JPT), ii) stimulated with Staphylococcus

enterotoxin B (SEB) (0.5 mg/ml) as positive control and iii) a condition containing the same DMSO
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concentration as the Spike peptide pool stimulation served as a negative control. Cell stimulation was car-

ried out for 6h in the presence of mouse anti-human CD107a, Brefeldin A and monensin (BD Biosciences,

San Jose, CA) at 37�C and 5% CO2. Cells were stained using LIVE/DEAD Fixable Aqua dead cell (Thermo

Fisher Scientific,Waltham,MA) for 20 min at 4�C and surfacemarkers (30 min, 4�C), followed by intracellular

detection of cytokines using the IC Fixation/Permeabilization kit (Thermo Fisher Scientific, Waltham, MA)

according to the manufacturer’s protocol before acquisition on a Symphony flow cytometer (BD Biosci-

ences) and analysis using FlowJo v10.8.0 software. Abs used are listed in Table S3.

Characterization of effector functions among total cytokine+ cells, defined by our ORgate strategy, was

conducted on donors with R5 cytokine+ cells that represented a two-fold increase over the unstimulated

condition to avoid biased phenotyping. Given these criteria, only D2 could be analyzed.

Enzyme-linked immunosorbent assay (ELISA) and RBD avidity index

TheSARS-CoV-2WTRBDELISAassayusedwaspreviouslydescribed.56,57Briefly, recombinantSARS-CoV-2WT

RBD proteins (2.5 mg/ml), or bovine serum albumin (BSA) (2.5 mg/ml) as a negative control, were prepared in

PBS and were adsorbed to plates (MaxiSorp Nunc) overnight at 4�C. Coated wells were subsequently blocked

with blocking buffer (Tris-buffered saline [TBS] containing 0.1% Tween20 and 2% BSA) for 1h at room temper-

ature. Wells were then washed four times with washing buffer (Tris-buffered saline [TBS] containing 0.1%

Tween20). CR3022mAb (50 ng/ml) or a 1/500 dilution of plasmawere prepared in a diluted solution of blocking

buffer (0.1% BSA) and incubated with the RBD-coated wells for 90 minutes at room temperature. Plates were

washed four times with washing buffer followed by incubation with secondary Abs (diluted in a diluted solution

ofblockingbuffer (0.4%BSA)) for 1hat roomtemperature, followedby fourwashes. Tocalculate theRBD-avidity

index, weperformed in parallel a stringent ELISA, where the plateswerewashedwith a chaotropic agent, 8Mof

urea, and added to the washing buffer. This assay was previously described.62 HRP enzyme activity was

determined after the addition of a 1:1 mix of Western Lightning oxidizing and luminol reagents (Perkin Elmer

Life Sciences). Light emission was measured with a LB942 TriStar luminometer (Berthold Technologies). The

signal obtained with BSA was subtracted for each plasma and was then normalized to the signal obtained

with CR3022 present in each plate. The seropositivity threshold was established using the following formula:

mean of pre-pandemic SARS-CoV-2 negative plasma + (3 standard deviations of the mean of pre-pandemic

SARS-CoV-2 negative plasma).

Cell surface staining and flow cytometry analysis

The plasmid encoding the HCoV-OC43 Spike was previously reported.56 293T cells were co-transfected

with a GFP expressor (pIRES2-GFP, Clontech) in combination with a plasmid encoding the full-length

HCoV-OC43 Spike. 48h post-transfection, Spike-expressing cells were stained with plasma (1/250 dilution).

AlexaFluor-647-conjugated goat anti-human IgM+IgG+IgA Abs (1/800 dilution) were used as secondary

Abs. The percentage of transfected cells (GFP+ cells) was determined by gating the living cell population

based on viability dye staining (Aqua Vivid, Invitrogen). Samples were acquired on a LSRII cytometer (BD

Biosciences) and data analysis was performed using FlowJo v10.7.1 (Tree Star).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

Symbols represent biologically independent samples of HCW from LI and SI cohorts. Lines connect data

from the same donor. Thick lines represent median values. Differences in responses for the same patient

before and after vaccination were performed using Wilcoxon matched pair tests. Differences in responses

between individuals from LI and SI cohorts were measured by Mann-Whitney tests. Wilcoxon and Mann-

Whitney tests were generated using GraphPad Prism version 8.4.3 (GraphPad, San Diego, CA).23 p values

<0.05 were considered significant. p values are indicated for each comparison assessed. For descriptive

correlations, Spearman’s R correlation coefficient was applied. Significant Spearman test results are

indicated by stars (*: p < 0.1, **: p < 0.05, ***: p < 0.001). For graphical representation on a log scale

(but not for statistical tests), null values were arbitrarily set at the minimum values for each assay.

Software scripts and visualization

Graphics and pie charts were generated using GraphPad PRISM version 8.4.3 and ggplot2 (v3.3.3) in

R (v4.1.0).
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SUPPLEMENTARY FIGURE LEGENDS 

 
Figure S1. SARS-CoV-2-specific B cell and antibody responses in the two vaccine 

schedules. Related to Figure 1. (A) Gating strategy to identify RBD-specific B cell responses. 

(B) Examples of gatings for IgM, IgD, IgA and IgG expression on total CD19+CD20+ B cells or 

RBD-specific B cells. (C) Longitudinal trajectories of isotype expression frequencies in long 

interval (LI) (n=26) and short interval (SI) (n=12) participants. Lines connect data points for 

individual participants. Bars represent medians ± interquartile ranges. Wilcoxon tests are shown 

above each panel. (D) Proportion of IgD+, IgA+ and IgM+ RBD+ B cells at D2 and M2 in LI (red, 

n=26) and SI (blue, n=12) participants. Bars represent medians ± interquartile ranges. Mann- 

Whitney tests are shown. (E) Proportion of IgD+ or IgM+ RBD+ B cells in SI participants at D2, M2 

and M2’ using an ORgate strategy. Bars represent medians ± interquartile ranges. Wilcoxon tests 

are shown. (F) Proportion of IgG+ RBD+ B cells in SI participants at D2, M2 and M2’. Bars 

represent medians ± interquartile ranges. Wilcoxon tests are shown. (G) Example of the gating 

strategy of IgD and CD27 co-expression on RBD-specific B cells. (H) Longitudinal frequency of 

each IgD and CD27 RBD-B phenotypes in CD19+ CD20+ B cells for LI (n=26) and SI (n=12) 

participants. Bars represent medians ± interquartile ranges. Wilcoxon tests are shown above. (I) 

Proportion of IgD+/- and CD27+/- populations in RBD-specific B cells at D2, M2 and M2’ in the short 

interval (SI) cohort. (JKL) Kinetics of RBD-specific IgG responses in the LI (red, n=26) vs SI (blue, 

n=12) cohorts. (J) Individual responses according to time of sampling. Colored background and 

syringe indicate time of dose injections. Dots indicate time points examined. (K) The bold lines 

represent each cohort’s median value. Right panel: Wilcoxon tests. (L) Inter-cohort comparisons. 

Bars represent medians ± interquartile ranges. Mann-Whitney tests are shown. (M) Inter-cohort 

comparison of RBD-specific IgG avidity between the LI (red, n=26) and SI (blue, n=12) cohorts. 

Bars represent medians ± interquartile ranges. Mann-Whitney tests are shown. 
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Figure S2. SARS-CoV-2-specific T cell responses in the two vaccine schedules. Related to 

Figure 2. (A) Representative upstream gating and (B) ORgate strategy to identify SARS-CoV-2- 

specific AIM+ T cells. For simplicity, the example focuses on CD4+ T cells. (CD) Raw frequencies 

of (C) AIM+ CD4+ and (D) CD8+ T cells following ex vivo stimulation of PBMCs with a pool of 

SARS-CoV-2 Spike peptides. As a control, PBMCs cells were left unstimulated (grey bars). The 

data for LI (red, n=26) and SI (blue, n=12) individuals are displayed. The bars represent median 

values. Wilcoxon tests are shown. The number of conditions reaching ≥2x the no Ag values are 

shown below each time point. (E) Inter-cohort comparison of cross-reactivity to OC43 at baseline. 

Mann-Whitney tests are shown above. LI (red, n=26) and SI (blue, n=12). (F) Representative 

ORgate strategy to identify SARS-CoV-2-specific cytokine-expressing T cells. For simplicity, the 

example focuses on CD4+ T cells. (GH) Raw frequencies of cytokine-expressing (G) CD4+ and 

(H) CD8+ T cells following ex vivo stimulation of PBMCs with a pool of SARS-CoV-2 Spike 

peptides. As a control, PBMCs cells were left unstimulated (grey bars). The data for LI (red, n=26) 

and SI (PI; blue, n=12) individuals are displayed. The bars represent median values. Wilcoxon 

tests are shown. The number of conditions reaching ≥2x no Ag are shown below each time point. 



Table S1. Flow cytometry antibody staining panel for B cells characterization. Related to 
STAR Methods, Main Figure 1, Supplementary Figure 1. 

 
Marker-Fluorophore Clone Source Catalog # 

CD3 – BV480 UCHT1 BD Biosciences 566105 
CD14 – BV480 M5E2 BD Biosciences 746304 
CD16 – BV480 3G8 BD Biosciences 566108 
CD19 – BV650 SJ25C1 Biolegend 363026 
CD20 – BV711 2H7 Biolegend 563126 
CD21 – BV786 B-LY4 BD Biosciences 740969 

CD24 – BUV805 ML5 BD Biosciences 742010 
CD27 – APC-R700 M-T271 BD Biosciences 565116 

CD38 – BB790 HIT2 BD Biosciences CUSTOM 
CD56 – BV480 NCAM16.2 BD Biosciences 566124 

CD138 – BUV661 MI15 BD Biosciences 5 749873 
CCR10 – BUV395 1B5 BD Biosciences 565322 
HLA-DR – BB700 G46-6 BD Biosciences 566480 

IgA - PE IS11-8E10 Miltenyi 130-113-476 
IgD – BUV563 IA6-2 BD Biosciences 741394 
IgG – BV421 G18-147 BD Biosciences 562581 

IgM – BUV737 UCH-B1 Thermo Fisher Scientific 748928 
LIVE/DEAD Fixable dead cell N/A Thermo Fisher Scientific L34960 

 



 
Table S2. Flow cytometry antibody staining panel for activation-induced marker assay. 
Related to STAR Methods, Main Figures 2 and 3, Supplementary Figure 2. 
 

Marker-Fluorophore Clone Source Catalog # 

CD3 – BUV496 UCHT1 BD 612941 

CD4 – BB630 SK3 BD 624294 

CD8 – BV570 RPA-T8 Biolegend 301037 

CD14 – BV480 M5E2 BD 746304 

CD19 – BV480 HIB19 BD 746457 

CD38 – BB790 HIT2 BD CUSTOM 

CD45RA – PerCP Cy5.5 HI100 BD 563429 

CD69 – BV650 FN50 Biolegend 310934  

CD134 (OX40) - APC ACT35 BD 563473 

CD137 (4-1BB) – PE-Dazzle 594 4B4-1 Biolegend 309826 

CD154 (CD40L) - PE TRAP1 BD 555700 

CD183 (CXCR3) – BV605 G025H7 Biolegend 353728 

CD185 (CXCR5) – BV421 J25D4 Biolegend 356920 

CD186 (CXCR6) – BUV805 13B 1E5 BD 748448 

CD196 (CCR6) – BUV737 11A9 BD 564377 

CD279 (PD1) – BV711 EH122H Biolegend 329928 

HLA-DR - FITC LN3 Biolegend 327005 

LIVE/DEAD Fixable dead cell N/A Thermo Fisher Scientific L34960 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

Table S3. Flow cytometry antibody staining panel for intracellular cytokines staining assay. 
Related to STAR Methods, Main Figures 2 and 4, Supplementary Figure 2. 

 
Marker-Fluorophore Clone Source Catalog # 

CD3 – BUV395 UCHT1 BD Biosciences 563546 
CD4 – BV711 L200 BD Biosciences 563913 
CD8 – BV570 RPA-T8 Biolegend 301037 

CD14 – BUV805 M5E2 BD Biosciences 612902 
CD16 – BV650 3G8 Biolegend 302042 

CD19 – APC-eFluor780 HIB19 Thermo Fisher Scientific 47-0199 
CD56 – BUV737 NCAM16.2 BD Biosciences 564448 

CD69 – PerCP-eFluor710 FN50 Thermo Fisher Scientific 46-0699-42 
CD107A – BV786 H4A3 BD Biosciences 563869 

IFN-γ – PECy7 B27 BD Biosciences 557643 
CD154 (CD40L) – BV421 TRQP1 BD Biosciences 563886 

IL-2 – PE-Dazzle 594 MQ1-17H12 Biolegend 500344 
IL-10 - PE JES3-9D7 BD Biosciences 554498 

IL-17A – eFluor660 eBio64CAP17 Thermo Fisher Scientific 50-7179-42 
TNF-α – Alexa Fluor 488 Mab11 Thermo Fisher Scientific 502915 

Granzym B – Alexa Fluor 700 GB11 BD 561016 
LIVE/DEAD Fixable dead cell N/A Thermo Fisher Scientific L34960 
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d Spontaneously active HIV RNA+ and protein+/� reservoirs

exist in people with HIV on ART

d These are enriched in central memory and CCR6- and

activation-marker-expressing cells
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mostly defective

d Spontaneously active reservoirs correlate with HIV-specific

CD4+ and CD8+ T cells
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In brief

Dubé et al. identify phenotypically diverse

HIV-infected cells that spontaneously

express viral RNA, and occasionally

protein, during antiretroviral treatment.

Despite carrying defective proviruses,

active reservoirs correlate with HIV-

specific CD4+ and CD8+ T cell responses.

These results suggest that ongoing

expression of viral genes maintain HIV-

specific immune responses during

suppressive ART.
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SUMMARY

Spontaneous transcription and translation of HIV can persist during suppressive antiretroviral therapy (ART).
The quantity, phenotype, and biological relevance of this spontaneously ‘‘active’’ reservoir remain unclear.
Using multiplexed single-cell RNAflow-fluorescence in situ hybridization (FISH), we detect active HIV tran-
scription in 14/18 people with HIV on suppressive ART, with a median of 28/million CD4+ T cells. While these
cells predominantly exhibit abortive transcription, p24-expressing cells are evident in 39% of participants.
Phenotypically diverse, active reservoirs are enriched in central memory T cells and CCR6- and activation-
marker-expressing cells. The magnitude of the active reservoir positively correlates with total HIV-specific
CD4+ and CD8+ T cell responses and with multiple HIV-specific T cell clusters identified by unsupervised
analysis. These associations are particularly strong with p24-expressing active reservoir cells. Single-cell
vDNA sequencing shows that active reservoirs are largely dominated by defective proviruses. Our data sug-
gest that these reservoirs maintain HIV-specific CD4+ and CD8+ T responses during suppressive ART.

INTRODUCTION

The persistence of HIV represents a fundamental challenge to

achieving a cure. When antiretroviral therapy (ART) is interrupted

in people with HIV (PWH), rare persisting infected cells can fuel

viral rebound.1 Recent advances provided sensitive evaluations

of the size of the HIV reservoir.2 CD4+ T cells bearing HIV ge-

nomes3,4 are one order of magnitude more abundant than those

with the ability to transcribe multiply spliced RNA,5,6 themselves

another order of magnitude more frequent than those producing

p24.7–9 These differences may reflect stepwise stages of blocks

in viral transcription and translation.10,11 Detecting viral reser-

voirs based on either viral RNA (vRNA) or protein typically in-

volves ex vivo stimulation with latency reversal agents (LRAs)

that induce viral gene expression. This approach provided valu-

able information on inducible reservoirs poised for reactivation.

Current antiretroviral therapies do not target HIV transcription

nor translation; therefore, spontaneous viral gene transcrip-

tion10,12–17 and translation18–20 can persist during ART. The def-

inite quantification, single-cell phenotyping, and biological rele-

vance of these ‘‘active’’ reservoir cells are not established.

CD4+ and CD8+ T cells are increasingly recognized as essen-

tial actors in the control of simian immunodeficiency virus (SIV)

and HIV infections.21–26 Consequently, anti-HIV immunity is ex-

pected to play an important role in cure strategies and to

contribute to purging reservoirs, exerting immunosurveillance

of residual virus and/or supporting the development of broadly

neutralizing HIV-specific antibodies.27,28 HIV-specific CD4+

and CD8+ T cells can be detected during ART, although their

magnitude and functions present notable interindividual hetero-

geneity.29–32 The mechanisms involved in the persistence of

such HIV-specific immunity during suppressive ART are not
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entirely understood but are unlikely to result from ongoing

residual viral replication, an actively debated concept.33–36

Conversely, active reservoirs that lead to protein expression

from a fraction of the largely dominant pool of defective provi-

ruses and low-level virion release from an even smaller propor-

tion of active reservoirs with intact genomes could maintain

and shape anti-HIV CD4+ and CD8+ T cell responses during

ART.14,37–40

Herein, we quantified and phenotyped viral reservoirs sponta-

neously expressing vRNA and the p24 protein in primary clinical

samples directly ex vivo. We found associations between active

reservoirs and HIV-specific CD4+ and CD8+ T cells, supporting

that low-level viral gene expression by spontaneous reservoirs

is sufficient to maintain anti-HIV adaptive immunity.

RESULTS

Spontaneous vRNA-expressing reservoirs are
detectable in a majority of ART-suppressed PWH
We previously used a multiplexed HIV RNAflow-fluorescence in

situ hybridization (FISH) assay to characterize viral reservoirs

induced ex vivo.7–9 A previous digital-droplet study on bulk

CD4+ T cells showed expression during latency of ‘‘long-LTR’’

abortive transcripts.10,41 Therefore, to maximize detection of

viral reservoir cells that spontaneously express vRNA without

ex vivo stimulation, termed active reservoir, we adapted our mul-

tiplexed vRNA detection strategy and focused on 50 HIV genes

(Figure 1A). As described before,9 a first-step analysis provided

an inclusive detection of viral transcripts, consisting of an

exonRNA probe set targeting exon sequences, including a

portion of the 50 long terminal repeat (LTR) region, present on

all viral transcripts.42 The second step of detection added strin-

gency and ensured specificity. To this end, two additional probe

sets were generated: (1) a gagRNA probe set, detecting full-

length genomic transcripts but also shorter abortive or defective

transcripts containing at least a portion of the gag gene,9 and (2)

a polRNA detecting transcripts that elongated beyond the gene

gag. We also stained intracellular p24 to assess viral translation.

We used this adapted HIV RNAflow assay to quantify the viral

reservoirs in 18 PWH on ART for >3 years (median =10 years, see

clinical characteristics in Table S1). To reveal inducible viral res-

ervoirs, CD4+ T cells isolated from peripheral bloodmononuclear

cells (PBMCs) were treated 15 h with phorbol myristate acetae

(PMA)/ionomycin. To identify viral reservoirs that are able to

spontaneously express HIV RNA and/or protein, we left CD4+

T cells unstimulated after isolation. We identified HIV-infected

cells by Boolean ORgating9 and therefore included any cells

either exonRNA+gagRNA+ or exonRNA+polRNA+ or exonRNA+

p24+ into a single non-overlapping population expressing any

combination of the viral genes assessed (henceforth termed

vRNA+; Figure S1A). CD4+ T cells from 6 uninfected donors

(UDs) served as specificity controls. We set a positive detection

threshold at 7 events/106 CD4+ T cells corresponding to the

mean detection in UD plus twice the standard deviation, rounded

up (mean + 2SD). Based on these criteria, we detected sponta-

neous reservoirs in 78% (14/18) of PWH on suppressive ART,

with a median of 28 active vRNA+ cells/106 CD4+ (Figure 1B).

This level of detection represents a compromise compared to

limiting dilution assayswith quantitative reverse transcription po-

lymerase chain reaction (RT-qPCR), sacrificing some sensitivity

for higher throughput and the ability to maintain phenotyping

capability (Figures S1F and S1G). PMA/ionomycin-inducible res-

ervoirs could be detected in 89% (16/18) of participants, with a

significantly higher median (79 vRNA+/106 CD4+). Reservoirs

induced by Panobinostat and ingenol-3-angelate (termed LRA)

reached an even higher level (325 induced vRNA+/106 CD4+)

(Figure S1B). By comparison, the frequency of CD4+ T cells

harboring integrated HIV DNA was 12-fold higher than PMA/ion-

omycin-inducible reservoirs. In contrast, inducible reservoirs

were 3-fold more frequent than spontaneous reservoirs (Fig-

ure 1C). We calculated that a median of 10% of the CD4+

T cells harboring integrated HIV DNA produced viral transcripts

upon stimulation, whereas 4% spontaneously expressed vRNA

(Figure 1D). Active vRNA+ reservoirs correlated with total and in-

tegrated HIV DNA (Figures 1E and 1F), whereas PMA/ionomycin-

induced reservoirs showed strong trends (Figures S1C and S1D).

We found strong associations between reservoir cells with spon-

taneous viral expression and both PMA/ionomycin (Figure 1G)

and LRA-inducible (Figure S1E) reservoirs.

We next tested for associations between integrated HIV DNA,

inducible and spontaneously active vRNA+ reservoirs, and clin-

ical features (Figure 1H). The time of infection correlated with

the size of inducible reservoirs, with a positive trend with the

magnitude of the spontaneous reservoir. There was no associa-

tion between the spontaneous reservoir and time on ART, while

there was an association for inducible reservoirs. The level of

spontaneous vRNA expression, but not inducibility, was associ-

ated with a longer duration of untreated infection. CD4+ T cell

counts, CD4/CD8 ratios and pre-ART viral loads did not correlate

with either inducible or spontaneous reservoirs.

Globally, these data highlighted the existence of spontaneous

vRNA+ reservoirs in most PWH on suppressive ART. Sponta-

neous and inducible reservoirs were strongly associated, sug-

gesting a robust relationship.

Spontaneously active reservoirs are enriched in short
abortive and defective gagRNA+ transcripts
We next sought to characterize these active reservoirs based on

p24 (Figure 2A), gagRNA, and polRNAco-expression (Figure 2B).

The expression of p24 was used to assess viral protein expres-

sion,8,9 whereas gagRNA and polRNA defined the processivity

of the transcription. This bilayered analysis created 8 theoretical

subpopulations (Figures 2C, S2A, and S2B). Among these, single

exonRNA+ cells could not be interpreted because of the insuffi-

cient specificity of single-parameter detection.9 The prevalence

of the remaining seven theoretical populations is summarized in

Figures 2D and S2A. Unstimulated samples from ART-sup-

pressed individuals were homogeneously enriched in p24�

gagRNA+ polRNA� cells (Figure S2C). This population corre-

sponded to short abortive or deleted transcripts (gagRNA+)

described before.9,10 PMA/ionomycin-induced reservoirs pre-

sented a more heterogeneous profile: although p24� gagRNA+

polRNA� cells were frequent, other more processive populations

could also be detected, such as p24� gagRNA+ polRNA+ (elon-

gated transcripts not sustaining translation, termed vRNADP for

‘‘double gagRNA+ polRNA+ positive’’) > p24� gagRNA� polRNA+

(likely deleted transcripts, termed polRNA+) > p24+ gagRNA+

polRNA+ (translation-competent reservoirs, termed p24+). The
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pattern of active reservoirs was similar to combinatory LRA

(Panobinostat + ingenol), with strong expression of gagRNA

and little expression of polRNA and marginal p24 translation

(Figures S2A and S2C).9,10 In a subset of participants, the

polRNA probe set was substituted by a more distal nefRNA

probe set.9 We detected rare nefRNA+ cells among active reser-

voirs and none that co-expressed gag and nef genes (Fig-

ure S2B), further suggesting unproductive transcription aborting

in the 50 portion of the viral genome. Spontaneous p24-express-

ing cells represented a rare fraction (Figure 2E). These cells could

be detected at low frequencies in 7/18 HIV+ participants, with a

median frequency of 0.44 p24+vRNA+ cell/106 CD4+ (Figure 2F).

These active p24+ cells did not correlate with translation-

competent reservoirs identified after PMA/ionomycin-stimula-

tion (Figure 2G).

We used cytometric fluorescent intensities (FIs) to obtain a

semi-quantitative measurement of RNA copies/cell43 and as-

sessed the viral transcription and translation levels/infected

cell. We used this metric to determine whether the level of viral

transcription could define the success of viral translation. To

avoid biases due to a low number of viral reservoir cells in

some PWH, we concatenated all events per condition. Since

exonRNA is expressed in all vRNA+ cells, we used it as a surro-

gate of global transcriptional activity. In both PMA/ionomycin- or

LRA-induced reservoirs, the single-cell exonRNA, gagRNA, and

polRNA expression presented a skewed distribution composed

of a low-yield bulky population and a tail spreading about one or-

der of magnitude higher (Figures 2H and S2E). p24-expressing

PMA/ionomycin-induced vRNA+ cells were almost exclusively

found in these tails of high transcriptional activity (Figure S2F).

Consistent with the rare p24 expression in active reservoirs,

such a high-yield tail was essentially absent in spontaneous res-

ervoirs. Instead, exonRNA and gagRNA could be detected at

low levels, whereas polRNA expression remained comparably

A B C D

E F G H

Figure 1. Spontaneous vRNA expression by HIV reservoirs in ART-suppressed PWH
(A) vRNA probe set designs.

(B) Quantification of vRNA+ cells in purified CD4+ T cells from ART-treated PWH and uninfected (UD) as controls. Cells were either unstimulated or treated ex vivo

with PMA/ionomycin for 15 h. Two statistical tests are shown: Mann-Whitney for cohort comparisons and Wilcoxon between stimulations.

(C) Comparison between four different types of viral reservoir measurements. Numbers below indicate the median fold increase between groups.

(D) The proportion of inducible and spontaneous vRNA+ reservoirs using integrated DNA as denominator. A Wilcoxon test was performed, shown above. Median

values are shown below.

(E–G) Correlations between (E) spontaneous reservoirs and total DNA, (F) spontaneous reservoirs and integrated DNA, (G) spontaneous and inducible reservoirs,

with r and p values from Spearman tests.

(H) Correlations between reservoir metrics and indicated clinical parameters. CD4 and CD8 stand for CD4+ and CD8+ T cell clinical counts. Values in the heatmap

indicate r values, with p values underneath: *p < 0.05, **p < 0.01, ***p < 0.001. The shade of colors indicates the r value. Results reaching statistical significance are

shown in bold. n = 18.

In (B) and (D), the histograms indicate the median, and the error bars illustrate the interquartile range.
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marginal (Figure 2H). In contrast to spontaneous p24+ cells, the

levels of CD4 on the surface of spontaneous vRNA+ cells were

comparable to vRNA� cells, suggesting suboptimal or no

expression of Nef and Vpu proteins (Figure S2G). These data

demonstrate the low-yield, unprocessed nature of the active

reservoirs.

We next used confocal fluorescence microscopy to count the

number of HIV RNA foci per vRNA+ cell, as done previously.8 We

sorted vRNA+ and vRNA� cells, imaged and manually enumer-

ated foci per cell (Figures S2H and 2I). The conservative false-

positive rates (assuming Gaussian distribution, mean foci/cell

in vRNA� cells + 3SD) were established at 1.1 foci/cell for

exonRNA and 5.1 foci/cell for gagRNA (Figure 2J). Conversely,

vRNA+ cells containing down to 5 foci were clearly detected

for both probes, but few vRNA+ cells were below this cutoff.

The median detection reached 16 foci for exonRNA and 14

foci/cell for gagRNA, both significantly higher than their respec-

tive false-positive rate. exonRNA+ and gagRNA+ foci/cell corre-

Figure 2. Spontaneously active reservoirs are enriched in short vRNA transcripts

(A and B) Gating strategy to assess: (A) p24 expression in vRNA+ cells and (B) gagRNA and polRNA co-expression in p24� or p24+ vRNA+ cells.

(C) List of the theoretical vRNA+ populations.

(D) Donut charts presenting the median proportions of each vRNA+ subpopulation for spontaneous or PMA/ionomycin-induced reservoirs, as colored in (C).

Numbers in the donut holes represent the median vRNA+/106 CD4+.

(E) The proportion of p24+ cells in spontaneous compared with PMA/ionomycin-induced vRNA+ reservoirs. The frequency of participants with p24+ cell detection

is indicated underneath.

(F) Compared frequencies of spontaneous vRNA+ and p24+ cells. The median of the 7 participants in which p24 was spontaneously detected is shown.

(G) Correlation between p24+ cells in unstimulated and PMA/ionomycin-induced conditions.

(H) Violin plots showing total single-cell fluorescence intensities in 18 participants.

(E and F) The bars indicate themedian. The error bars illustrate the interquartile range. Results fromWilcoxon tests are shown above. n = 18 (excepted for E, where

n = 16 because <5 vRNA+ events were detected in two participants).

(I) Representative maximal intensity of confocal microscopy projections from z stacks of vRNA� and vRNA+ sorted cells. The scale is represented by the white bar

(10 mm).

(J) Number of spots per cell for exonRNA (left) and gagRNA (right) probes. The results from a Mann-Whitney test are shown above. False-positive rates are

indicated by the dashed lines.

A B Figure 3. Near full-length single-cell vDNA

sequencing of spontaneously active viral

reservoirs identifies underlying proviral de-

fects

Purified CD4+ T cells from 3 ART-treated partici-

pants were co-stained by multiplexed HIV-1

RNAflow-FISH. vRNA+ cells were individually

sorted for nested PCR amplification and near full-

length sequencing.

(A) Phylogenetic trees for the three participants

PWH3, PWH5, and PWH9 built from the entire

amplified area sequenced based on maximum

likelihood. Sequences with 100% identity are

boxed in gray.

(B) List of the different defects found in the 36

proviral sequences, aligned on the HxB2 genome.

The type of defect is color coded, based on the

legend presented below.

lated significantly (Figure S2I). Taken

together, these results suggest that our

approach can reliably identify spontane-

ously active reservoirs with a cutoff of 5

vRNA copies/cell.

To determine the proviral features of

spontaneously vRNA+ cells, we next per-

formed near full-length sequencing of using a modified full-

length individual proviral sequencing (FLIPS) assay9,44 (Figure 3).

We obtained a total of 40 amplicons from three ART-treated par-

ticipants. From these 40 amplicons there was 36 distinct viral

DNA (vDNA) sequences, and 3 small clones (Figure 3A). Most se-

quences harbored large deletions spanning the entire env region.

Deletions in polwere also common (Figure 3B).We found two se-

quences with an inversion. Seven amplicons were near null

length: one was hypermutated, two had early stop codons,

and two bore packaging signal defects. No intact proviral

sequence were found in our limited sampling. This indicates

that spontaneous viral transcription is mainly fueled by defective

proviruses.

Spontaneously active viral reservoirs are phenotypically
diverse
LRA stimulation can alter cell surface marker expression, thus

biasing phenotyping.9 As measuring spontaneously vRNA+ cells

ll
OPEN ACCESSArticle

Cell Host & Microbe 31, 1507–1522, September 13, 2023 1511



A B

C D E

F G H I

J

Figure 4. Spontaneously active viral reservoirs are phenotypically diverse

(A) Global uniform manifold approximation and projection (UMAP) for dimension reduction map of all 1,418 vRNA+ cells. These cells were embedded among

downsampled 3,000 CD4+ per donor to help identify stable population clusters. All 8 clusters are identified. Individual CD4 (left) and vRNA+ (right) UMAP are

shown. Contours show the density of vRNA+ cells.

(B) Heatmap showing an unsupervised hierarchical clustering of the 8 clusters, defined by MFI.

(C) The donut charts present the proportion of each cluster for the indicated population, with color matching with (A). The total number of events used to generate

the plot are indicated in the donut holes.

(D) The histogram presents the proportion of each cluster, with a side-by-side comparison between CD4 and vRNA+ cells. Wilcoxon tests are shown.

(E) The enrichment score for each cluster is calculated as the log of the ratios between vRNA+/CD4 cluster proportions.

(legend continued on next page)
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does not require an in vitro stimulation, the experimental

approach used allows reliable phenotyping of viral reservoir

cells. We performed unsupervised analyses of high-dimensional

flow cytometric phenotyping data to avoid a priori-defined

marker combinations (Figure 4). We examined features that

were previously found enriched in HIV-infected cells either dur-

ing ART or during untreated chronic infection (Table S2): chemo-

kine receptors involved in tissue homing ([CXCR5 for Tfh, CXCR3

for Th1, CCR6 for Th17/Th22, and CCR4 for Th2, also expressed

on Th17/Th22 and Tregs; reviewed in Strazza and Mor45]; gut

homing markers [integrin b7 and CD103, reviewed in Barczyk

et al.46]; activation markers [CD38, HLA-DR, and ICOS]; cell cy-

cle/proliferation [Ki67]; inhibitory checkpoint [PD-1]; and mem-

ory and differentiation markers [CD45RA, CCR7, and CD27]).

To avoid excessive background noise in phenotype profiling,

we focused the analyses on participants with >5 vRNA+ cells

and with spontaneous reservoirs above the level of positivity

(14/18 participants).

We illustrated the distribution of clustered populations by the

uniform manifold approximation and projection (UMAP) algo-

rithm.47 To help define clear phenotypic clusters, all identified

vRNA+ cells were concatenated and downsampled to 3,000

autologous CD4+ T cells per participant. Cluster identification

was performed using PhenoGraph.48 8 clusters were defined

based on distinct profiles of relative marker expression (Fig-

ures 4A and 4B and S3A). Active vRNA+ reservoir cells were

found in all 8 clusters (Figures 4C and 4D). However, compared

with total CD4+ T cells, vRNA+ cells were sparsely found in clus-

ters C1, C4, and C8 (Figures 4A, 4C, and 4D) enriched in

CD45RA, CCR7, and CD27, consistent with a naive phenotype

(Figure 4B). CCR7 and CD27 expression was moderate in

CD45RA-negative clusters C2, C3, C5, C6, and C7, suggesting

that these clusters are composed ofmixed populations of central

memory (TCM), transitional memory (TTM), and effector memory

(TEM) cells defined by other phenotypic markers (Figure 4B).

We calculated enrichment scores to evaluate the relative over-

or under-representation of active vRNA+ reservoir cells among

the identified clusters (Figure 4E). This analysis confirmed the un-

der-representation of active vRNA+ reservoir cells in the naive-

like clusters C1, C4, and C8. Univariate analysis relying on

CD45RA, CD27, and CCR7 confirmed this finding and further

showed a significant enrichment of active vRNA+ reservoir cells

in TCM and a trend for TTM (Figures 4F, 4G, S3B, and S3C). The

paucity of naive active vRNA+ reservoir cells is consistent with

the significant negative association between the prevalence of

naive CD4+ T cells and the frequency of active reservoirs

(Figure S3D).

Active reservoirs were enriched in clusters C2, C6, and C7

defined by the expression of CCR6 and/or CCR4, suggesting

preferential Th17 or Th22 differentiation. C2 and C6 were also

enriched in CXCR5 expression, a marker enriched in T follicular

helper (Tfh) cells, but this chemokine receptor was not ex-

pressed by cells clustering in C7. C7 also included relatively

rare cells with strong features of activation, including higher FI

for ICOS, HLA-DR, Ki67, and PD-1 (Figure S3A). Although, we

detected frequent active vRNA+ reservoir cells in the Th1-like

CXCR3-enriched clusters C5 andC3, these subsets were not en-

riched in infected cells compared with the global CD4+ T cell

population.

We next analyzed the polarization and integrin and activation

marker expression of the active reservoirs through univariate an-

alyses (Figures 4H, 4I, and S3E–S3L). We focused these ana-

lyses on CD45RA� vRNA+ cells to avoid biasing our phenotyping

given the near complete absence of vRNA+ cells in naive popu-

lations. Active vRNA+ reservoirs could express any of the four

chemokine receptors tested (Figure S3E), with no clear domi-

nance for one over another (Figure S3F). Confirming the previous

unsupervised findings, significant enrichments were observed

for CCR6+ and CCR4+ cells, with trends for CXCR5 and

CXCR3 (Figures 4H and S3G). CCR6 stood out as the most

consistently enriched chemokine receptor among all tested par-

ticipants (increase in all 16/18 participants). A trend for enrich-

ment of vRNA+ events in b7-integrin+ cells was observed, but

not in CD103+ cells, nor CD32a, another marker previously asso-

ciated with viral transcription49 (Figures S3H–S3J). HLA-DR and

Ki67 expression was infrequent in vRNA+ cells (2%–15%)

(Figures S3K and S3L). ICOS and PD-1 expression was more

heterogeneous, with frequencies reaching a much higher level

in some participants (2%–43%). Irrespective of their range, all

these activation markers except for Ki67, appeared significantly

enriched in active vRNA+ reservoir cells compared with the

global CD4+ T cells (Figure 4I).

We next tested whether the magnitude of the inducible reser-

voir correlated with specific spontaneous vRNA+ reservoir clus-

ters (Figure 4J). Several correlations were observed at varying

degrees. The connections appeared particularly strong and sig-

nificant with C3, C6, and C7, which corresponded to the en-

riched CCR6+/CCR4+ vRNA+ active reservoirs. Because induc-

ible reservoirs could not be reliably phenotyped, we could not

relate active reservoirs to inducible reservoir subsets.

These multivariate and univariate analyses provide comple-

mentary portraits of peripheral blood active vRNA+ cell pheno-

types. These cells tend to be memory CD4+ T cells, particularly

TCM. Compared with other memory CD4+ T cells, they are polar-

ized, with a consistent enrichment for CCR6, a marker associ-

ated with Th17 and Th22 differentiation, and are more frequently

activated than the global CD4+ T cell population.

Spontaneously active reservoirs are associated with
HIV-specific CD4+ and CD8+ T cell responses
We next tested whether infected cells spontaneously expressing

vRNA+ could fuel adaptive cellular immunity against HIV during

ART. We used a T cell receptor (TCR)-dependent activation-

induced marker (AIM) assay that broadly identifies antigen-spe-

cific T cells29,50,51 (Table S3). We complemented these data with

functional profiling by intracellular cytokine staining (ICS) (flow

(F) Donut charts presenting the median proportions of each memory vRNA+ subpopulation for spontaneous or PMA/ionomycin-induced reservoirs.

(G–I) Enrichment scores for univariate analysis of (H) memory, (I) polarization, and (J) activation subsets. The enrichment scores were calculated as in (E).

(J) Correlations between PMA/ionomycin- or Panobinostat + ingenol-inducible reservoirs and each active vRNA+ cluster. Values and the shade of color indicate r

values. p values are shown underneath: *p < 0.05, **p < 0.01, ***p < 0.001.

In (D), (E), and (G)–(I), the histograms indicate the median, and the error bars illustrate the interquartile range and bold values indicate statistical significance.
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cytometry panels: Table S4). The AIM assay was previous shown

to allow a broader capture of antigenic responses than standard

ICS, even in the context of CD4+ T cell dysfunction.29,50

The AIM assay involved a 15-h incubation of autologous

PBMCs with an overlapping peptide pool spanning the coding

sequences of either Gag, Pol, Env, or Nef. In CD4+ T cells, spec-

ificity for these peptides was inferred by the upregulation of

CD69, CD40L, 4-1BB, and OX-40 upon stimulation, compared

with unstimulated controls, whereas CD69 and 4-1BB co-

expression was used for CD8+ T cells. We used an AND/OR

Boolean combination gating to assess the total frequencies of

antigen-specific CD4+ and CD8+ T cells50–52 (Figure S4A). Cells

co-expressing at least one pair of AIM were deemed HIV-spe-

cific. The significant increases compared with unstimulated con-

ditions confirmed the assay’s specificity (Figure S4B).

Effector CD4+ and CD8+ T cell functions were measured by a

6-h ICS using the same stimulation conditions as for the AIM as-

says. We focused on interferon-gamma (IFN-g), interleukin-2 (IL-

2), and tumor necrosis factor (TNF) expression. We also defined

total cytokine+CD4+, and cytokine+CD8+ T cell responses by an

OR Boolean gating strategy (Figure S4C). Most participants

showed cytokine+CD4+and cytokine+CD8+ T cell responses,

although cytokine+ CD8+ T responses were smaller and more

frequently undetectable (Figure S4D).

Gag, Pol, Env, and Nef responses were all readily detectable

(Figure 5A). We used the sum of the net responses to each pep-

tide pool to quantify ‘‘total’’ HIV responses. We next correlated

total HIV, Gag, Pol, Env, and Nef responses to cells harboring in-

tegrated HIV DNA, PMA/ionomycin-inducible, and spontane-

ously active reservoirs (Figure 5B). There was no significant cor-

relation between AIM+ CD4+ and CD8+ T cell responses and

integrated DNA (Figures 5B and 5C). In contrast, inducible reser-

voirs were strongly associated with total HIV-specific CD4+ T cell

responses defined by AIM (Figures 5B and 5D). Similar associa-

tion existed when considering Gag, Pol, Env, and Nef-specific

CD4+ T cells. A strong correlation was also found between the

magnitude of the spontaneous reservoir and total HIV-specific

CD4+ T cell responses (Figures 5B and 5E). The correlation

with Nef was particularly strong (r = 0.591), whereas the correla-

tion with Gag (r = 0.375) was the weakest. The association be-

tween active reservoir cells and total HIV-specific CD8+ T cell re-

sponses was weaker than with CD4, yet there was a trend.

Individual peptide analyses revealed a significant correlation of

the active reservoir cells with Env-specific CD8+ T cell responses

(Figures 5B and 5F, r = 0.522). Correlations with Gag, Pol, or Nef-

specific CD8+ T cell responses were weaker and did not reach

significance.

Cytokine+ Gag-specific responses were also slightly higher for

CD4+ and CD8+ T cell responses (Figure 5G). The correlation be-

tween reservoir metrics and ICS was weaker than with AIM (Fig-

ure 5H), possibly due to the lower sensitivity of functional assays.

Total HIV-specific CD4+ T cells correlated with inducible reser-

voirs, and a strong trend was observed with active reservoirs.

For both inducible and active reservoirs, strong correlations

were observed with Env-specific cytokine+ CD4+ T cells (Fig-

ure 5H). The other correlations were weaker and only Gag-spe-

cific cytokine+ CD4+ T cells, for inducible reservoirs, reached sig-

nificance. No correlation was observed with CD8+ T cell effector

functions (Figure 5H). These data suggest that active reservoirs

and HIV-specific immune responses, particularly Thelper re-

sponses, are connected.

A subset of active reservoirs displays stronger links to
HIV-specific CD4+ and CD8+ T cell responses
Next, we performed an unsupervised analysis to characterize

HIV-specific CD4+ T cells. To account for the inherent pheno-

typic diversity of circulating CD4+ T cells and avoid a-priori-

defined marker combinations, we performed an unsupervised

analysis of the high-dimensional flow cytometric phenotyping

data including total (Gag + Pol + Env + Nef) HIV-specific CD4+

T cells. We used chemokine receptors, activation markers and

a key immune checkpoint (CXCR5, CXCR3, CCR6, CD38 and

HLA-DR, and PD-1). The various clusters were represented us-

ing UMAP, and clusters were identified by PhenoGraph. 15 clus-

ters were identified (Figure 6A) based on distinct profiles of rela-

tive marker expression (Figures S5A and S5B). Each of these

clusters represented 3%–12% of total responses, with the

largest C2 and C4 clusters representing no more than 13% of

the total population examined (Figure 6B). To simplify the anal-

ysis, we grouped these clusters into 6 ‘‘superclusters’’ defined

by the expression of chemokine receptors (Figures 6A, 6B, and

S5B). The superclusters, ranked by decreasing frequencies,

were characterized by the expression of (1) CCR6, (2) none of

the tested chemokine receptor, (3) CXCR3, (4) CXCR3 and

CCR6, (5) CXCR5, and (6) CXCR5 and CXCR3. Based on previ-

ous studies,53,54 these superclusters would correspond respec-

tively to (1) TH17, (2) unpolarized cells, (3) TH1, (4) non-conven-

tional TH1 (TH1*), (5) cTfh, and (6) a TH1-like subset of cTfh. The

frequencies of HIV-specific superclusters in total CD4+ T cells

showed great variability among participants (Figure S5C), indi-

cating that HIV-specific CD4+ T cell responses can adopt very

different profiles during ART.

As our results showed relationships between active reservoirs

and immune responses, we next examined how associations

Figure 5. Associations between spontaneously active reservoirs and HIV-specific CD4+ and CD8+ T cell responses

(A) Net magnitude of HIV-specific CD4+ and CD8+ T cells by AIM assay.

(B) Heatmap reporting the associations between AIM+ CD4+ and CD8+ T responses and integrated DNA, inducible and spontaneously active reservoirs.

(C–E) Correlations between net AIM+ CD4+ responses and (C) integrated DNA, (D) inducible reservoirs, and (E) spontaneous reservoirs.

(F) Correlation between net AIM+ CD8+ T cell responses and spontaneous reservoirs.

(G) Net magnitude of HIV-specific CD4+ and CD8+ T cells defined by the ICS.

(H) Heatmap reporting the associations between cytokine+ CD4+ and cytokine+ CD8+ T responses and integrated DNA, inducible and spontaneously active

reservoirs.

In (A), (B), (G), and (H), peptide pools used to stimulate PBMCs are indicated. ‘‘HIV’’ responses were inferred by the sum of Gag, Pol, Env, and Nef net responses.

In (A) and (G), net magnitudes after background subtraction are shown. The bars indicate the median, and the error bars illustrate the interquartile range. The

results from a Friedman test are shown above. In (B) and (H), r and p (Spearman) values are shown. p < 0.05, **p < 0.01, ***p < 0.001. n = 16 (1 participant had <5

vRNA+ cells, therefore could not be phenotyped).
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Figure 6. A subset of active reservoirs display strong links to HIV-specific CD4+ and CD8+ T cell responses
(A) Global uniformmanifold approximation and projection (UMAP) for dimension reduction map of HIV-specific AIM+ CD4+ T cells. 15 clusters were identified and

regrouped in 6 superclusters.

(B) Median proportions of each cluster, regrouped by superclusters.

(C and D) Heatmap showing correlations between (C) vRNA+ cluster frequencies and net magnitudes of AIM+ CD4+, regrouped by superclusters, or (D) vRNA+

cluster frequencies and net magnitudes of AIM+ CD8+ T cells. p values from Spearman test are shown, with significance underneath. *p < 0.05,

**p < 0.01, ***p < 0.001.

(E and F) Correlations between the inducible or spontaneous vRNA+ reservoir and the magnitude of cells in (E) AIM+ HIV-specific CCR6+ CD4+ T cell supercluster

and (F) AIM+ HIV-specific CXCR3+ CD4+ T cell supercluster.

(G and H) Correlations between the inducible or spontaneous p24+ reservoir and themagnitude of cells in (G) total AIM+ HIV-specific CD4+ and (H) total AIM+ HIV-

specific CD8+ T cells. Spearman tests were performed. r and p values are shown.

(I and J) Histogram comparing median HIV-specific AIM+ (I) CD4+ and (J) CD8+ T cell responses in people where p24+ cells were detectable in peripheral blood

(n = 5) or were not (n = 11). Mann-Whitney tests are shown above. Error bars indicate the interquartile range. n = 16 (1 participant had <5 vRNA+ cells, therefore

could not be phenotyped).
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varied between types of viral reservoirs and subpopulations of

HIV-specific AIM+ CD4+ and CD8+ T cells. Our first layer of anal-

ysis focused on total HIV-specific CD4+ T cell superclusters (Fig-

ure 6C). We found a strong correlation between themagnitude of

both inducible or spontaneous vRNA+ cells and total AIM+ CD4+

T cell responses (Figure 6C). For the spontaneous reservoirs,

correlations with CCR6+ AIM+ CD4+ T cell responses was partic-

ularly strong (Figures 6C and 6E), and showed a trend with

CXCR3+ AIM+ CD4+ T cell responses (Figures 6C and 6F). Induc-

ible vRNA+ cells showed significant correlations with total and

PD1+ AIM+ CD8+ T cell responses (Figure 6D). The correlations

between spontaneous vRNA+ cells and total and PD1+ AIM+

CD8+ T cell responses showed trends. Associations with HLA-

DR+ and CD38+ responses were weaker.

We observed a significant correlation between active p24+

reservoirs and total AIM+ specific CD4+ T cells (Figures 6C and

6G). The r value (r = 0.720) was particularly strong for the

CXCR3+ supercluster (Figure 6C). We also noted strong correla-

tions of total and activated AIM+ specific CD8 T cells with active

p24+ reservoirs (Figures 6D and 6H). Correlations were lost with

PMA/ionomycin-induced p24+ reservoirs, indicating that, criti-

cally, only spontaneously p24-expressing cells can shape HIV-

specific CD4+ and CD8+ T cell responses. We divided our cohort

based on whether p24+ could or could not be detected among

vRNA+ cells (Figure 2F). HIV-specific CD4+ and CD8+ T cell re-

sponses were significantly higher in the p24+ group (Figures 6I

and 6J). There were marked differences between the two groups

for CXCR3+ and CXCR3+ CXCR5+ superclusters, suggesting

that protein expression is a prerequisite for their maintenance.

Together, these results demonstrate important relationships

between spontaneous vRNA+ and—especially—p24-express-

ing viral reservoirs and magnitude and function of HIV-specific

CD4+ and CD8+ T cell responses.

DISCUSSION

In this study, we characterized HIV reservoirs spontaneously ex-

pressing viral transcripts, as detected at the single-cell level by

RNAflow-FISH. We identified these active reservoir cells in

most PWH investigated, at a frequency only 3-fold lower than

the PMA/ionomycin-inducible reservoirs. We phenotyped these

active reservoirs without the confounding impact of LRAs. Inte-

grated analyses demonstrated the heterogeneous nature of

active vRNA+ reservoirs. Certain features were enriched, such

as high expression of CCR6, a marker of Th17 and Th22 cells.

We found associations between active viral reservoirs and HIV-

specific CD4+ and CD8+ T cell responses during suppressive

ART. CCR6+ HIV-specific CD4+ T cells seemed particularly con-

nected to various active reservoirs. HIV-specific CD4+ and CD8+

T cell responses were higher in the few participants in which

active p24+ reservoir cells could be detected, suggesting that

maintaining those immune responses requires spontaneous viral

translation.

We and others previously showed how the RNAflow-FISH

assay could identify reactivated viral reservoirs at the single-

cell level.8,9,55 By adapting a multigene HIV-specific probe set

design, we detected viral reservoirs with great sensitivity and

resolution without ex vivo latency reversal. Spontaneous and

inducible vRNA+ reservoirs correlated. One possible explanation

for this relationship is that they represent two facets of the same

cell: latency reversal could exacerbate pre-existing, very low-

yield transcriptional activity possibly missed by our experimental

technique. These cells may be poised for higher transcriptional

activity upon induction, as suggested by the higher median fluo-

rescence intensity (MFI) for the vRNA signal in induced vs spon-

taneously active cells. The low transcriptional activity may be

due to (1) suboptimal Tat-mediated transactivation during la-

tency,56 (2) the shortness of the abortive transcripts, consistent

with data previously obtained by digital-droplet PCR,10,41 that

may make them less sensitive to detection by a branched DNA

amplification technique, and (3) the requirement for staining

with two HIV RNA probe sets can reduce sensitivity of detection.

Alternatively, a portion of the PMA/ionomycin-inducible reser-

voirs may have been in a deeper state of latency and fully silent

prior to stimulation,57–59 therefore only revealed after pharmaco-

logical reactivation. Spontaneous viral gene expression was also

characterized by a shorter transcription and rare translation of

Gag. These observations are consistent with previous reports

and suggest transcriptional10 and post-transcription blocks60

to viral gene expression.

Another notable finding of our study is that active reservoirs

are not confined to any specific CD4+ T subset. This finding is

consistent with recent reports correlating viral transcriptomic

and genomic properties.60,61 All CD4+ clusters we analyzed

were populated to some degree with vRNA+ reservoirs. Yet,

compared with total peripheral CD4+ T cells, active reservoir

cells profiles were (1) rarely naive and mostly TCM, (2) enriched

in CCR6, suggesting a preferential Th17 and Th22 polarization,

(3) enriched in activation and exhaustion markers such as HLA-

DR, ICOS, and PD-1, and (4) enriched with cell proliferation

marker Ki67. Althoughmodest, enrichment in activation/exhaus-

tion and proliferation markers is consistent with homeo-

static62–64 and antigen-driven proliferation reported during

ART.34,65 Although we observed some enrichment of activation

markers in active reservoirs, the vast majority of spontaneous

reservoir cells were still found in cells that did not express activa-

tion markers, indicating that T cell activation is not a prerequisite

for spontaneous viral gene expression. The enrichment of HIV-

infected cells we have observed in TCM, CCR6, and to a lesser

extent, CXCR5 and CXCR3 are consistent with previous reports

using univariate analyses.62,66–71 These enrichments may reflect

preferential replication of HIV-1 in specific anatomic compart-

ments before ART initiation, such as the intestinal mucosa

(hence the enrichment in the gut homing and Th17 marker

CCR6)8,72,73 and germinal centers of lymph nodes (hence the

enrichment in the Tfh marker CXCR5).8,72,73 Some tissues and

microenvironments (e.g., gastrointestinal tract) may also be

more permissive to viral transcription,74,75 and this would be

mirrored in the circulation when these cells egress from tissues

into the blood. We cannot exclude that residual replication oc-

curs in tissues where penetration of antivirals may be subopti-

mal. However, to date, no direct evidence has shown that

ongoing viral replication contributes to viral reservoir persistence

in PWH receiving suppressive ART.33,35,36

An association was previously reported between cytotoxic

Nef-specific CD8+ T cell responses andHIV DNA andRNA.76 Us-

ing single-cell approaches, we now find multiple strong positive

correlations between active reservoirs and the magnitude of Pol,
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Env, Nef, and to a lesser extent, Gag-specific CD4+ and CD8+

T cell responses, indicating a broader relationship than initially

anticipated. The correlations were always stronger with HIV

RNA than with HIV DNA, suggesting that some gene expression

is necessary to reveal these relationships. Detailed analyses

showed that the strength of these correlations varied among

the pairs of viral and immune clusters assessed, suggesting

that viral reservoirs do not all influence anti-HIV immune re-

sponses equally. HIV-specific CCR6+ CD4+ clusters were partic-

ularly well correlated with active reservoir cells. While this

correlation suggests tissue-specific interface between active

reservoirs and HIV-specific T cells, putatively the gut, further in-

vestigations will be necessary to deeply decipher connections

between reservoirs and HIV-specific immune responses.

The positivity of the relationship suggests that spontaneous

reservoirs are sustaining HIV-specific CD4+ and CD8+ T cells

rather than HIV-specific cells controlling the reservoirs. In this

later case, a negative association would have been expected.

However, spontaneously active reservoirs that still persist after

>3 post-ART initiation and reservoir selection by the immune sys-

tem are likely inherently more resistant to cell death. Consistent

with this, recent studies showed that persistent reservoirs adopt

a pro-survival gene expression profile.60,77,78 Howviral transcrip-

tion may drive immune responses remains a key question. The

magnitude of HIV-specific CD4+ and CD8+ T cell responses

were lower in participants with no spontaneous p24-expressing

active reservoir. In contrast, these responses were robust in par-

ticipants in which p24-expressing vRNA+ reservoir cells could be

detected. These findings suggest that viral protein expression,

although rare, is the driving force keeping HIV reservoirs and

HIV-specific immune responses closely related. It will be impor-

tant to determine whether spontaneous expression of Gag and

other HIV proteins is more frequent in specific tissues, possibly

the gut due to proinflammatory microenvironment more favor-

able for provirus activation or in anatomic compartments

harboring a weaker immune surveillance.79 Alternatively, spo-

radic Gag expression in peripheral blood, perhaps during tran-

sient challenges such as acute illnesses could possibly

contribute to the antigen-stimulatedmaintenance of HIV-specific

immunity. If this is the case, active vRNA+ reservoir cells in the cir-

culation may mirror tissue reservoir cells that are prone to pro-

duce proteins and subsequently cognate peptides presented

by major histocompatibility complex (MHC) molecules to T cells.

Inducible proviruses can bear not only minor,9,17 but extensive

defects predicted to prevent viral replication. We showed here

that spontaneously active reservoirs are mostly defective as

well. Yet, reservoirs expressing transcripts from these defective

proviruses may still allow some translation,37,38,80 depending on

where the defect is located. Our work supports that such defec-

tive proviruses can also maintain HIV-specific CD4+ and CD8+ T

cell responses in a chronic state of expansion, activation, and

exhaustion during ART.

Our study has some limitations. Only Caucasian males were

included mostly due to the epidemiology of the PWH population

in Montreal and, to some extent, themore frequent difficulties for

peripheral vein access to perform leukaphereses in females. It

will be important to conduct such studies in women and in other

ethnicities, as immune responses may vary with sex and genetic

background. ART was initiated in most participant’s years after

HIV acquisition; investigations of PWH who initiated therapy

early would provide valuable complementary information. While

the assay used allows high-parameter profiling of active reser-

voir cells, our conservative detection limit (about 5 vRNA

copies/cell)8,43 missed the lowest levels of gene transcription.

Other approaches indeed indicated even higher magnitudes of

spontaneous reservoirs.81 Studies of gut and other lymphoid tis-

sues will be important to gain a deeper understanding of the im-

munovirological dynamics involved. The relatively small size of

the cohort studied did not allow us to reliably rank the strength

of the associations between active reservoir clusters and HIV-

specific T cell superclusters.

Finally, our study may have notable implications for HIV cure

strategies. Approaches considered include Env-specific broadly

neutralizing antibodies. The fraction of active reservoirs that are

competent for Env expression will impact the potential effective-

ness of such therapies to eliminate these cells. While the replica-

tion-competent HIV reservoir is the primary target of HIV cure,

our data highlight the pathophysiologic relevance of other frac-

tions of the HIV reservoirs, likely contributing to the deleterious

effect of immune activation. Research efforts should also

consider the putatively negative impact of spontaneously active

reservoirs in the design of interventions aiming at clinical benefit

for PWH on suppressive ART.
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McCaffrey, E., Greenwald, N.F., Liu, C., Barlow, G.L., et al. (2022).

Combined protein and nucleic acid imaging reveals virus-dependent B

cell and macrophage immunosuppression of tissue microenvironments.

Immunity 55, 1118–1134.e8. https://doi.org/10.1016/j.immuni.2022.

03.020.

80. Imamichi, H., Dewar, R.L., Adelsberger, J.W., Rehm, C.A., O’Doherty, U.,

Paxinos, E.E., Fauci, A.S., and Lane, H.C. (2016). Defective HIV-1 provi-

ruses produce novel protein-coding RNA species in HIV-infected patients

on combination antiretroviral therapy. Proc. Natl. Acad. Sci. USA 113,

8783–8788. https://doi.org/10.1073/pnas.1609057113.

81. Einkauf, K.B., Osborn, M.R., Gao, C., Sun, W., Sun, X., Lian, X., Parsons,

E.M., Gladkov, G.T., Seiger, K.W., Blackmer, J.E., et al. (2022). Parallel

analysis of transcription, integration, and sequence of single HIV-1 provi-

ruses. Cell 185, 266–282.e15. https://doi.org/10.1016/j.cell.2021.12.011.

82. Vandergeeten, C., Fromentin, R., Merlini, E., Lawani, M.B., DaFonseca, S.,

Bakeman, W., McNulty, A., Ramgopal, M., Michael, N., Kim, J.H., et al.

(2014). Cross-clade ultrasensitive PCR-based assays to measure HIV

persistence in large-cohort studies. J. Virol. 88, 12385–12396. https://

doi.org/10.1128/JVI.00609-14.

83. Baxter, A.E., Niessl, J., Morou, A., and Kaufmann, D.E. (2017). RNA flow

cytometric FISH for investigations into HIV immunology, vaccination and

cure strategies. AIDS Res. Ther. 14, 40. https://doi.org/10.1186/s12981-

017-0171-x.
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UCHT1 (BUV395) [Human anti-CD3] BD Biosciences Cat#563546; Lot:9058566; RRID:AB_2744387
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B27 (PECy7) [Human anti-IFN-g] BD Biosciences Cat#557643; Lot:8256597; RRID:AB_396760
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LIVE/DEAD Fixable dead cell Thermo Fisher Scientific L34960

Biological samples

SARS-CoV-2 naı̈ve donor blood samples N/A N/A

SARS-CoV-2 prior infection donor blood samples N/A N/A

Chemicals, peptides, and recombinant proteins

PepMix� SARS-CoV-2 (Spike Glycoprotein) JPT Cat#PM-WCPV-S-1

Staphylococcal Enterotoxin B (SEB) Toxin technology Cat#BT202

Software and algorithms

Flow Jo v10.8.0 Flow Jo https://www.flowjo.com

GraphPad Prism v8.4.1 GraphPad https://www.graphpad.com

R studio v4.1.0 R studio https://rstudio.com

R codes scripted Github https://github.com/otastet/Nayrac_et_al

Deposited data

Sequence number GenBank accession number

PWH9_L3p1_A2_C0_434 GenBank : OR105517
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Lead contact
Further information and requests for resources and reagents should be directed to and fulfilled by the lead contact, Daniel E. Kauf-

mann (daniel.kaufmann@chuv.ch).

Materials availability
All unique reagents generated during this study are available from the lead contact upon a material transfer agreement (MTA).

Data and code availability
d The published article includes all datasets generated and analyzed for this study.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
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PWH5_L2p2_F6_C0_290 GenBank : OR105519

PWH5_L2p2_E10_C0_386 GenBank : OR105520

PWH5_L2p2_E9_PCR2_E9_C0_454 GenBank : OR105521

PWH5_L2p2_E3_C0_463 GenBank : OR105522

PWH5_L2p2_D10_C0_432 GenBank : OR105523

PWH5_L2p1_C12_PCR2_C12_C0_440 GenBank : OR105524

PWH5_L2p1_C10_C0_473 GenBank : OR105525

PWH5_L2p1_C6_PCR2_C6_C0_474 GenBank : OR105526

PWH5_L2p1_B7_C0_325 GenBank : OR105527

PWH5_L2p1_B4_C0_391 GenBank : OR105528

PWH5_L2p1_A10_C0_341 GenBank : OR105529

PWH3_L1p3_B11_C0_402 GenBank : OR105530

PWH3_L1p3_A5_C0_417 GenBank : OR105531
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PWH3_L1p2_H12_C0_390 GenBank : OR105533

PWH3_L1p2_H4_C0_378 GenBank : OR105534
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d We developed R codes scripted to perform unsupervised analysis of B and T cells from SARS-CoV-2 naı̈ve and previously in-

fected individuals. All original codes have been deposited at Github and are publicly available as of publication. URL link is listed

in the key resources table.

d Gen Bank accession codes for single-cell HIV sequences are provided in Table S5.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact Author upon

request (daniel.kaufmann@chuv.ch).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethics Statement
All work was conducted following the Declaration of Helsinki regarding informed consent and approval by an appropriate institutional

board. Blood samples were obtained from donors who consented to participate in this research project at CHUM (CE13.019).

Participants and Samples
Leukaphereses were obtained from study participants at the McGill University Health Centre, Montreal, Quebec, Canada, and at

Centre Hospitalier de l’Université de Montréal (CHUM), Quebec, Canada. The study was approved by the respective IRBs, and writ-

ten informed consent was obtained from all participants before enrolment. Uninfected donors (UD) are free of HIV-1 infection. Treated

subjects (ART) were on antiretrovirals with controlled viremia (<40 vRNA copies/mL). Participants’ characteristics are summarized in

Table S1. PBMCs were isolated by the Ficoll density gradient method and stored in liquid nitrogen until use.

METHOD DETAILS

Total and integrated DNA measures
The quantifications of total and integrated HIV-1 DNA were determined as previously described.82

CD4+ T cell preparation for HIV reservoir profiling
Frozen PBMCs were thawed in cold heat-inactivated Fetal Calf Serum (FCS; Seradigm) before CD4+ T-cells isolation. CD4+ T-cells

were isolated by negative magnetic bead selection (StemCell). Purified CD4+ T cells were resuspended at 2x106/mL in RPMI (Gibco

by Life Technologies) supplemented with penicillin/streptomycin (Gibco by Life Technologies), 10% heat-inactivated FCS, and ARV

(Maraviroc [10mM] + Raltegravir [0.2mM] + Tenofovir [5mM]) + Emtricitabine [10mM] and seeded into 24-well plates (all obtained

through the NIH AIDS Reagent Program). After a rest of 2h at 37�C, 5% CO2, the cells were either left unstimulated or stimulated

with PMA/ionomycin (162 nMPMA, 705 nM Ionomycin, Sigma) for 15-h. Alternatively, cells were either left unstimulated or stimulated

with 30nMpanobinostat (Selleck Chem) complementedwith 25nM ingenol-3-angelate (Sigma). 10-15x106 purifiedCD4+ T-cells were

used per condition.

HIV-1 RNAflow-FISH assay
The HIV-1 RNAflow-FISH assay was performed as previously described and per the manufacturer’s instructions.8,9,83,84 All buffers

and fixation reagents were provided with the kit, except flow cytometry staining (1% FCS/PBS). Briefly, negatively purified CD4+

T cells were harvested after stimulation and stained first with Fixable Viability Dye (20 min, 4�C, Fixable LiveDead, eBioscience),

FcR blocked, followed by a mix containing a brilliant stain buffer (BD Biosciences) and the surface markers for memory (CD45RA)

and gut homing (integrin b7, CD103) phenotype, activation markers (HLA-DR, ICOS) and inhibitory checkpoint (PD-1) as well as

for CD4+ T-cells detection (CD3 and CD4) and CD8/NK/B cells and macrophages exclusions (CD8, CD56, CD14, CD19, CD16)

(30min, 4�C). Anti-CXCR5, CCR6, CCR4, CXCR3, CCR7 and CD27were added at 37�C 15min before stimulation to stain chemokine

receptors. Samples were fixed, permeabilized, and labeled intracellularly for the activation marker Ki67 and the structural HIV-1 p24

protein with the anti-p24 clone KC57 antibody (30 min RT followed by 30 min 4�C, Beckman Coulter). HIV-1 RNA probing was per-

formed using the PrimeFlowRNAAssay (ThermoFisher). HIV-1 RNAwas labeled usingHIV-1 gagRNA (20 pairs of "ZZ" probes), HIV-1

exonRNA (21 pairs of "ZZ" probes), and HIV-1 polRNA (6 pairs of "ZZ" probes) probe sets, all designed based on a consensus B HIV

sequence. The probes were diluted 1:5 in diluent and hybridized to the target mRNAs for 2 hrs at 40�C. Samples were washed to

remove excess probes and stored overnight in the presence of RNAsin. Signal amplification was achieved by sequential 1.5 hr at

40�C incubations with the pre-amplification and amplification mix. Amplified mRNAs were labeled with fluorescently tagged probes

for 1h at 40�C. The complete list of antibodies used is presented in Table S2 for the panel. Samples were acquired on a

FACSymphony� (BD Biosciences) and analyzed using FlowJo (BD, V10.8.0). Unspecific binding of the fluorescent-labeled branched

probe in the multiplex kit can lead to a low level of false-positive background noise, which, if present, is detected across all the four

channels corresponding to the types of labeled probes (AF488, AF594, AF647, AF750). To decrease background noise, we thus left

the AF594 channel vacant and excluded false-positive events based on fluorescence in this channel before further gating. Gateswere

set on the HIV-uninfected donor control or unstimulated control where appropriate (See gating strategy, Figure S1). Because HIV
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infection can downregulate CD4, and because RNAflow-FISH was performed on negatively purified CD4+ T cells, no CD4 gating was

applied during the analysis. To calculate the frequency of vRNA+ cells per 106, we directly used as the denominator the counts of cells

after the dump exclusion gating.

Limiting Dilution Assay
CD4+ T cells were isolated from PBMC by negative selection using magnetic beads (StemCell). After 18h hours of resting, the cells

were distributed in limiting dilutions in a 96-well plate, with 11 replicates for each of the following dilutions: 100000, 50000, 16667,

5556 cells per well. The plate was spun at 300xg for 5 min, and the cell pellets were resuspended in Lysis/Binding solution (Magmax

96 Total RNA Isolation Kit, Life Technologies). Ca-RNA was extracted in plate using Magmax 96 Total RNA Isolation Kit (Life Tech-

nologies) following manufacturer’s instructions. A nested RT-qPCR was performed to amplify LTRgag caRNA for all the replicates of

each dilution. A 1-step RT and pre-amplification stepwas carried out by adding 9uL of extracted RNA (corresponding to 18000, 9000,

3000 and 1000 cell-equivalent depending on the dilution) to a mix of 6.25uL of Taq-1-Path master mix (Applied Biosystems) and

800 nM of LTRgag specific primers.82 The PCR cycles were as follow: 15 min at 53�C, 2 min at 95�C, and 18 cycles of 15 s at

95�C and 2 min at 60�C. The pre-amplified product was used to perform a real-time PCR as previously described.82 Positive wells

at each dilution were counted and the maximum likelihood method was used to calculate the frequency of cells with LTRgag RNA

(http://bioinf.wehi.edu.au/software/elda).

Microscopy
CD4+ T cells from one uninfected and one ART-treated PWH were isolated, rested 2h and reactivated with LRA (30nM panobinostat

(Selleck Chem) and 25nM ingenol-3-angelate (Sigma) for 15h. Cells were collected and stained with a viability dye (Fixable Live/Dead

(eF780, eBioscience) and with antibodies against surface CD8, CD14 and CD19 (BV510). mRNA Flow FISH was performed as

described above and sorted with a BD FACS Aria. Single, CD8/14/19- T cells were sorted into two populations based on exonRNA

AF647 and gagRNA AF488 staining (Figure S2H). Prior to microscopy analysis, nuclei were stained (DAPI, 1ng/ml, 2 min RT), directly

loaded in ibidi m-Slide VI 0.4 microscopy chambers and imaged using a Zeiss Axio Observer.Z1 inverted spinning disk confocal mi-

croscope coupled to an Evolve camera (EMCCD, 512x512, 16bit, 1.2x adapter) and ZEN blue software (version 2012). Images were

acquired with an alpha Plan-Apochromat 100x/1.46 Oil DIC (UV) M27 objective. Excitation was performed with a 639nm, a 488nm

and a 405nm solid state lasers for AF647, AF488 and DAPI respectively. Emission was collected through Chroma filters: DBP 527/

54 + 645/60 for AF488 andAF647 and aDBP 460/30 + 590/30 for DAPI. Z-stackswere performed to imagewhole cells with a step size

of 0.220mm. Final resolution is 0.133mm x 0.133mm x 0.220mm in xyz. Brightfield images were acquired with the same modalities but

with a LED white light illumination, no filter and without Zstack. Fiji was used for all image analysis and facilitate counting. DAPI stain-

ing was used to define the nuclear compartment and the ‘‘Find Maxima’’ command was used to identify and count HIV RNA foci.

Single-cell near full-length PCR
Unstimulated CD4+ T-cells from 3 ART-treated donors were stained in HIV-1 RNAflow-FISH assays using HIV-1 gagRNA, exonRNA,

and polRNA probes. Single vRNA+ cells were sorted in 12-wells PCR strips containing 8mL of DirectPCR Lysis Reagent (Viagen

Biotech) with 0.4mg/mL proteinase K. The PCR strips were subsequently incubated at 55�C for 1h for cell lysis followed by

15 min at 85�C to inactivate proteinase K. Single sorted cells were subjected to near full-length amplification using a modified

FLIPS assay.9,44 HIV-1 genomes were pre-amplified using Invitrogen Platinum SuperFi II MasterMix with 0.2mM of each primer.44

30ml of PCR mix was added directly to the lysed cells for a 25 cycles 3-steps PCR protocol as recommended by the manufacturer.

The pre-amplified products were diluted 1:3 with Tris-HCl 0.5mM pH 8.0 and subjected to a nested PCR with 5mL of pre-amplified

product, 2X of Platinum SuperFi II PCR Mix and 0.2mM of each primer in a 30mL final volume.44 This second amplification consists

in 30 cycles and follows the manufacturer’s instructions. The length of the sequences obtained were verified on a 0.8% agarose gel

and the amplicons were individually barcoded for PacBio Sequel II sequencing (DNA Link, South Korea), The demultiplex barcodes

analysis was powered by the Lima PacBio software v2.0.0. High-quality phased consensus sequences representing near full HIV-1

genome sequenceswith high fidelity andwithout reconstruction have been generatedwith the LAAPacBio algorithm v2.4.2. For each

individual, sequences obtained were aligned using Multiple Alignment using Fast Fourier Transform (MAFFT) with strategy E-INS-i

and Scoring matrix for nucleotide sequences of 1PAM/ k=2 (online https://mafft.cbrc.jp/alignment/server/ or with Geneious Prime

(v2021.1.1) plugging). Trees were built with iqtree2 using Maximum-Likelihood tree GTR+I+G model, with 1000 bootstraps, and

then visualized with Figtree (v1.4.4). Clonality was evaluated with diversity of sequences in Geneious Prime, and sequences with

0 nucleotide difference were considered clonal. Integrity was assessed using both HIVDatabase QCtool (https://www.hiv.lanl.gov/

content/sequence/QC/index.html) and ProseqIT (https://psd.cancer.gov/tools/pvs_annot.php). Finally, Psi defects were confirmed

manually by visualization in Geneious Prime of this portion of the sequence. Genebank accession numbers for single-cell sequences

are provided in Table S5.

Activation-induced marker (AIM) assay
The AIM assay was reported before.29,30,50,51 PBMCs were thawed and rested for 3h in 96-well flat-bottom plates in RPMI 1640

supplemented with HEPES, penicillin and streptomycin and 10% FBS. 23106 PBMCs and stimulated with Gag or Pol or Env or

Nef peptide 15-mers pools (0.5 mg/ml per peptide) spanning the complete amino acid sequence of each HIV protein (JPT) for 15h

at 37 �C and 5% CO2. CD40-blocking antibody was added to prevent CD40L downregulation following activation. In addition,
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CXCR3, CCR6, and CXCR5 antibodies were added to the culture 15 min before stimulation. A DMSO-treated condition served as a

negative control and Staphylococcus enterotoxin B SEB-treated condition (0.5 mg/ml) as a positive control. Cells were stained for

viability dye for 20 min at 4 �C, FcR receptors were blocked using an FcR block antibody, and then surface markers (CD3, CD4,

CD8, CD45RA, CD69, OX40, 41BB, CD40L, PD1, HLA-DR) (30 min, 4 �C). Abs used are listed in the Table S3. Cells were fixed using

2% paraformaldehyde for 15min at 4 �C before acquisition on Symphony cytometer (BD Biosciences). Analyses were performed us-

ing FlowJo v10.8.0 software.

Intracellular Cytokine Staining (ICS)
The previously described ICS assay was adapted to study HIV-specific T cells.29,51,85 PBMCs were thawed and rested for 2-h in

RPMI 1640 medium supplemented with 10% FBS, Penicillin-Streptomycin (Thermo Fisher Scientific, Waltham, MA), and HEPES

(Thermo Fisher Scientific, Waltham, MA). 1.73106 PBMCs were stimulated with Gag or Pol or Env or Nef peptide pools (0.5 mg/ml

per peptide; JPT) for 15h at 37 �C and 5%CO2. Cell stimulation was carried out for 6h at 5%CO2 at 37
�C. Brefeldin A and monensin

(BD Biosciences, San Jose, CA) was added 1h after stimulation. DMSO-treated cells served as a negative control and SEB as a pos-

itive control. Cells were stained for Aquavivid viability marker (Thermo Fisher Scientific, Waltham,MA) for 20 min at 4 �C, then surface
markers (CD4, CD3, CD8, CD14, CD19; 30 min, 4 �C), followed by intracellular Detection of cytokines (IFNg, Il-2, and TNF-a) using the

IC Fixation/Permeabilization kit (Thermo Fisher Scientific, Waltham, MA) according to the manufacturer’s protocol before acquisition

on a LSRII flow cytometer (BD Biosciences). Analysis was performed using FlowJo v10.8.0 software. Abs used are listed in Table S4.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis
Symbols represent biologically independent samples from uninfected and HIV-infected under suppressive ART. Wilcoxon, Mann-

Whitney, and Friedman with Dunn’s post-test were generated using GraphPad Prism version 8.4.3 (GraphPad, San Diego, CA).

P values <0.05 were considered significant. P values are indicated for each comparison assessed. Fold differences were calculated

per participant, then median of these fold differences was calculated. Median values were used to generate donut charts. Each me-

dian value was normalized to obtain a total of 100%. For descriptive correlations, Spearman’s R correlation coefficient was applied.

For graphical representation on a log scale (but not for statistical tests), null values were arbitrarily set at the minimum values for

each assay.

Software scripts and visualization
Graphics and pie charts were generated using GraphPad PRISM version 8.4.1 and ggplot2 (v3.3.3) in R (v4.1.0). Heat maps were

generated in GraphPad PRISM version 8.4.1. Uniformmanifold approximation and projection (UMAP) was performed using package

M3C (v1.14.0) on gated FCS files loaded through the flowCore package (v2.4.0). For reservoir phenotyping, all vRNA+ events were

loaded along with 3000 downsampled autologous CD4+ T cells per participant, for a total of 1,418 vRNA+ cells + 51,000 autologous

CD4+ T cells. For the AIM analysis, samples were downsampled to a comparable 300 cells per peptide (Gag, Pol, Env and Pol) pool

tested, therefore 1200 peptide-specific cells per participant, and a grand total of 20,400 HIV-specific cells. This number was chosen

to avoid biases due to larger responses in certain participants. Scaling and logicle transformation of the flow cytometry data were

applied using the FlowSOM86 R package (v2.0.0). Clustering was achieved using Phenograph (v0.99.1) with the hyperparameter k

(number of nearest neighbors) set to 150). R code scripted for this paper was adapted from https://github.com/otastet/

Nayrac_et_al with the parameters described above. We obtained an initial 18 AIM+ clusters. After careful examination, we regrouped

these clusters into 6 larger superclusters based on similar chemokine receptor expression. For vRNA+ and CD4+ T cell phenotyping,

only participants with >5 events were analyzed.
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Figure S1: Detection of vRNA expression in purified CD4+ T cells from participants on ART. 

Related to Figure 1. (A) Gating strategy identifying vRNA+ cells. (B) Complete quantification of vRNA

+ cells from UD and ART participants, i) without stimulation or ii) stimulated with PMAionomycin or iii) 

a combination of Panobinostat and Ingenol. Two statistical tests are shown: Mann-Whitney to 

cohort comparisons and Wilcoxon to compare unstimulated vs. PMAionomycin induction. The bars 

indicate the median, and the error bars illustrate the interquartile range. (C-E) Correlations between 

(C) total DNA vs. PMAionomycin-induced, (D) integrated DNA vs. PMAionomycin-

induced, and (E) Panobinostat+Ingenol-induced vs. spontaneously active reservoir. R and p 

values from Spearman tests are indicated. N =18. (F) Compared quantifications of vRNA+ cells using 

a limiting dilution RT-qPCR assay and the HIV RNAflow-FISH assay in two PWH. (G) Quantification 

of the RT-qPCR with different threshold of detection. The dash bar correspond to paired HIV RNAflow-

FISH detection. The error bars represent standard deviation of 11 technical replicates. 
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Figure S2: Details of the viral gene expression in vRNA+ cells. Related to Figure 2. (A) A 

legend listing the different theoretical vRNA+ populations defined by exonRNA, gagRNA, and 

polRNA probesets is shown on the left. Donut charts presenting the median proportions of 

each vRNA+ subpopulation for the combinatory Panobinostat+Ingenol stimulation are shown on the 

right. (B) Legend listing the different theoretical vRNA+ populations using exonRNA, gagRNA, and 

nefRNA probesets. Donut charts presenting the median proportions of each vRNA+ subpopulation 

for the spontaneously active or PMAionomycin-induced reservoirs. In AB, the numbers in the donut 

hole represent the median vRNA+ cells per 106 CD4 T cells. (C) The histograms report the proportions of 

each vRNA+ subpopulation for spontaneously active, PMAionomycin, or Panobinostat+Ingenol-

induced reservoirs, supporting Figures 2D and S2A. The bars represent median values. All results 

from a Friedman test are shown underneath. (D) Correlations between spontaneously active p24+ 

and vRNA+ cells. R and p values are indicated. (E) Violin plots showing single-cell fluorescence 

intensities for all vRNA+ cells detected in 17 participants, including Panobinostat+Ingenol 

stimulation. (F) Single-cell fluorescence intensities of exonRNA, gagRNA and polRNA in 

translation-competent vRNA+p24+ cells upon induction by PMAionomycin. For the sake of 

comparison, the total vRNA+ population is also represented. N=17. (G) Violin plots showing single-

cell CD4 fluorescence intensities in vRNA+ versus vRNA- cells, without stimulation. FMO levels 

are also indicated. The results from Wilcoxon tests are shown above. N=17 (1 participant with no 

active vRNA was excluded to maintain a side-by-side comparison). (H) Gating strategy for 

vRNA- and vRNA+ cell sorting, prior to study by confocal fluorescence microscopy. (I) Correlation 

between the number of exonRNA+ and gagRNA+ spots per cell. 
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Supplemental Figure 3: Phenotyping of spontaneously active reservoirs. Related to Figure 3.



Figure S3: Phenotyping of spontaneously active reservoirs. Related to Figure 3. (A) Multiple 

iterations of the UMAP representation from Figure 3 where the expression level of each loaded 

parameter was individually layered. Warm colors indicate high expression, and cold colors are for 

lower expression. Each feature was subject to scaling to ease the comparison. (BC) Univariate CD4+ 

T memory analysis. (B) Representative gating strategy. (C) Relative enrichment of vRNA+ cells 

compared to the parental CD4 T cell population. The enrichment is shown for the indicated CD4 T 

memory subsets, including T naïve. Wilcoxon tests are shown above. (D) Correlation between total 

CD4+ TN and active vRNA+ cells. N=17. (EFG) Univariate analyses of vRNA+ cell polarization. (E) 

Representative gating strategy. (F)  Median frequencies of each single total HIV-specific CD45RA- 

CD4+ T cell polarization. The bars represent the median and the error bars, the interquartile range. (G) 

Relative enrichment of vRNA+ cells compared to the parental CD4+ T cell population for each tested 

polarization marker. Wilcoxon tests are shown above. (HIJ) Univariate analyses of β7 and CD103 

expression on vRNA+ cells. (H) Representative gating strategy. (I) Relative enrichment of vRNA+ cells 

compared to the parental CD4+ T cell population for each tested marker. Wilcoxon tests are shown 

above. (J) Enrichment score. (KL) Univariate analyses of activation markers on vRNA+ cells. (K) 

Representative gating strategy. (L) Relative enrichment of vRNA+ cells compared to the parental CD4+ 

T cell population for each tested activation marker. Wilcoxon tests are shown above. (A-C, E-L) N=16 

(2 participants had <5 vRNA+ cells, our threshold for phenotyping).  
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Supplemental Figure 4: AIM and ICS assays. Related to Figure 4. 
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Figure S4: AIM and ICS assays. Related to Figure 4. (A) Representative gating of each AIM pair 

was used for the ORgate analysis of Gag-specific CD4+ T cell responses. The same gating was 

applied for Pol, Env, and Nef-specific CD4+ T cells. (B) Raw CD4+ (top) and CD8+ (down) T cell 

responses, comparing the unstimulated vs. peptide-stimulated conditions. The bars indicate the 

median, and the error bars illustrate the interquartile range. The results from Wilcoxon tests are 

shown above the histograms. (C) Representative gating of each cytokine used for the ORgate 

analysis of Gag-specific effector CD4+ T cell responses. The same gating was applied for Pol, Env, 

and Nef-specific CD4+ T cells. (D) Raw CD4+ (top) and CD8+ (down) T cell responses compared the 

unstimulated vs. peptide-stimulated conditions. The bars indicate the median, and the error bars 

illustrate the interquartile range. The results from Wilcoxon tests are shown above the histograms. 

N=16 (1 participant had < 5 vRNA+ cells, therefore could not be phenotyped). 
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Supplemental Figure 5: Cell markers distribution in the AIM+ UMAP representation. Related to 
Figure 5.
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Figure S5: Cell markers distribution in the AIM+ UMAP representation. Related to Figure 5. (A) 

Multiple iterations of the same UMAP representation from Figure 6 where the expression level of 

each loaded parameter was individually layered. Warm colors indicate high expression, cold is for 

lower expression. Each feature was subject to scaling to ease comparison. (B) Heat map 

showing an unsupervised clustering of the 15 clusters defined by the MFI of each loaded 

parameter. N = 17. (C) Histogram showing the magnitudes of net HIV-specific AIM+ CD4+ T cell 

responses per superclusters. The bars indicate median values, and the error bars represent the 

interquartile range. Stats shown underneath are results for a Friedman test with multiple 

comparisons, with Dunn correction. N=17 (D) Representative examples of HLA-DR and PD1 AIM+ 

CD8+ T cell gatings. (E) Histogram showing the magnitudes of net HIV-specific AIM+ CD8+ T cell 

responses. The bars indicate median values, and the error bars represent the interquartile range. 

Stats shown underneath are results for a Friedman test with multiple comparisons, with Dunn 

correction. N=17  
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Table S1. Clinical characteristics of the study participants. Related to Figures 1 to 6. † 

PLWH on ART 
n = 18 

Uninfected controls 
n = 6 

Age (year old) 55 (51-58) 51 (42-56) 
Sex 100% male 50% male 

50% female 
Duration of infection (y) 19.6 (12.9-24.1) NA 

Time before ART (y) 3.9 (1.3-11.9) NA 
Time on ART (y) 10.8 (6.6-26.9) NA 

CD4 counts 619 (436-813) 582 (531-703) 
CD8 counts 1179 (565-1373) 298 (252-359) 

CD4/CD8 ratio 0.52 (0.34-1.15) 2.14 (1.99-2.28) 
Log Pre-ART VL 4.41 (4.21-4.94) - 

† Values displayed in bold are medians. Interquartile ranges are shown in parentheses for 

continuous variables. Percentages were used for categorical variables.  
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Table S2. Flow cytometry antibody staining panel for viral reservoir characterization. Related to the 
STAR Methods section. 

 

 

 

  

Marker-Fluorophore Clone Vendor Catalog # 
In culture 

CCR4 – BB700 1G1 BD Biosciences 566475 
CCR7 – APC R700 2-L1-A BD Biosciences 566767 
CXCR5 – BV750 RF8B2 BD Biosciences 747111 
CXCR3 – BV786 G025H7 BioLegend 353738 
CCR6 – BUV737 11A9 BD Biosciences 564377 

CD103 – BUV805 Ber-ACT8 BD Biosciences 748501 
Surface staining 

CD4 – BB630 SK3 BD Biosciences CUSTOM 
CD38 – BB790 HIT2 BD Biosciences CUSTOM 

β7-integrin – BV421 Fib504 BD Biosciences 564283 
CD8 – BV480 RPA-T8 BD Biosciences 566121 

CD14 – BV480 M5E2 BD Biosciences 746304 
CD16 – BV480 3G8 BD Biosciences 566108 
CD19 – BV480 HIB19 BD Biosciences 746457 
CD56 – BV480 NCAM16.2 BD Biosciences 566124 
PD1 – BV711 EH12.2H7 BioLegend 329928 

CD27 – BUV395 L128 BD Biosciences 563815 
CD3 – BUV496 UCHT1 BD Biosciences 612941 

CD45RA – BUV563 HI100 BD Biosciences 612926 
HLA-DR – BUV661 G46-6 BD Biosciences 612980 

ICOS – PE-Cy7 ISA-3 eBiosciences 25-9948-42 
Intracellular staining 

p24 – PE KC57 Beckman Coulter 6604667 
Ki67 – BB660 B56 BD Biosciences 624295 

RNAflow-FISH probeset 

exonRNA probe – AF647 NA Thermofisher VF1-6000978-
210 

gagRNA probe – AF488 NA Thermofisher VFKA3CY-210 
polRNA probe – AF750 NA Thermofisher VF6-18315 

Dye 
LIVE/DEAD Fixable dead cell 

eFluor506 NA Thermofisher 65-0866-14 
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Table S3. Flow cytometry antibody staining panel for activation-induced marker assay. Related to the 
STAR Methods section. 

Marker-Fluorophore Clone Vendor Catalog # 
In culture 

CD183 (CXCR3) – BV605 G025H7 Biolegend 353728 
CD185 (CXCR5) – BV421 J25D4 Biolegend 356920 
CD196 (CCR6) – BUV737 11A9 BD 564377 

Surface 
CD3 – BUV496 UCHT1 BD 612941 
CD4 – BB630 SK3 BD 624294 
CD8 – BV570 RPA-T8 Biolegend 301037 

CD14 – BV480 M5E2 BD 746304 
CD19 – BV480 HIB19 BD 746457 
CD38 – BB790 HIT2 BD CUSTOM 

CD45RA – PerCP Cy5.5 HI100 BD 563429 
CD69 – BV650 FN50 Biolegend 310934  

CD134 (OX40) - APC ACT35 BD 563473 
CD137 (4-1BB) – PE-Dazzle 594 4B4-1 Biolegend 309826 

CD154 (CD40L) - PE TRAP1 BD 555700 
CD279 (PD1) – BV711 EH122H Biolegend 329928 

HLA-DR - FITC LN3 Biolegend 327005 
Dye 

LIVE/DEAD Fixable dead cell N/A Thermo Fisher Scientific L34960 
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Table S4. Flow cytometry antibody staining panel for intracellular detection. Related to the STAR 
Methods section. 

 

 

  

Marker-Fluorophore Clone Vendor Catalog # 
Surface 

CD3 – BV650 UCHT1 BD Biosciences 563852 
CD4 – BV605 RPA-T4 BD Biosciences 562658 

CD8 – APCeFluor780 SK1 eBioscience 47-0087-42 
CD14 – V500 M5E2 BD Biosciences 561391 
CD19 – V500 H1B189 BD Biosciences 561121 

CD69 – PerCP-eFluor710 FN50 eBioscience 46-0699-42 
CD107A – BV785 H4A3 BD Biosciences 563869 

PD-1 – BV421 EH12.2H7 Biolegend 329920 
Intracellular 

IFN-γ – PE-Cy7 B27 BD Biosciences 557643 
CD154 (CD40L) – PE TRAP1 BD Biosciences 555700 

IL-2 – AF488 MQ1-17H12 Biolegend 500314 
TNF - APC Mab11 BD Biosciences 562084 

Dye 
Aquavivid NA Invitrogen L34966 



5 

Table S5: Single-cell vRNA+ sequences accession numbers. Related to Figure 3. 

Sequence number GenBank accession number 
PWH9_L3p1_A2_C0_434 OR105517 
PWH5_L2p3_A9_PCR2_G9_C0_455 OR105518 
PWH5_L2p2_F6_C0_290 OR105519 
PWH5_L2p2_E10_C0_386 OR105520 
PWH5_L2p2_E9_PCR2_E9_C0_454 OR105521 
PWH5_L2p2_E3_C0_463 OR105522 
PWH5_L2p2_D10_C0_432 OR105523 
PWH5_L2p1_C12_PCR2_C12_C0_440 OR105524 
PWH5_L2p1_C10_C0_473 OR105525 
PWH5_L2p1_C6_PCR2_C6_C0_474 OR105526 
PWH5_L2p1_B7_C0_325 OR105527 
PWH5_L2p1_B4_C0_391 OR105528 
PWH5_L2p1_A10_C0_341 OR105529 
PWH3_L1p3_B11_C0_402 OR105530 
PWH3_L1p3_A5_C0_417 OR105531 
PWH3_L1p3_A3_C0_418 OR105532 
PWH3_L1p2_H12_C0_390 OR105533 
PWH3_L1p2_H4_C0_378 OR105534 
PWH3_L1p2_G5_C0_392 OR105535 
PWH3_L1p2_F2_C0_412 OR105536 
PWH3_L1p2_D12_C0_394 OR105537 
PWH3_L1p2_D3_C0_399 OR105538 
PWH3_L1p2_C11_C0_329 OR105539 
PWH3_L1p2_C8_C0_432 OR105540 
PWH3_L1p2_C2_C0_366 OR105541 
PWH3_L1p2_B10_C0_371 OR105542 
PWH3_L1p2_A10_C0_42 OR105543 
PWH3_L1p1_H7_C0_263 OR105544 
PWH3_L1p1_G3_C0_365_inversion OR105545 
PWH3_L1p1_G1_C0_430 OR105546 
PWH3_L1p1_F7_C0_350 OR105547 
PWH3_L1p1_F3_C0_418_inversion OR105548 
PWH3_L1p1_E12_C0_413 OR105549 
PWH3_L1p1_E10_C0_430 OR105550 
PWH3_L1p1_D9_C0_436 OR105551 
PWH3_L1p1_D8_C0_366 OR105552 
PWH3_L1p1_C6_C0_390 OR105553 
PWH3_L1p1_B5_C0_422 OR105554 
PWH3_L1p1_B4_C0_392 OR105555 
PWH3_L1p1_A6_C0_433 OR105556 
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SUMMARY

Spacing of BNT162b2 mRNA doses beyond 3 weeks raises concerns about vaccine efficacy. We longitudi-
nally analyze B cell, T cell, and humoral responses to two BNT162b2 mRNA doses administered 16 weeks
apart in 53 SARS-CoV-2 naive and previously infected donors. This regimen elicits robust RBD-specific
B cell responses whose kinetics differs between cohorts, the second dose leading to increased magnitude
in naive participants only. While boosting does not increase magnitude of CD4+ T cell responses further
compared with the first dose, unsupervised clustering of single-cell features reveals phenotypic and func-
tional shifts over time and between cohorts. Integrated analysis shows longitudinal immune component-spe-
cific associations, with early T helper responses post first dose correlating with B cell responses after the
second dose, and memory T helper generated between doses correlating with CD8 T cell responses after
boosting. Therefore, boosting elicits a robust cellular recall response after the 16-week interval, indicating
functional immune memory.

INTRODUCTION

The coronavirus disease 19 (COVID-19) pandemic caused a race

for prophylactic vaccines against SARS-CoV-2 (Krammer,

2020), including mRNA-based technologies (Baden et al.,

2021; Dickerman et al., 2021; Skowronski and De Serres,

2021; Thomas et al., 2021). These mRNA vaccines target the

trimeric Spike glycoprotein that facilitates SARS-CoV-2 entry

into host cells via its receptor-binding domain (RBD) (Hoffmann

et al., 2020; Walls et al., 2020). Antibody responses are associ-

ated with protection for most licensed vaccines and the genera-

tion of Spike-specific antibodies, particularly of neutralizing

RBD-specific antibodies, is considered critical for SARS-CoV-2

vaccine efficacy. Protective antibody responses are being iden-

tified (Earle et al., 2021; Gilbert et al., 2021) but there is a need for

a better understanding of B cell memory responses in the

context of different vaccinemodalities. CD4+ T cell help is critical

for development and maintenance of antibody immunity. SARS-

CoV-2-specific CD4+ and CD8+ T cells may contribute to recov-

ery from COVID-19 (Bange et al., 2021; Wurm et al., 2020).

mRNA vaccines elicit CD4+ T cell responses (Anderson et al.,

2020; Lederer et al., 2020; Painter et al., 2021; Prendecki et al.,

2021; Rodda et al., 2022; Sahin et al., 2020) that are likely impor-

tant determinants of vaccine efficacy. CD4+ T subsets include T

follicular helper (Tfh) cells that are critical for the expansion, affin-

ity maturation, and memory development of B cells (Crotty,

2019), and T helper 1 (Th1) cells, which foster development of

CD8+ T cell memory (Laidlaw et al., 2016). However, T cell

Cell Reports 39, 111013, June 28, 2022 ª 2022 The Author(s). 1
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Figure 1. Marked differences in B cell responses to the first BNT162b2 dose between naive and pre-infected participants contrast with

convergent features after boosting

(A) Schematic representation of study design. Blood samples were collected at five time points (summarized in Table 1): baseline (V0); 3 weeks (V1) or 12 weeks

(V2) after dose 1; 3 weeks (V3) or 16 weeks (V4) after dose 2. For participants receiving a single dose, V30 was sampled 19 weeks after dose 1 and V40 16 weeks

after V30. Dose administrations are indicated by a syringe.

(legend continued on next page)
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subsets show important heterogeneity and plasticity, better

fittingwith spectra of phenotypes and functions than fully distinct

populations (O’Shea and Paul, 2010). Unequivocal lineage char-

acterization is therefore challenging, and unsupervised clus-

tering analytical approaches are increasingly used to identify

T cell subsets more specifically associated with immunological

outcomes (Apostolidis et al., 2021; Maucourant et al., 2020).

The standard BNT162b2 immunization regimen recommends

a 21-day interval between vaccine doses, and inoculation of two

doses irrespective of prior SARS-CoV-2 infection status. How-

ever, the optimal interval has not been determined in controlled

trials. In the context of vaccine scarcity and given the significant

protection already conferred by the first dose in non-high-risk

populations (Baden et al., 2021; Polack et al., 2020; Skowronski

and De Serres, 2021), some public health agencies implemented

schedules with longer intervals to rapidly extend population

coverage (Paltiel et al., 2021; Tuite et al., 2021) and recommen-

ded a single dose for previously infected immunocompetent

people. Longer delays between doses also frequently occur in

real-life settings. While such strategies generated concerns

given uncertain immunogenicity, a longer period of partial vulner-

ability to infection, and a hypothetical risk of escape mutant se-

lection, epidemiological evidence supports this approach as a

valid alternative in lower-risk populations (Carazo et al., 2021;

Skowronski et al., 2021) in which robust T cell and antibody re-

sponses are observed after a single dose (Tauzin et al., 2021b),

and stronger and broader antibody immunity induced after the

second dose (Grunau et al., 2021; Tauzin et al., 2021a). While

significant progress has been made in the understanding of the

kinetics of B and T cell responses in short-interval mRNA vaccine

schedules (Goel et al., 2021; Painter et al., 2021; Rodda et al.,

2022; Zollner et al., 2021), the immunological implications of

widely spaced vaccination regimens remain poorly known.

Here, we define the trajectories, differentiation state, and inter-

play of vaccine-induced Spike-specific B cells, CD4+ T cells,

CD8+ T cells, and antibody responses in SARS-CoV-2 naive or

previously infected individuals who received two mRNA vaccine

doses administered 16 weeks apart, and in a third group of pre-

viously infected individuals who received a single vaccine dose.

RESULTS

Study participants
We evaluated immune responses in three cohorts of health care

workers (HCW) (Figure 1A): 26 SARS-CoV-2 naive and 15 previ-

ously infected (PI) donors who received a two-dose BNT162b2

regimen spaced by 16weeks; and 12 PI individuals who received

a single dose. Blood samples were collected at five time points:

at baseline (V0); 3 weeks after the first dose (V1); 12 weeks after

the first dose (V2); 3 weeks after the second dose for participants

receiving two doses (V3) or 19 weeks after the first dose for the

single-dose PI participants (V30); and 16 weeks after the second

dose (V4). Clinical characteristics (Table 1) did not statistically

differ between cohorts, except for the numbers of days between

V0 and the first dose and for time between the first dose and V2.

Marked differences in B cell responses to the first
BNT162b2 dose between naive and PI participants
contrast with convergent features after boosting
To evaluate SARS-CoV-2-specific B cells, we focused on RBD to

minimize inclusion of B cells cross-reactive to endemic corona-

viruses (Hicks et al., 2021; Klumpp-Thomas et al., 2021). Co-

detection of two fluorescently labeled recombinant RBD probes

greatly enhances specificity (Figure 1B and Anand et al., 2021;

flow cytometry panel, Table S1; gating strategy, Figure S1A).

We examined the magnitude of RBD-specific B cells (defined

as RBD1+RBD2+CD19+CD20+) in the two-dose cohorts

(Figures 1C and 1D). In naive individuals, most participants

showed no baseline signal. Priming induced significant RBD-

specific B cell responses at V1. The second dose elicited a

homogeneous brisk recall response at V3 in all participants. Re-

sponses subsequently declined at V4 yet remained significantly

higher than at pre-boost time points. The pattern markedly

differed in PI (Figures 1C and 1D). Consistent with previous

SARS-CoV-2 exposure, RBD-specific B cells were already pre-

sent at V0. This response increased sharply at V1, followed by

attrition at V2. We observed no boosting effect after the second

dose and no significant decline at V4. The response to the first

BNT162b2 dose in PI (V1) differed in magnitude from the second

dose in naive (V3) (Figure S1B). Therefore, the RBD-specific B

cell kinetics between the two cohorts markedly differed after

the first dose, converged after the second dose, and remained

close after the subsequent decline observed at V4 (Figure 1D).

In single-dose PI, we observed stable B cell responses at V30

and V40 compared with V2, comparable with what we observed

in two-dose PI, consistent with a steadymemory B cell pool after

an initial decline between V1 and V2 (Figures S1C and S1D).

We next investigated the relationships between RBD-specific

B cell frequencies at the different time points and antibody re-

sponses in naive participants: RBD-specific immunoglobulin G

(IgG) antibody levels, anti-RBD IgG avidity, neutralization

activity, cell-binding ELISA (CBE) antibody levels, and anti-

body-dependent cellular cytotoxicity (ADCC) (Figures 1E and

1F). RBD-specific B cell responses positively correlated with

contemporaneous antibody levels at V3, but not at V1 (Figure 1E).

Contemporary correlations were lost at V4. Early V1 B cell

(B) Representative RBD-specific B cell gating.

(C and D) Kinetics of RBD-specific B cell responses in previously naive (blue) or pre-infected (PI; orange) participants receiving two doses. (C) Bold line represents

the cohort’s median value. Right: statistical comparisons using a linear mixed model. (D) Intercohort comparisons. Bars represent median ± interquartile range.

Intercohort statistical comparisons using a linear mixed model are shown.

(E and F) Heatmap showing (E) contemporaneous or (F) temporal correlations of RBD-specific B cells versus the indicated antibody responses (n = 22). Significant

correlations by Spearman tests are shown (*p < 0.05, **p < 0.01).

(G) Frequencies of IgD-, IgM-, IgA-, and IgG-positive cells in RBD-specific memory B cells in naive and PI donors, with Wilcoxon tests. Bars represent

median ± interquartile range.

(H) Proportion of IgD+/� and CD27+/� populations in RBD-specific memory B cells in naive and PI donors.

In (G) and (H), V2 for naive participants could not be analyzed because of low number of events. In (C) and (D), n = 26 naive and n = 15 PI; in (E), n = 26 naive; in

(G) and (H), n = 7 naive and n = 8 PI.
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responses were not associated with subsequent V3 and V4 anti-

body responses, but significant correlations were found

between RBD-specific B cells at V2 and RBD IgG, total Spike

antibody, cell binding, and ADCC at V3 (Figure 1F). Similarly,

V3 RBD-specific B cell responses correlated significantly with

V4 RBD-specific IgG, total anti-Spike antibody levels, and

ADCC, suggesting that the B cell pool post boost conditioned

the long-term quantity and quality of the humoral response.

To determine how B cell populations qualitatively evolved, we

measured IgD, IgM, IgG, and IgA expression in RBD-specific

B cells. In the naive cohort, we detected subpopulations of

IgD+, IgM+, and IgA+ cells at V1, whose proportion decreased

at V3 and V4 visits. In contrast, RBD-specific memory B cells

in PI donors were almost entirely IgG+ at all time points

(Figures 1G, S1E, and S1F). To assess B cell differentiation, we

quantified IgD and CD27 co-expression (Figure S1G). CD27 is

predominantly expressed on memory B cells (Tangye et al.,

1998), and IgD on unswitched B cells (Moore et al., 1981). In

the naive cohort, IgD+CD27� RBD-specific B cells present at

V1 disappeared at V3, while IgD�CD27+ RBD-specific B cells

emerged (Figure 1H), consistent with isotype-switched memory

B cells. This subset contracted at V4. In PI, IgD�CD27+ cells

already present at baseline expanded after priming and re-

mained stable at V2. Boosting did not further expand this subset.

Instead, it gradually declined at V3 and V4. A class-switched

IgG+ DN population dominated at all time points (Figures 1H,

S1H, and S1I).

These data show that despite the long 16-week interval and

the divergent RBD-specific B cell trajectories after the first

dose, boosting in naive subjects induced robust recall responses

with a mature phenotype that converged with those observed in

PI individuals.

The first and delayed second vaccine doses elicit Spike-
specific CD4+ T cell responses of similar magnitude
CD4+ T cells help play a critical role in development of B cell and

CD8+ T cell immunity. We measured Spike-specific T cell re-

sponses at the V0–V4 time points in the three cohorts (Figures 2

and S2). As in our previous work (Tauzin et al., 2021b), we used a

T cell receptor-dependent activation-induced marker (AIM)

assay that broadly identifies antigen-specific T cells and func-

tional profiling by intracellular cytokine staining (ICS) (for flow cy-

tometry panels, see Tables S2 and S3).

The AIM assay involved a 15-h incubation of peripheral blood

mononuclear cells (PBMCs) with an overlapping peptide pool

spanning the Spike coding sequence and the upregulation

of CD69, CD40L, 4-1BB, and OX-40 upon stimulation. We

used an AND/OR Boolean combination gating to assess total

Table 1. Clinical characteristics of the study participantsa

BNT162b2 vaccine

Previously naive cohort Previously infected (PI) cohort

Two dosesb Two dosesb Single dosec Entire (PI) cohort

(n = 26) (n = 15) (n = 12) (n = 27)

Variable

Age 51 (41–56) 47 (43–56) 51 (34–62) 48 (39–59)

Sex

Male 11 (42%) 10 (66%) 4 (33%) 14 (52%)

Female 15 (58%) 5 (34%) 8 (66%) 13 (48%)

Previous SARS-CoV-2 infection

Days between day of symptom onset and

first vaccine dose

NA 274 (258–307) 287 (227–306) 281 (250–307)

Vaccine dose spacing

Days between doses 1 and 2 111 (109–112) 110 (110–112) NA NA

Visits for immunological profiling

V0, days before first dose 1 (0–5) 24 (6–43) 18 (7–45) 23 (6–43)

V1, days after first dose 21 (19–26) 20 (19–21) 20 (18–21) 20 (18–21)

V2, days after first dose 83 (82–84) 89 (86–93) 90 (87–94) 89 (86–93)

V2, days before second dose 28 (26–29) 23 (18–28) NA NA

V3, days after first dose 133 (130–139) 138 (132–142) 132 (130–138) 136 (131–141)

V3, days after second dose 21 (20–27) 22 (18–28) NA NA

V4, days after first dose 224 (222–228) 224 (222–227) 227 (223–237) NA

V4, days after second dose 112 (110–119) 113 (110–117) NA NA
aValues displayed are medians, with interquartile range in parentheses for continuous variables or percentages for categorical variables.
bThe previously naive cohort and previously infected cohort that also received two vaccine doses were compared by the following statistical tests: for

continuous variables, Mann-Whitney U test; for categorical variables, Fisher’s test. Values in bold are statistically different between the pre-infected

naive and pre-infected cohorts. No statistical difference was found between the two pre-infected subcohorts, except between naive and pre-infected

for days before V0 and days after V2.
cThe previously infected cohort with one dose was likewise compared with the previously infected cohort that received two doses. No significant dif-

ferences were observed between the two cohorts.
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frequencies of antigen-specific CD4+ and CD8+ T cells

(Figures S2A and S2B) (Niessl et al., 2020a). At V3, all individuals

had CD4+ T cell responses (Figure S2C), and most had CD8+

T cell responses (Figure S2D).

In contrast to B cell responses, the kinetics of Spike-specific

AIM+CD4+ T cell responses was similar between naive and PI in-

dividuals (Figure 2A). Several naive participants had detectable

AIM+CD4+ T cell responses at baseline, probably due to cross-

reactivity with other coronaviruses (Mateus et al., 2020). The sig-

nificant increase at V1was followed by amoderate attrition at the

V2 memory time point. The second dose significantly boosted

the responses at V3 in naive, whereas the increase was non-sig-

nificant in PI. No significant differences in median magnitude of

AIM+CD4+ T cell responses were observed at V1 and V3 be-

tween naive and PI, although a faster decay in naive created a

significant difference at V4 (Figure 2B).

The ICSassay involveda6-h stimulationwith theSpike peptide

pool andmeasurement of effectormolecules interferon-g (IFN-g),

interleukin-2 (IL-2), tumor necrosis factor a (TNF-a), IL-17A, IL-

10, and CD107a. We defined cytokine+CD4+ T cell responses

byanAND/ORBoolean gating strategy (FigureS2E). The ICSpat-

terns in both cohorts paralleled the AIM assays, albeit at a lower

magnitude (Figures 2C, 2D, and S2F). Consistent with the lower

ability of ICS to detect memory cells compared with recently

primedor reactivated cells (daSilvaAntuneset al., 2018), the rela-

tive increase in cytokine+CD4+ T cells was stronger at V1 versus

V0 and V3 versus V2. Cytokine+CD4+ T cell responses at V4 re-

mained significantly higher than at baseline, showing longer-

term memory, but without significant gain compared with V2.

The magnitude of Spike-specific AIM+ T cell responses was

globally lower in CD8+ than in CD4+ T cells (Figures 2E, 2F,

and S2G). The trajectories of AIM+CD8+ T responses were het-

erogeneous. Naive participants elicited weak but significant re-

sponses after priming, and a trend for stronger responses after

the boost. There was higher heterogeneity in PI, consistent

with variable pre-existing responses before vaccination. Several

PI showed robust responses after the priming and boosting

inoculations, although the increase did not reach statistical sig-

nificance (Figure 2E). AIM+CD8+ T cell responses declined signif-

icantly at V4 for naive participants while the decrease was slower

for the PI cohort. Total cytokine+CD8+ T cell responses were

weak or undetectable in most participants, precluding their

detailed analysis (Figure S2H).

To define the evolution of T cell responses in the absence of

boosting, we examined the single-dose PI cohort. In these par-

ticipants, the magnitude of AIM+CD4+ (Figure S2I), AIM+CD8+

(Figure S2J), and cytokine+CD4+ (Figure S2K) T cell responses

did not further decline at V30, suggesting stable early memory.

We did not observe significant differences in AIM+CD4+ and

CD8+ T cell responses between this V30 time point in the sin-

gle-dose PI cohort compared with the V3 post boost in the

two-dose PI cohort, while we saw stronger cytokine+CD4+

T cell responses in the two-dose PI cohort. The boost helped

maintain higher T cell responses at the V4 late memory time

point, with a significant difference for the AIM+CD4+ T responses

(Figures S2L–S2N).

As expansion of previously primed antigen-specific T cells

may impact T cell responses to vaccination, we examined corre-

lations across visits (Figure 2G) and found a significant associa-

tion or a strong trend between CD4+ T cell responses at V0 and

the post-first-dose time points V1 and V2, but not after the sec-

ond dose. Similar to CD4+ T cells, we observed that pre-existing

CD8+ T cell responses at V0 significantly correlated with re-

sponses to the first dose at V1, and that this association disap-

peared after the second dose (Figure 2H). Therefore, the second

vaccine dose reduced the heterogeneity in magnitude of T cell

responses and its link to pre-vaccination immunity.

These data show that a single dose of the BNT162b2 is suffi-

cient to induce CD4 Th and CD8+ T cell responses in most par-

ticipants. After a 16-week interval, the second dose boosts

CD4+ and CD8+ T cell responses back to the peak magnitudes

reached soon after priming. Pre-vaccination T cell immunity is

associated with the BNT162b2-induced CD4+ and CD8+ T cell

responses to the first vaccination, but this correlation is lost after

boosting.

The 16-week interval BNT162b2 regimen elicits
phenotypically diverse CD4+ T helper subsets
We next profiled the qualitative heterogeneity and evolution of

Spike-specific AIM+CD4+ T cells. To avoid a priori defined

marker combinations, we performed unsupervised analyses of

the high-dimensional flow cytometric phenotyping data (Fig-

ure 3). We examined chemokine receptors that are preferentially,

but not exclusively, expressed by some lineages and involved in

tissue homing (CXCR5 for Tfh; CXCR3 for Th1; CCR6 for Th17/

Th22 andmucosal homing; CXCR6 for pulmonarymucosal hom-

ing [Day et al., 2009; Morgan et al., 2015]), CD38 and HLA-DR as

activation markers, and PD-1 as inhibitory checkpoint.

We illustrated the distribution of clustered populations by the

uniform manifold approximation and projection (UMAP) algo-

rithm (Becht et al., 2018). Cluster identity was performed using

Phenograph (Levine et al., 2015), resulting in the identification

of ten clusters (Figures 3A and 3B) based on distinct profiles of

relative marker expression (Figures 3C and S3A). All ten clusters

were detectable at V0 and persisted at all time points. The rela-

tive frequencies of each cluster did not show major differences

across visits (Figure 3D), but there were fluctuations and interin-

dividual variations within cohorts (Figures 3E and S3B). We did

not observe emergence of new Th clusters after the second inoc-

ulation. While variability and relatively small cohort size pre-

cluded definitive conclusions about the behavior of individual

clusters, some general trends were observed. In naive, most

clusters showed either a significant increase or a trend for in-

crease after the second dose (Figure 3E), exceptC4 (Figure S3B).

These included clusters enriched in CXCR5 (C3 and C5) and

CXCR3 (C2, C3, and C10). In contrast, the qualitative response

to the second in PI was more constrained (Figures 3D and

S4C). Consistent with the analysis of total AIM+CD4+ cells, all

naive participant clusters declined at V4, except C4

(Figures 3E and S3B). Although some clusters also showed a

trend for decline in PI (C5, C6, C9, and C10), most did not (C1,

C2, C3, C4, C7, and C8).

We next performed univariate analyses of chemokine receptor

expression (Figures 3F–3K and S3D–S3I). CXCR5+AIM+CD4+

T cells increased after both doses in naive individuals, but only

after the first dose in PI (Figure 3F). Trajectories did not
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Figure 2. The first and delayed second vaccine doses elicit Spike-specific CD4+ T cell responses of similar magnitude

SARS-CoV-2 Spike-specific CD4+ and CD8+ T cells in naive (blue) and PI (orange) receiving two vaccine doses.

(A–F) (A and B) Longitudinal (A) and intercohort (B) analyses of net Spike-specific AIM+CD4+ T cell responses. Right: statistical comparisons. (C and D) Longi-

tudinal (C) and intercohort (D) analyses of the net magnitude of cytokine+CD4+ T cell responses. (E and F) Longitudinal (E) and intercohort (F) analyses net

AIM+CD8+ T cell responses. The bold lines in (A), (C), and (E) represent median values. The bars in (B), (D), and (F) represent median ± interquartile range. In

(A), (C), and (E), the syringe indicates vaccine dose inoculation and the right-hand panels show statistical comparisons. Pairwise (A, C, E) and intercohort

(B, D, F) statistical analyses were performed using a linear mixed model.

(G and H) Heatmap showing temporal correlations of (G) AIM+CD4+ and (H) AIM+CD8+ T cells between the different time points for naive and PI participants.

Significant Spearman test results are indicated (*p < 0.05, **p < 0.01, ***p < 0.001).

In (A) to (F), n = 26 naive and n = 15 PI; in (G) and (H), n = 26 naive and n = 27 PI (comparisons at time points V0, V1, and V2), and n = 15 PI (comparisons at time

points V3 and V4).
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statistically differ between cohorts past V1 (Figure 3G).

CXCR3+AIM+CD4+ T cells increased similarly after either dose,

with significant decline post first inoculation (Figure 3H). This

pattern was similar in naive and PI, but the CXCR3+ subset

was more abundant in PI (Figure 3I). CXCR6+AIM+ (Figures 3J

and 3K) and CCR6+AIM+CD4+ T cells (Figures S3H an S3I) re-

mained persistently elevated after priming in PI, while in naive

they were weaker at early time points but responsive to the sec-

ond dose at V3. However, they declined at the late memory time

point V4 in this cohort.

Therefore, the first vaccine dose already elicits phenotypically

diverse Th clusters that do not necessarily fit with canonical

lineages. The second vaccine dose variably impacted these sub-

sets but did not elicit new clusters. Th phenotype in PI was en-

riched in markers, suggestive of prior mucosal priming.

The delayed second BNT162b2 dose leads to partially
convergent functional profiles in naive and PI
participants
We next applied the same unsupervised analysis pipeline to

Spike-specific cytokine+CD4+ T cells for the six functions

measured, identifying 11 clusters (Figures 4A–4C and S4A) that

were present at all time points (Figures 4A and 4D), with notable

interindividual differences within each cohort (Figures 4E and

S4B). However, we observed clearer functional differences be-

tween cohorts and between doses when compared with pheno-

typic analysis. Most clusters increased after both doses in naive,

whereas they expanded only after the first dose in PI (Figures 4E

and S4B). Individual clusters followed different trajectories de-

pending on pre-infection status (Figures 4E and S4C). The evo-

lution of the IL-2 enriched C1, the most abundant cluster, was

similar in the PI and naive cohorts, except for significant contrac-

tion at V4 in naive only. In contrast, the C2 and C3 clusters, char-

acterized by high IFN-g expression, were markedly larger in PI

after the first dose, but responded more to the second dose in

naive. Consequently, the responses of C2 and C3 partially

converged at V3 compared with V1; they significantly contracted

at V4. The polyfunctional cluster C5, enriched in IFN-g, IL-2,

TNF-a, and CD107a, showed yet another pattern: it was

expanded in PI compared with naive at all time points, and

showed excellent long-term stability in both cohorts.

Single-parameter analyses (Figures 4F–4K) showed that in

naive participants the first dose significantly increased IFN-g+

and IL-2+ CD4+ T cell responses, with a strong trend for an in-

crease in TNF-a+ responses. The increase in ICS responses

was greater in PI. The second dose significantly boosted these

responses in naive only, contrasting with little effect in PI. These

differential trajectories led to partially convergent CD4+ T cell

functions after repeated antigenic challenges in naive and PI at

V3. However, consistent with AIM measurements, weaker re-

sponses in naive at V4 led to re-emergence of significant differ-

ences at this late memory time point.

Theseanalysesshowthatpre-infection status isassociatedwith

significant differences in the functional profile elicited by the first

BNT162b2dose. Preferential expansion of Th1-cytokine-enriched

subsets after boosting in naive participants contrastingwith stable

responses in PI leads to partial, and possibly transient, conver-

gence of Th functions between cohorts after full vaccination. The

unsupervised analysis reveals a polyfunctional cluster of CD4+

T cells stably maintained at the late memory time point.

Temporal relationships between antigen-specific CD4+

T cell, B cell, and CD8+ T cell responses
As CD4+ T cell help is essential for optimal adaptive B cell and

CD8+ T cell immunity, we next examined the temporal associa-

tions between these immune components (Figure 5). We consid-

ered the total Spike-specific AIM+CD4+ T cells, the AIM+C1-C10

clusters, the total Spike-specific cytokine+CD4+ T cells, and the

ICS (cyto+C1–C11) clusters at time points V0–V3.We applied un-

supervised clustering analyses to determine the longitudinal re-

lationships between these Th subsets and RBD-specific B cell

(Figure 5A) and AIM+CD8 T cell (Figure 5B) responses, measured

at V3 after completing the vaccination regimen.

We observed significant positive correlations between all

AIM+CD4+ T cell subsets elicited at V1 and the B cell responses

at V3 after the second dose (Figure 5A). This contrasted with the

weaker correlations between V2–V3 cytokine+ Th responses and

RBD-specific B cells at V3. Some of the positively correlated

clusters (AIM+C3, AIM+C5) were enriched in CXCR5+ cells.

Consistently, CXCR5+AIM+CD4+ T cell responses at V1 strongly

correlatedwith B cell responses at V3, but this association weak-

ened for V2 and disappeared at V3 (Figure 5C). Similar patterns

were seen with total AIM+CD4+ T cells (Figure S5A) and for some

non-circulating Tfh (cTfh) subsets, but we did not have the statis-

tical power to rank the strength of the correlations.

We next examined the temporal associations between longitu-

dinal Th subsets and AIM+CD8+ T cells at V3 (Figure 5B). Th re-

sponses at V1 showed no significant correlation with AIM+CD8+

T cells at V3. However, we found significant correlations

between cytokine+CD4+ T cell subsets at the pre-boost V2mem-

ory time point or at the contemporaneous V3 and the AIM+CD8+

T cell responses at V3, and IFN-g+CD4+ T cells at V2 correlated

with AIM+CD8+ T cells at V3 (Figure 5D), as did total cytoki-

ne+CD4+ T cell responses (Figure S5B).

Figure 3. The 16-week interval BNT162b2 regimen elicits phenotypically diverse CD4+ T helper subsets

(A) Multiparametric UMAP representation of Spike-specific AIM+CD4+ T cells at each time point, with aggregated data for the two-dose naive and PI cohorts. The

colors identify ten populations clustered by unsupervised analysis.

(B) Clusters are labeled on the global UMAP.

(C) Heatmap summarizing mean fluorescence intensity of each loaded parameter.

(D) Pie charts depicting the proportion of each identified cluster within total AIM+CD4+ T cells.

(E, F, H, and J) Longitudinal frequencies of selected AIM+CD4+ T cell (E) clusters and (F) CXCR5-expressing, (G) CXCR6-expressing, and (H) CXCR3-expressing

AIM+CD4+ T cells. Bold lines represent cohort’s median value. Right: Wilcoxon tests for each pairwise comparison.

(G, I, and K) Cohort comparisons at each time point for (G) CXCR5-expressing, (I) CXCR3-expressing, and (K) CXCR6-expressing AIM+CD4+ T cells. Bars repre-

sent median ± interquartile range.

In (A) to (K), n = 22 naive and n = 11 PI.
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The differential temporal associations between antigen-spe-

cific CD4+ T cell, B cell, and CD8+ T cell immunity suggest

different requirements for the coordination of these responses.

Immune profile kinetics in naive and PI vaccinees shows
only partial, and transient, convergence after the
delayed second dose
Our data suggest that the relationships between the different im-

mune parameters after the first vaccine dose were strongly influ-

enced by prior infection history, while its impact decreased, but

did not disappear, after the second dose. We performed an inte-

grated analysis of 34 features of antibody, B cell CD4+ T cell, and

CD8+ T cell responses (Figure 6A). V1–V4 time points were first

loaded altogether (Figure 6B), then from this master principal

component analysis (PCA) we depicted each time point sepa-

rately (Figure 6C). The two cohorts clustered apart at V1 due to

a significant difference in principal component 1 (PC1) (Fig-

ure 6D). The distance between groups decreased upon attrition

of the responses (V2). No statistical difference between naive

and PI PC1was observed at V3, showing convergence of the im-

mune features. Importantly, however, the PC1-driven distinction

between naive and PI re-emerged at the late memory time

point V4.

We sought to identify the features underlying the group clus-

tering at V1 using the same approach focused on AIM+CD4+

and cytokine+CD4+ T cell responses. The correlation between

the immune features and PC1 identified anti-RBD IgG levels,

memory RBD-specific B cells, and IFN-g-enriched Spike-spe-

cific CD4+ T cell clusters with little contribution of AIM+CD4

T cells. A PCA analysis performed using AIM+CD4+ T cell fea-

tures confirmed the limited contribution of these features to

cohort clustering (Figure S6A), in contrast to the cytokine+CD4+

T cells (Figure S6B).

Therefore, unsupervised integrated analysis shows that pre-

infection status shapes a vaccine-induced hybrid immunity after

the first dose, while its influence largely wanes in the short-term

response to the second dose but subsequently becomes more

manifest again 8 months after initial inoculation.

DISCUSSION

The decision to extend intervals between doses of the

BNT162b2 mRNA vaccine led to concerns about vaccine immu-

nogenicity and efficacy. Here, we profiled the B cell, CD4+ T cell,

CD8+ T cell, and antibody responses in SARS-CoV-2 naive and

PI individuals who received the two vaccine doses 16 weeks

apart. We longitudinally followed these immune features from

baseline over an 8-month period to determine the characteristics

and temporal associations of the immune features elicited by this

wide-interval immunization regimen.

We observed that in naive participants, the priming dose eli-

cited RBD-specific responses of low magnitude, a strong in-

crease after the second dose administered after 16 weeks, and

a moderate contraction in the following months. These robust

B cell responses were associated with the development of

strong and broad humoral responses, as we reported (Tauzin

et al., 2021a). The phenotypic changes were consistent with B

cell maturation. However, while we observed the expansion of

a CD27+IgD� memory subset after the second dose compared

with the first dose, a majority of double-negative (CD27�IgD�)
cells was measured at all time points. This phenotypic subset

was described in autoimmune diseases (Jenks et al., 2018;

Wei et al., 2007) and in response to vaccination (Ruschil et al.,

2020). Their transcriptional program is distinct from canonical

switched memory cells and naive cells (Jenks et al., 2018).

They may be associated with an extrafollicular maturation

pathway (Ruschil et al., 2020). In our study, the long-lasting

persistence of these cells and their expression of RBD-specific

IgG may suggest an atypical switched memory subset. These

data are consistent with development of functional memory B

cells with robust recall potential, alleviate the concern that an

extended-interval regimen would lead to poor antibody immu-

nity, and are in line with recent findings (Parry et al., 2021; Payne

et al., 2021).

The kinetics of B cell responses differed in PI and naive individ-

uals: the first vaccine dose elicited a brisk expansion of RBD-

specific B cells in PI, with subsequent partial attrition before

the delayed boost that did not expand them further. Conse-

quently, B cell responses were similar in naive and PI partici-

pants post boost. The responses observed after the first dose

are consistent with results from other studies (Efrati et al.,

2021; Stamatatos et al., 2021; Tauzin et al., 2021b; Urbanowicz

et al., 2021). A previous short-interval regimen study showed a

profound impact of the second dose on antigen-specific B cell

responses in naive participants, but a limited one in PI, with

convergent trajectories between the groups (Goel et al., 2021).

Our results demonstrate that this holds true after an extended

16-week interval, consistent with the limited quantitative and

qualitative enhancement of humoral immunity we previously re-

ported (Tauzin et al., 2021a). It further suggests that pre-infection

can accelerate the generation of stable memory RBD-specific

B cell responses.

CD4+ T cell responses were already quantitatively robust after

the first dose. Although variable inmagnitude, they were induced

Figure 4. The delayed second BNT162b2 dose leads to partially convergent functional profiles in naive and PI participants

(A) Multiparametric UMAP representation of Spike-specific ICS cytokine+CD4+ T cells at each time point, with aggregated data for the two-dose naive and PI

cohorts. The colors identify 11 populations clustered by unsupervised analysis.

(B) Each cluster is labeled on the global UMAP.

(C) Heatmap summarizing the mean fluorescence intensity of each loaded parameter.

(D) Pie charts depicting the proportion of each cluster within total cytokine+CD4+ T cells.

(E, F, H, and J) Longitudinal frequencies of selected cytokine+CD4+ T cell (E) clusters and (F) IFN-g+, (H) IL-2+, and (J) TNF-a+ single functions in naive (blue) and PI

(orange) participants. Bold lines represent the cohort’s median value. Right: Wilcoxon tests for each pairwise comparison.

(G, I, and K) Cohort comparisons at each time point for (G) IFN-g+, (I) IL-2+, and (K) TNF-a+ single functions. Bars represent median ± interquartile range.

In (A) to (K), n = 22 naive and n = 11 PI.
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Figure 5. Temporal relationships between antigen-specific CD4+ T cell, B cell, and CD8+ T cell responses in naive participants

(A and B) Heatmaps displaying temporal correlations between the different subsets of Spike-specific CD4+ T cells measured by AIM or ICS assays at the V0, V1,

V2, and V3 time points and: (A) RBD-specific B cell frequencies measured at V3; (B) AIM+CD8+ T cell frequencies measured at V3. Asterisks indicate significance

(*p < 0.05, **p < 0.01, ***p < 0.001). The CD4+ T cell clusters were stratified by assay (cyan, AIM; light red, ICS).

(legend continued on next page)
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in all individuals examined. Mirroring the B cell findings, CD4+

T cell responses decreased moderately before boosting, a

contraction to memory that does not have the time to occur in

the standard 3-week interval schedule. The second dose rein-

vigorated Spike-specific CD4+ T responses without surpassing

those elicited by the first dose. These trajectories are consistent

with short-interval studies (Oberhardt et al., 2021; Painter et al.,

2021).

Our unsupervised and supervised analyses demonstrated that

the BNT162b2 vaccine elicits a highly diversified CD4+ T cell

response, which is maintained over time with no novel distinct

subset after the boost. This is consistent with a recent short-

delay vaccination study (Rodda et al., 2022). Some qualitative

Th features differed between the naive and PI cohorts, and

evolved between time points within cohorts. We observed higher

frequencies of CXCR6 Th cells in PI than in naive. As CXCR6, the

CXCL16 ligand, is a homing molecule to the respiratory mucosa

(Day et al., 2009; Morgan et al., 2015), these results are consis-

tent with prior priming of CD4+ T cells at this anatomic site during

SARS-CoV-2 infection in PI participants, resulting in differences

in their differentiation program, compared with intramuscular

vaccine injection. We observed a similar pattern for CCR6, a

marker of Th17 and Th22 cells that play an important role in

maintaining mucosal barriers and contribute to pathogen clear-

ance at mucosal surfaces (Aujla et al., 2008; Khader et al.,

2007). Functional CD4+ T cell subsets also presented differential

kinetics between naive and PI individuals but in both cohorts, we

identified a polyfunctional Th1 cell subset with excellent tempo-

ral stability. An analogous population has been associated with

vaccine protection in a murine Leishmania model (Darrah et al.,

2007). Previous studies reported robust Th1 and Tfh responses

after short-delay vaccinations (Goel et al., 2021; Oberhardt

et al., 2021; Painter et al., 2021; Sahin et al., 2020). Our unsuper-

vised analyses are consistent with these findings, as such re-

sponses defined the bulk of our Spike-specific clusters. Recent

unsupervised analyses conducted in short-delay vaccination

samples reported that hybrid immunization combining natural

and vaccinal challenges imprints partially distinct functional fea-

tures on SARS-CoV-2-specific CD4+ T cells (Rodda et al., 2022).

These imprints attenuated after a third dose. Our data globally

suggest that evolution over time contributes to partial conver-

gence between vaccinal and hybrid immunities. Some hybrid

immunity imprints were maintained, as we detected a higher fre-

quency of IFN-g- and TNF-a-rich clusters in PI compared with

naive participants at late memory time points.

The hybrid immunity elicited in PI was associated with a more

durable immune memory up to 8 months after the first dose. The

pattern was particularly pronounced for AIM+CD8+ T cells. Be-

sides loss of cytotoxic T lymphocyte (CTL) responses, there

are other possible explanations: the measurements in peripheral

bloodmay not reflect persistent tissue-resident memory popula-

tions in other anatomic compartments; and the activation-

induced markers used may be insensitive to identifying some

antigen-specific T cell subsets.

We identified strong temporal associations between several

subsets of early vaccine-induced cTfh, a lineage critical for

B cell help, and other CD4+ T cell subsets with B cell responses

measured several months after the boost, but these correlations

were lost at later time points. While the observed disconnect in

peripheral blood measurements at the late time points might

be related to compartmentalization in lymphoid tissues (rather

than major changes in CD4-B cell interplay), they suggest that

the early antigen-specific CD4+ T cell responses critically shape

the B cell pool, which will later respond to the delayed boosting.

Despite the difference in dosing intervals, these results are thus

consistent with the immune dynamics observed in the standard

regimen (Oberhardt et al., 2021; Painter et al., 2021; Rodda et al.,

2022). In contrast, Th1 features identified at the early memory

time point were better associated with the CTL responses after

full vaccination, and we noted contemporaneous correlations

as well. While this might suggest that the responsiveness of

CD8+ T cells to boosting benefit from the pre-existing memory

Th pool, mechanistic studies in murine models have shown

that CD4+ T cell help is key at the time of CTL priming (Laidlaw

et al., 2016), although they still play important roles later (Naka-

nishi et al., 2009). Our observational study does not allow us to

delineate causation due to other factors.

While the initial rationaleofdelaying theseconddosewas topro-

videsome level of immunitymore rapidly toa largernumberofpeo-

ple in the context of limiting vaccine supply, our results suggest

that this strategy provides strong, multifaceted B and T cell immu-

nity. Thepotential immunological benefits of increasing the interval

between doses must be weighed against a prolonged period of

good but still suboptimal protection, particularly while the virus

and its different variants of concern are still circulating in the pop-

ulation at epidemic levels.Many countries now recommenda third

dose, usually at least 6 months after the second dose. The benefit

of a third dose in the context of a 16-week interval between the first

and second dose will warrant further investigation.

Limitations of the study
Many individuals in the naive cohort had detectable AIM+ and

cytokine+ T cell responses at baseline. We interpreted this as

likely reflecting the presence of a pre-existing pool of cross-reac-

tive cells to other coronaviruses (Grifoni et al., 2020; Shrock et

al., 2020; Mateus et al., 2020; Loyal et al., 2021). Formal demon-

stration in our cohort would require epitope-specific mapping of

T cell responses, for which we did not have enough PBMC sam-

ples available.

Whether the long interval between doses and/or the pre-infec-

tion status affects the differentiation of T cell responses, partic-

ularly of vaccine-induced CD8+ T cells, is a question that may

impact the efficacy of these responses. We did not address

this issue, which will require further studies.

(C) Correlations between frequencies of AIM+CXCR5+ CD4+ T cells (for cTfh) at the V0–V3 visits and RBD-specific B cell frequencies at V3.

(D) Correlations between frequencies of IFN-g+ (as Th1 function) at the V0–V3 visits and AIM+CD8+ T cell at V3. The r and p values from a Spearman test are

indicated in each graph.

In (A) and (C), n = 21 naive; in (B) and (D), n = 19 naive.
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Figure 6. Immune profile kinetics between naive and PI vaccinees shows only partial, and transient, convergence after the delayed

second dose

Integrated PCA analysis combining various immune features to compare evolution of vaccine responses in the two-dose naive and PI cohorts.

(A) List of the 34 antigen-specific immune magnitudes included in the PCA analysis.

(B) Global PCA analysis. The percentage on the x and y axes presents the variance attributed to PC1 and PC2, respectively.

(legend continued on next page)
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The goal of our study was to provide an in-depth characteriza-

tion of SARS-CoV-2 vaccine responses. The size of the cohorts

investigated here, particularly of the one-dose and two-dose PI

cohorts, is not sufficient to robustly prove the benefit of hybrid

immunity. However, this question has also been addressed in

other reports, with results consistent with our study (Goel

et al., 2021; Painter et al., 2021; Rodda et al., 2022).

We did not provide a direct side-by-side comparison of

cellular immunity in the long- versus short-interval vaccine regi-

mens. However, in another study, we investigated the impact of

dose spacing on antibody responses and demonstrated that the

delayed boosting facilitates antibody maturation, resulting in

enhanced recognition breadth and neutralization against

SARS-CoV-2 variants (Chatterjee et al., 2022).

Our study conducted in a low-risk HCW cohort may not be

generalizable to vulnerable groups, particularly immunocompro-

mised or elderly populations, in which the immune responses

and the risk/benefit ratio may differ. Future studies will be

required to better quantify the immune response over time in

these populations.
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hart, S., Perez, J.L., Pérez Marc, G., Polack, F.P., Zerbini, C., et al. (2021).

16 Cell Reports 39, 111013, June 28, 2022

Article
ll

OPEN ACCESS

https://doi.org/10.1126/science.abh1823
https://doi.org/10.1126/science.abd3871
https://doi.org/10.1126/sciimmunol.abd6832
https://doi.org/10.1073/pnas.78.3.1800
https://doi.org/10.1186/s13059-015-0637-x
https://doi.org/10.1186/s13059-015-0637-x
https://doi.org/10.1038/s41590-019-0418-x
https://doi.org/10.1038/nature08511
https://doi.org/10.1038/s41591-019-0747-1
https://doi.org/10.1038/s41591-019-0747-1
https://doi.org/10.1016/j.ebiom.2020.102727
https://doi.org/10.1126/science.1178334
https://doi.org/10.1126/science.1178334
https://doi.org/10.1038/s41586-021-03841-4
https://doi.org/10.1016/j.immuni.2021.08.001
https://doi.org/10.7326/M20-7866
https://doi.org/10.1186/s12979-021-00246-9
https://doi.org/10.1186/s12979-021-00246-9
https://doi.org/10.1016/j.cell.2021.10.011
https://doi.org/10.1056/NEJMoa2034577
https://doi.org/10.1016/S0140-6736(21)00502-X
https://doi.org/10.1016/S0140-6736(21)00502-X
https://doi.org/10.1101/2020.06.08.140244
https://doi.org/10.1101/2020.06.08.140244
https://doi.org/10.1038/s41596-021-00550-0
https://doi.org/10.1016/j.cell.2022.03.018
https://doi.org/10.3389/fimmu.2020.606338
https://doi.org/10.3389/fimmu.2020.606338
https://doi.org/10.1038/s41586-020-2814-7
https://doi.org/10.1126/science.abd4250
https://doi.org/10.1056/NEJMc2036242
https://doi.org/10.1101/2021.10.26.21265397
https://doi.org/10.1126/science.abg9175
https://doi.org/10.1126/science.abg9175
https://doi.org/10.1084/jem.188.9.1691
https://doi.org/10.1084/jem.188.9.1691
https://doi.org/10.1016/j.chom.2021.12.004
https://doi.org/10.1016/j.chom.2021.06.001


Safety and efficacy of the BNT162b2 mRNA Covid-19 vaccine through

6 months. N. Engl. J. Med. 385, 1761–1773. https://doi.org/10.1056/NEJ-

Moa2110345.

Tuite, A.R., Zhu, L., Fisman, D.N., and Salomon, J.A. (2021). Alternative dose

allocation strategies to increase benefits from constrained COVID-19 vaccine

supply. Ann. Intern. Med. 174, 570–572. https://doi.org/10.7326/M20-8137.

Urbanowicz, R.A., Tsoleridis, T., Jackson, H.J., Cusin, L., Duncan, J.D., Chap-

pell, J.G., Tarr, A.W., Nightingale, J., Norrish, A.R., Ikram, A., et al. (2021). Two

doses of the SARS-CoV-2 BNT162b2 vaccine enhance antibody responses to

variants in individuals with prior SARS-CoV-2 infection. Sci. Transl. Med. 13,

eabj0847. https://doi.org/10.1126/scitranslmed.abj0847.

Walls, A.C., Park, Y.J., Tortorici, M.A., Wall, A., McGuire, A.T., and Veesler, D.

(2020). Structure, function, and antigenicity of the SARS-CoV-2 Spike glyco-

protein. Cell 181, 281–292.e6, e286. https://doi.org/10.1016/j.cell.2020.02.

058.

Wei, C., Anolik, J., Cappione, A., Zheng, B., Pugh-Bernard, A., Brooks, J., Lee,

E.H., Milner, E.C.B., and Sanz, I. (2007). A new population of cells lacking

expression of CD27 represents a notable component of the B cell memory

compartment in systemic lupus erythematosus. J. Immunol. 178, 6624–

6633. https://doi.org/10.4049/jimmunol.178.10.6624.

Wurm, H., Attfield, K., Iversen, A.K., Gold, R., Fugger, L., and Haghikia, A.

(2020). Recovery fromCOVID-19 in aB-cell-depletedmultiple sclerosis patient.

Mult. Scler. 26, 1261–1264. https://doi.org/10.1177/1352458520943791.
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Antibodies
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RRID:AB_2744387

UCHT1 (BUV496) [Human anti-CD3] BD Biosciences Cat#612941 ; Lot:1022424 ;

RRID:AB_2870222

L200 (BV711) [Human anti-CD4] BD Biosciences Cat#563913 ; Lot:03000025;

RRID:AB_2738484

SK3 (BB630) [Human anti-CD4] BD Biosciences Cat#624294 CUSTOM ; Lot:0289566

RPA-T8 (BV570) [Human anti-CD8] Biolegend Cat#301037 ; Lot:B281322 ; RRI-

D:AB_10933259

M5E2 (BUV805) [Human anti-CD14] BD Biosciences Cat#612902 ; Lot:0262150 ;

RRID:AB_2870189

M5E2 (BV480) [Human anti-CD14] BD Biosciences Cat#746304; Lot : 9133961 ;

RRID:AB_2743629

3G8 (BV650) [Human anti-CD16] Biolegend Cat#302042 ; Lot:B323847 ; RRI-

D:AB_2563801

HIB19 (APC-eFluor780) [Human anti-CD19] Thermo Fisher Scientific Cat#47-0199 ; Lot:2145095 ;

RRID:AB_1582231

HIB19 (BV480) [Human anti-CD19] BD Biosciences Cat#746457 ; Lot:1021649 ;

RRID:AB_2743759

HI100 (PerCP Cy5.5) [Human anti-CD45RA] BD Biosciences Cat#563429 ; Lot:8332746 ;

RRID:AB_2738199

NCAM16.2 (BUV737) [Human anti-CD56] BD Biosciences Cat#564448 ; Lot:8288818 ;

RRID:AB_2744432
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CD69]

Thermo Fisher Scientific Cat#46-0699-42 ; Lot:1920361 ;

RRID:AB_2573694
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H4A3 (BV786) [Human anti-CD107A] BD Biosciences Cat#563869 ; Lot:8144866 ;

RRID:AB_2738458

ACT35 (APC) [Human anti-CD134 (OX40)] BD Biosciences Cat#563473 ; Lot:1015537 ;

RRID:AB_2738230

4B4-1 (PE-Dazzle 594) [Human anti-CD137

(4-1BB)]

Biolegend Cat# 309826 ; Lot:B253152 ; RRI-

D:AB_2566260

TRAP1 (BV421) [Human anti-CD154

(CD40L)]

BD Biosciences Cat#563886 ; Lot:9037850 ;

RRID:AB_2738466

TRAP1 (PE) [Human anti-CD154 (CD40L)] BD Biosciences Cat#555700 ; Lot:7086896 ;

RRID:AB_396050

J25D4 (BV421) [Human anti-CD185

(CXCR5)]

Biolegend Cat# 356920 ; Lot:B325837 ; RRI-

D:AB_2562303

B27 (PECy7) [Human anti-IFN-g] BD Biosciences Cat#557643 ; Lot:8256597 ;

RRID:AB_396760

MQ1-17H12 (PE-Dazzle594) [Human anti-

IL-2]

Biolegend Cat#500344 ; Lot:B2261476 ; RRI-

D:AB_2564091

JES3-9D7 (PE) [Human anti-IL-10] BD Biosciences Cat#554498 ; Lot:8198773 ;

RRID:AB_395434

eBio64CAP17 (eFluor660) [Human anti-IL-

17A]

Thermo Fisher Scientific Cat#50-7179-42 ; Lot:2151998 ;

RRID:AB_11149126
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Daniel E.

Kaufmann (daniel.kaufmann@umontreal.ca).

Materials availability
All unique reagents generated during this study are available from the lead contact upon a material transfer agreement (MTA).

Data and code availability
The published article includes all datasets generated and analyzed for this study. All datasets are also available at Mendeley Data:

https://doi.org/10.17632/d5mg48z55p.1. Further information and requests for resources and reagents should be directed to and will

be fulfilled by the Lead Contact Author (daniel.kaufmann@umontreal.ca).

We adapted R codes scripted to perform unsupervised analyzes on B and T cells from SARS-CoV-2 naive and previously-infected

individuals. All original codes have been deposited at Github and are publicly available as of the date of publication. URL link is listed

in the key resources table.

Any additional information required to reanalyze the data reported in this paper is available from the Lead Contact Author upon

request (daniel.kaufmann@umontreal.ca).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethics statement
All work was conducted in accordance with the Declaration of Helsinki in terms of informed consent and approval by an appropriate

institutional board. Blood samples were obtained from donors who consented to participate in this research project at the CHUM

(19.381). Plasma and PBMCswere isolated by centrifugation and Ficoll gradient, and samples stored at�80�C and in liquid nitrogen,

respectively, until use.

Participants
No specific criteria such as number of patients (sample size), clinical or demographic were used for inclusion, beyond PCR confirmed

SARS-CoV-2 infection in adults enrolled in the previously infected cohorts. Clinical data are summarized in Table 1.

PBMCs and plasma collection
PBMCs were isolated from blood samples by Ficoll density gradient centrifugation and cryopreserved in liquid nitrogen until use.

Plasma was collected, heat-inactivated for 1 h at 56�C and stored at �80�C until ready to use in subsequent experiments. Plasma

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Mab11 (Alexa Fluor 488) [Human

anti-TNF-a]

Biolegend Cat#502915 ; Lot:B285221 ; RRI-

D:AB_493121

LIVE/DEAD Fixable dead cell Thermo Fisher Scientific L34960

Biological samples

SARS-CoV-2 naive donor blood samples N/A

SARS-CoV-2 prior infection donor blood

samples

N/A

Chemicals, peptides, and recombinant proteins

PepMixTM SARS-CoV-2 (Spike Glycopro-

tein)

JPT Cat#PM-WCPV-S-1

Staphylococcal Enterotoxin B (SEB) Toxin technology Cat#BT202

Software and algorithms

Flow Jo v10.8.0 Flow Jo https://www.flowjo.com

GraphPad Prism v8.4.1 GraphPad https://www.graphpad.com

R studio v4.1.0 R studio https://rstudio.com

R codes scripted Github https://github.com/otastet/Nayrac_et_al

Deposited data

Table S4 Mendeley database: DOI: 10.17632/d5mg48z55p.1
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from uninfected donors collected before the pandemic were used as negative controls and used to calculate the seropositivity

threshold in our ELISA and ADCC assays.

Cell lines
293T human embryonic kidney and HOS cells (obtained from ATCC) were maintained at 37�C under 5%CO2 in Dulbecco’s modified

Eagle’s medium (DMEM) (Wisent) containing 5% fetal bovine serum (FBS) (VWR) and 100 mg/mL of penicillin-streptomycin (Wisent).

CEM.NKr CCR5+ cells (NIHAIDS reagent program) weremaintained at 37�Cunder 5%CO2 in Roswell ParkMemorial Institute (RPMI)

1,640 medium (Gibco) containing 10% FBS and 100 mg/mL of penicillin-streptomycin. 293T-ACE2 cell line was previously reported

(Prevost et al., 2020). HOS and CEM.NKr CCR5+ cells stably expressing the SARS-CoV-2 S glycoproteins (CEM.NKr.Spike cells)

were previously reported (Anand et al., 2021).

METHOD DETAILS

Protein expression and purification
FreeStyle 293F cells (Thermo Fisher Scientific) were grown in FreeStyle 293F medium (Thermo Fisher Scientific) to a density of

1 3 106 cells/mL at 37�C with 8% CO2 with regular agitation (150 rpm). Cells were transfected with a plasmid coding for SARS-

CoV-2 S RBD using ExpiFectamine 293 transfection reagent, as directed by the manufacturer (Invitrogen) (Beaudoin-Bussieres

et al., 2020; Prevost et al., 2020). One week later, cells were pelleted and discarded. Supernatants were filtered using a 0.22 mm filter

(Thermo Fisher Scientific). The recombinant RBD proteins were purified by nickel affinity columns, as directed by the manufacturer

(Thermo Fisher Scientific). The RBD preparations were dialyzed against phosphate-buffered saline (PBS) and stored in aliquots at

�80�C until further use. To assess purity, recombinant proteins were loaded on SDS-PAGE gels and stained with Coomassie Blue.

RBD-specific IgG levels and avidity measured by enzyme-linked immunosorbent assay (ELISA)
The SARS-CoV-2 RBD ELISA assay was used to measure the level of RBD-specific IgG, as previously described (Beaudoin-Bus-

sieres et al., 2020; Prevost et al., 2020). Briefly, recombinant SARS-CoV-2 RBD protein was prepared in PBS (2.5 mg/mL) and ad-

sorbed to plates overnight at 4�C. Coated wells were subsequently blocked with blocking buffer then washed. CR3022 monoclonal

Ab (50 ng/mL) at 1/250, 1/500, 1/1,250, 1/2,500, 1/5,000, 1/10,000, 1/20,000 dilutions of plasma from SARS-CoV-2-naive or previ-

ously infected donors were prepared in a diluted solution of blocking buffer and incubated with the RBD-coated wells. Plates were

washed followed by incubation with the respective secondary Abs. Area Under the Curve (AUC) was calculated by using GraphPad.

To calculate the RBD-avidity index, we performed a stringent ELISA where the plate was washed with washing buffer supplemented

8M urea. The binding of CR3022 IgG and plasma was quantified with HRP-conjugated antibodies specific for the Fc region of human

IgG. HRP enzyme activity was determined after the addition of a 1:1 mix of Western Lightning oxidizing and luminol reagents (Perkin

Elmer Life Sciences). Light emission was measured with a LB942 TriStar luminometer (Berthold Technologies).

Spike IgG levels measured by cell-based ELISA (CBE)
Detection of the trimeric SARS-CoV-2 S at the surface of HOS cells was performed by a previously described cell-based enzyme-

linked immunosorbent assay (ELISA) (Anand et al., 2021). Briefly, parental HOS cells or HOS-Spike cells by Spike specific IgG were

seeded in 96-well plates (63104 cells per well) overnight. Cells were blocked with blocking buffer (10 mg/mL nonfat dry milk, 1.8 mM

CaCl2, 1 mMMgCl2, 25mMTris [pH 7.5], and 140mMNaCl) for 30min. CR3022mAb (1 mg/mL) or plasma (at a dilution of 1/250) were

prepared in blocking buffer and incubated with the cells for 1 h at room temperature. Respective HRP-conjugated anti-human IgG Fc

secondary Abs were then incubated with the samples for 45 min at room temperature. For all conditions, cells were washed 6 times

with blocking buffer and 6 times with washing buffer (1.8 mM CaCl2, 1 mM MgCl2, 25 mM Tris [pH 7.5], and 140 mM NaCl). HRP

enzyme activity was determined after the addition of a 1:1 mix of Western Lightning oxidizing and luminol reagents (PerkinElmer

Life Sciences). Light emission was measured with an LB942 TriStar luminometer (Berthold Technologies). Signal obtained with

parental HOS was subtracted for each plasma and was then normalized to the signal obtained with CR3022 mAb present in each

plate. The seropositivity threshold was established using the following formula: mean of all SARS-CoV-2 negative plasma + (3 stan-

dard deviation of the mean of all SARS-CoV-2 negative plasma).

ADCC assay
The SARS-CoV-2 ADCC assay used was previously described (Anand et al., 2021; Beaudoin-Bussieres et al., 2020; Prevost et al.,

2020). Briefly, parental CEM.NKr CCR5+ cells weremixed at a 1:1 ratio with CEM.NKr.Spike cells andwere stained for viability (Aqua-

vivid: Thermo Fisher Scientific) and a cellular dye (cell proliferation dye eFluor670; Thermo Fisher Scientific) to be used as target cells.

Overnight rested PBMCswere stained with another cellular dye (cell proliferation dye eFluor450; Thermo Fisher Scientific), then used

as effector cells. Stained target and effector cells were mixed at a ratio of 1:10 in 96-well V-bottom plates. Plasma from SARS-CoV-2

naive or PI individuals (1/500 dilution) or monoclonal antibody CR3022 (1 mg/mL) were added to the appropriate wells. The plates

were subsequently centrifuged and incubated at 37�C, 5% CO2 for 5 h before being fixed in a 2% PBS-formaldehyde solution. All

samples were acquired on an LSRII cytometer (BD Biosciences) and data analysis was performed using FlowJo v10.7.1 (Tree Star).
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Virus neutralization assay
The SARS-CoV-2 virus neutralization assay used was previously (Prevost et al., 2020). Briefly, 293T cells were transfected with the

lentiviral vector pNL4.3 R-E- Luc plasmid (NIH AIDS Reagent Program) and a plasmid encoding for the full-length SARS-CoV-2 Spike

D614G glycoprotein (Beaudoin-Bussieres et al., 2020; Prevost et al., 2020) at a ratio of 10:1. Two days post-transfection, cell super-

natants were harvested and stored at�80�Cuntil use. Pseudoviral particles were incubatedwith the indicated plasma dilutions (1/50;

1/250; 1/1,250; 1/6250; 1/31,250) for 1 h at 37�Candwere then added to the 293T-ACE2 target cells followed by incubation for 48 h at

37�C. Then, cells were lysed and followed by one freeze-thaw cycle. An LB942 TriStar luminometer (Berthold Technologies) was used

to measure the luciferase activity. The neutralization half-maximal inhibitory dilution (ID50) represents the plasma dilution to inhibit

50% of the infection of 293T-ACE2 cells by SARS-CoV-2 pseudoviruses.

SARS-CoV-2-specific B cells characterization
To detect SARS-CoV-2-specific B cells, we conjugated recombinant RBD proteins with Alexa Fluor 488 or Alexa Fluor 594 (Thermo

Fisher Scientific) according to the manufacturer’s protocol. 2 3 106 frozen PBMC from SARS-CoV-2 naive and previously-infected

donors were prepared in Falcon� 5mL-round bottom polystyrene tubes at a final concentration of 4 3 106 cells/mL in RPMI 1640

medium (GIBCO) supplemented with 10% of fetal bovine serum (Seradigm), Penicillin- Streptomycin (GIBCO) and HEPES

(GIBCO). After a rest of 2 h at 37�C and 5% CO2, cells were stained using Aquavivid viability marker (GIBCO) in DPBS (GIBCO) at

4�C for 20 min. The detection of SARS-CoV-2-antigen specific B cells was done by adding the RBD probes to the antibody cocktail

listed in Table S1. Staining was performed at 4�C for 30 min and cells were fixed using 2% paraformaldehyde at 4�C for 15 min.

Stained PBMC samples were acquired on Symphony cytometer (BD Biosciences) and analyzed using FlowJo v10.8.0 software.

Activation-induced marker (AIM) assay
The AIM assay (Morou et al., 2019; Niessl et al., 2020a, 2020b) was adapted for SARS-CoV-2 specific CD4 and CD8 T cells, as pre-

viously described (Tauzin et al., 2021b). PBMCs were thawed and rested for 3 h in 96-well flat-bottom plates in RPMI 1640 supple-

mented with HEPES, penicillin and streptomycin and 10% FBS. 1.73106 PBMCs were stimulated with a S glycoprotein peptide pool

(0.5 mg/mL per peptide, corresponding to the pool of 315 overlapping peptides (15-mers) spanning the complete amino acid

sequence of the Spike glycoprotein (JPT) for 15 h at 37�C and 5% CO2. CXCR3, CCR6, CXCR6 and CXCR5 antibodies were added

in culture 15min before stimulation. A DMSO-treated condition served as a negative control and Staphylococcus enterotoxin B SEB-

treated condition (0.5 mg/mL) as positive control. Cells were stained for viability dye for 20 min at 4�C then surface markers (30 min,

4�C). Abs used are listed in the Table S2. Cells were fixed using 2% paraformaldehyde for 15 min at 4�C before acquisition on Sym-

phony cytometer (BD Biosciences). Analyses were performed using FlowJo v10.8.0 software.

Intracellular cytokine staining (ICS)
The ICS assay adapted to study SARS-CoV-2-specific T cells was previously described (Tauzin et al., 2021b). PBMCs were thawed

and rested for 2 h in RPMI 1640 medium supplemented with 10% FBS, Penicillin-Streptomycin (Thermo Fisher scientific, Waltham,

MA) and HEPES (Thermo Fisher scientific, Waltham, MA). 1.73106 PBMCs were stimulated with a S glycoprotein peptide pool

(0.5 mg/mL per peptide from JPT, Berlin, Germany) corresponding to the pool of 315 overlapping peptides (15-mers) spanning the

complete amino acid sequence of the S glycoprotein.

Cell stimulation was carried out for 6 h in the presence of mouse anti-human CD107a, Brefeldin A and monensin (BD Biosciences,

San Jose, CA) at 37�C and 5%CO2. DMSO-treated cells served as a negative control, and SEB as positive control. Cells were stained

for Aquavivid viability marker (Thermo Fisher scientific, Waltham, MA) for 20 min at 4�C and surface markers (30 min, 4�C), followed

by intracellular detection of cytokines using the IC Fixation/Permeabilization kit (Thermo Fisher scientific, Waltham, MA) according to

the manufacturer’s protocol before acquisition on a Symphony flow cytometer (BD Biosciences) and analysis using FlowJo v10.8.0

software. Abs used are listed in the Table S3.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis
Symbols represent biologically independent samples fromSARS-CoV-2 naive individuals and SARS-CoV-2 PI individuals. Lines con-

nect data from the same donor. Thick lines represent median values.

Linear mixed models fitting cell frequencies in terms of cohort, time point and their interaction were run using R and the package

‘‘nlme’’. Model diagnostics were performed, checking for heteroscedasticity and normality among residuals. Variance-covariance

matrices were estimated using different weights for each time point, accounting for heteroscedasticity. All retained models used

a square-root transform on the response variable, which helped in reducing the impact of outliers. Post-hoc contrasts across all

pairwise comparisons of factor levels were obtained with the package ‘‘emmeans’’, correcting the p values by the method of

Holm-Bonferroni where applicable. An important caveat of the square-root transform is that the reported contrast estimates and their

confidence intervals remain on this scale, making their interpretation tricky. This was not deemed too great an obstacle, as qualitative

statements on significant contrasts could be made based on p-values. Fifteen linear mixed models were retained, those being RBD

B, AIM CD4, ICS CD4, AIM CD8, CXCR3, CXCR5, CXCR6, IFNg, IL-2, TNFa and CCR6 being compared between naive and PI co-
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horts. There were also comparisons of PI donors receiving 1 dose vs 2 doses for RBD B, AIM CD4, ICS CD4 and AIM CD8. Models

without satisfactory diagnostics were abandoned in favor of non-parametric methods. Differences in responses for the same patient

before and after vaccination were performed using Wilcoxon matched pair tests. Differences in responses between naive and PI

individuals were measured by Mann-Whitney tests. Wilcoxon and Mann-Whitney tests were generated using GraphPad Prism

version 8.4.3 (GraphPad, San Diego, CA) (Rodda et al., 2022).

p values <0.05 were considered significant. p values are indicated for each comparison assessed. For descriptive correlations,

Spearman’s R correlation coefficient was applied. For graphical representation on a log scale (but not for statistical tests), null values

were arbitrarily set at the minimal values for each assay. Complete statistical tests are centralized in the Table S4.

Software scripts and visualization
Graphics and pie charts were generated using GraphPad PRISM version 8.4.1 and ggplot2 (v3.3.3) in R (v4.1.0). Heat maps were

generated in R (v4.1.0) using the pheatmap package (v1.0.12). Principal component analyses were performed with the prcomp func-

tion (R). Uniform manifold approximation and projection (UMAP) was performed using package M3C (v1.14.0) on gated FCS files

loaded through the flowCore package (v2.4.0). Samples were down-sampled to a comparable number of events (300 cells for

AIM, 100 cells for ICS). Scaling and logicle transformation of the flow cytometry data was applied using the FlowSOM (Quintelier

et al., 2021) R package (v2.0.0). All samples from naive and PI at all time points were loaded. Clustering was achieved using Pheno-

graph (v0.99.1) with the hyperparameter k (number of nearest-neighbors) set to 150). R codes scripted for this paper are provided as

https://github.com/otastet/Nayrac_et_al. We obtained an initial 15 AIM+ and 11 cyto + clusters. After careful examination, five low-

abundance AIM + clusters were merged based on proximity on the UMAP, phenotypic similarities and concomitant longitudinal tra-

jectories. This resulted in a final 10 AIM + clusters. None of the 11 cyto + clusters were merged. For B and CD4+ T cell phenotyping,

only participants with >5 RBD + B events across all depicted time points were analyzed.

e5 Cell Reports 39, 111013, June 28, 2022

Article
ll

OPEN ACCESS

https://github.com/otastet/Nayrac_et_al


Cell Reports, Volume 39

Supplemental information

Temporal associations of B and T cell

immunity with robust vaccine responsiveness

in a 16-week interval BNT162b2 regimen

Manon Nayrac, Mathieu Dubé, Gérémy Sannier, Alexandre Nicolas, Lorie
Marchitto, Olivier Tastet, Alexandra Tauzin, Nathalie Brassard, Raphaël Lima-
Barbosa, Guillaume Beaudoin-Bussières, Dani Vézina, Shang Yu Gong, Mehdi
Benlarbi, Romain Gasser, Annemarie Laumaea, Jérémie Prévost, Catherine
Bourassa, Gabrielle Gendron-Lepage, Halima Medjahed, Guillaume Goyette, Gloria-
Gabrielle Ortega-Delgado, Mélanie Laporte, Julia Niessl, Laurie Gokool, Chantal
Morrisseau, Pascale Arlotto, Jonathan Richard, Justin Bélair, Alexandre Prat, Cécile
Tremblay, Valérie Martel-Laferrière, Andrés Finzi, and Daniel E. Kaufmann



54.8

0 50K 100K 150K 200K 250K

FSC-A

0

50K

100K

150K

200K

250K
SS

C
-A

99.3

FSC-A

99.7

SSC-A7.0

0-103 103 104 105

0.1471.9
Dump negative CD19+CD20+ RBD1+RBD2+

Lymphocytes Singlets Singlets

0 50K 100K 150K 200K 250K
0

50K

100K

150K

200K

250K

0 50K 100K 150K 200K 250K
0

50K

100K

150K

200K

250K

FSC-W

FS
C

-H

SSC-W

SS
C

-H
dump BV480

SS
C

-H

0

50K

100K

150K

200K

250K

0-103 103 104 105

0

-103

103

104

105

0-103 103 104 105

0

-103

103

104

105

CD19 BV650

C
D

20
 B

V7
11

RBD1 AF488
R

BD
2 

AF
59

4

V1 V3
0.0

0.5

1.0

1.5

R
BD

-s
pe

ci
fic

 B
 c

el
ls

 (%
)

<0.001

V0 V1 V2 V3' V4'

0.001

0.01

0.1

1

10
RBD-specific B cells

V0 V1 V2 V3 V4

<0.001
0.203

0.051

0.016

0.082

1.000

0.416

0.016

1.000
0.470

64.5 7.35

13.514.6

0 0

18.281.8

CD27 APC-R700-A

Ig
D

 B
U

V5
63

-A

0-103 103 104

0-103 103 104

105

104

103

0

105

104

103

0

C
D

19
+C

D
20

+
C

D
19

+C
D

20
+

R
BD

1+
R

BD
2+

A B C

N
et

 R
BD

-s
pe

ci
fic

 B
 c

el
ls

 (%
)

V0 V1 V2 V3 V4
0

20

40

60

80

100

Pr
op

or
tio

n 
Ig

G
+ 

in
D

N
 R

BD
-s

pe
ci

fic
 B

 c
el

ls
 (%

)

V0 V1 V2 V3 V4
0.00

0.05

0.10

0.15

0.20

0.25

IgA

0.0920.0180.828
>0.999

0.070
0.989

0.156
<0.001

0.625
0.086

V0 V1 V2 V3 V4
0.00

0.05

0.10

0.15

0.20

0.25

IgD

0.0110.1250.040
0.473

0.515
0.022

0.600
0.081

0.641
0.062

V0 V1 V2 V3 V4
0.00

0.05

0.10

0.15

0.20

0.25

IgM

0.012 0.1460.244
0.852

0.287
0.070

0.611
0.105

0.741
0.180

V0 V1 V2 V3 V4
0.00

0.05

0.10

0.15

0.20

0.25

IgG

<0.0010.636<0.001
<0.001

<0.001
<0.001

<0.001
0.007

0.001
0.001

V0 V1 V2 V3 V4
0.0

0.3

0.6

0.9

1.2 0.064 0.1990.441
0.180

0.023
0.891

0.266
0.008

0.164
0.516

V0 V1 V2 V3 V4
0.0

0.3

0.6

0.9

1.2 0.072 0.2450.258
0.129

0.162
0.637

0.172
0.164

0.285
0.332

V0 V1 V2 V3 V4
0.0

0.3

0.6

0.9

1.2 0.006 0.4000.578
0.336

0.089
0.848

0.844
0.010

0.750
0.953

V0 V1 V2 V3 V4
0.0

0.3

0.6

0.9

1.2
0.002 0.0050.451

<0.001

0.002
0.002

0.301
0.002

0.004
0.051

Pr
op

or
tio

n 
Ig

+ 
in

 C
D

19
+C

D
20

+ 
B 

ce
lls

 (%
)

0

70.3

0

52.8

0

6.12

100

17.0

IgA

0 103 104 105
0

50K

100K

150K

200K

250K

0 103 104 105

0

50K

100K

150K

200K

250K

0 103 104 105
0

50K

100K

150K

200K

250K

103

0 103 104 105

0

50K

100K

150K

200K

250K

103

0 103 104 105

0

50K

100K

150K

200K

250K

103

0 103 104 105

0

50K

100K

150K

200K

250K

103

0 103 104 105
0

50K

100K

150K

200K

250K

103

0 103 104 105

0

50K

100K

150K

200K

250K

103

FS
C

-A

IgD BUV563 IgM BUV737 IgA PE IgG BV421

IgGIgMIgD

0.0

0.2

0.4

0.6

N
et

 R
BD

-s
pe

ci
fic

 B
 c

el
ls

 (%
)

PI RBD B cells: 
1 dose vs PI 2 doses

V3 V4

PI 1 dose PI 2 doses

0.166 0.228

D E

0

20

40

60

80

100
IgD

V0 V1 V2 V3

0.003 0.539 0.381

V4

0.942

0

25

50

75

100

IgM

V0 V1 V2 V3

0.059 0.680 0.770

V4

0.310

0

20

40

60

80

100

IgA

V0 V1 V2 V3

0.007 0.008 0.076

V4

0.028

0

20

40

60

80

100

IgG

V0 V1 V2 V3

0.013 0.905 0.086

V4

0.904

Pr
op

or
tio

n 
Ig

+ 
in

 C
D

19
+C

D
20

+ 
B 

ce
lls

 (%
)

F

G
H I

V0 V1 V2 V3 V4
0.00

0.05

0.10

0.15

0.20 >0.999 0.125>0.999
0.250

0.313
0.375

0.375
0.438

0.250
0.875

V0 V1 V2 V3 V4
0.00

0.05

0.10

0.15

0.20

IgD+CD27-

0.022 0.0400.076
0.588

0.480
0.083

0.691
0.180

0.249
0.358

V0 V1 V2 V3 V4
0.00

0.05

0.10

0.15

0.20 0.039 0.2070.001
0.012

<0.001
<0.001

0.004
0.292

0.850
<0.001

V0 V1 V2 V3 V4
0.00

0.05

0.10

0.15

0.20 <0.001 0.017<0.001
0.003

<0.001
<0.001

<0.001
0.004

<0.001
0.004

V0 V1 V2 V3 V4
0.0
0.2
0.4
0.6
0.8
1.0
1.2 0.084 0.6250.313

0.148

0.301
0.938

0.383
0.492

0.688
0.578

V0 V1 V2 V3 V4

0.002 0.0240.206
0.002

0.003
0.014

0.250
0.002

0.004
0.004

V0 V1 V2 V3 V4

>0.9990.742>0.999
0.781

0.945
0.844

0.125
0.063

0.250
0.250

V0 V1 V2 V3 V4

0.003 0.010 0.966
0.042

0.014
0.002

0.131
0.006

0.322
0.164

IgD+CD27+ IgD-CD27+ IgD-CD27-

Pr
op

or
tio

n 
in

 C
D

19
+C

D
20

+ 
B 

ce
lls

 (%
)

0.0
0.2
0.4
0.6
0.8
1.0
1.2

0.0
0.2
0.4
0.6
0.8
1.0
1.2

0.0
0.2
0.4
0.6
0.8
1.0
1.2

J

Figure S1

Figure S1. RBD-specific B cell responses. Related to figure 1. (A) Gating strategy to identify RBD-
specific B cell responses. (B) Comparisons between RBD-B cell responses at the V1 timepoint for PI and 
at the V3 timepoint for naïve participants. A Mann-Whitney test is indicated above the graph. Data repre-

pre-infected (PI)

naïve 



sented naïve (blue; n=22) and SARS-CoV-2 pre-infected (PI) individuals (orange, n=21). A Mann-Whitney 
test is shown. (C) Longitudinal RBD-specific B cell responses in pre-infected (PI) participants that did not 
receive a second dose after V2 (n=12). (D) Comparisons between RBD-specific B cell responses in pre-
infected (PI) participants that receive one dose vs. two doses at V3 and V4. Lines connect data from the 
same donor. The bold line represents the median value of each cohort. Linear mixed models were used for 
pairwise comparisons shown on the right panel. (E) Examples of gatings for IgD, IgM, IgA and IgG expres-
sion on total CD19+CD20+ B cells or RBD-specific B cells. (F) Histograms quantifying the frequency of 
IgD+, IgM+, IgA+ and IgG+ RBD-specific B cells at different timepoints, comparing naïve (n=22) vs PI 
participants (n=11). Only datapoints with more than 5 events were analyzed. Mann-Whitney test are shown. 
(G) Longitudinal trajectories of isotype expression frequencies in naïve (n=22) and PI (n=11) participants. 
Lines connect data points for individual participants. Wilcoxon tests are shown above each panel. (H) 
Example of the gating strategy of IgD and CD27 co-expression on RBD-specific B cells. In support to the 
pie charts displayed in Figure 1H. (I) Histograms showing the proportion of IgG+ in IgD-CD27- RBD+ B 
cells. (J) Histograms reporting the longitudinal frequency of each IgD and CD27 RBD-B phenotypes in 
CD19+CD20+ B cells for naïve (n=22) and PI (n=11) participants. In support to the pie charts displayed in 
Figure 1H. Wilcoxon tests are shown above. In (F,I), only datapoints with more than 5 events were ana-
lyzed.
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Figure S2: SARS-CoV-2-specific CD4 and CD8 T cell responses. Related to figure 2. (A) Represen-



tative upstream generic gating and (B) ORgate strategy to identify SARS-CoV-2-specific AIM+ T cells. For 
simplicity, the example focuses on CD4+ T cells. (CD) Raw frequencies of (C) AIM+ CD4+ and (D) CD8+ T 
cells following ex vivo stimulation of PBMCs with a pool of SARS-CoV-2 Spike peptides. As a control, 
PBMCs cells were left unstimulated (grey bars). The data for naïve (blue, n=26) and pre-infected (PI; 
orange, n=27) individuals are displayed. The bars represent median values. Wilcoxon tests are shown. The 
number of conditions reaching >2x no Ag are shown below each timepoint. (E) Representative ORgate strat-
egy to identify SARS-CoV-2-specific cytokine-expressing T cells. For simplicity, the example focuses on 
CD4+ T cells. (F) Raw frequencies of cytokine-expressing CD4+ T cells following ex vivo stimulation of 
PBMCs with a pool of SARS-CoV-2 Spike peptides. As a control, PBMCs cells were left unstimulated (grey 
bars). The data for naïve (blue, n=26) and pre-infected (PI; orange, n=27) individuals are displayed. The 
bars represent median values. Wilcoxon tests are shown. The number of conditions reaching >2x no Ag are 
shown below each time point. (G) Comparisons between AIM+CD4+ (red) and AIM+CD8+ (purple) T cell 
responses. Median and interquartile range are shown, with Wilcoxon tests. (H) Raw frequencies of 
cytokine-expressing CD8+ T cells following ex vivo stimulation of PBMCs with a pool of SARS-CoV-2 Spike 
peptides. As a control, PBMCs cells were left unstimulated (grey bars). The data for naïve (blue, n=26) and 
pre-infected (PI; orange, n=27) individuals are displayed. The bars represent median values. Wilcoxon tests 
are shown. The number of conditions reaching >2x no Ag are shown below each timepoint. (IJK) Longitudi-
nal (I) AIM+CD4+, (J) CD8+ and (K) cytokine+ CD4+ T cell responses in pre-infected (PI) participants that 
did not receive a second dose after V2 (n=12). Lines connect data from the same donor. The bold line repre-
sents the median value of each cohort. Linear mixed models were used to generate statistics for each pair-
wise comparison, shown on the right panels. (LMN) Comparisons of (L) AIM+ CD4+, (M) CD8+ and (N) 
cytokine+ CD4+ T cell responses between one dose vs. two doses PI at V3 and V4. Median and interquartile 
range are shown, with results from linear mixed models.
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Figure S3: Unsupervised phenotype analysis of SARS-CoV-2-specific CD4+ T cell responses. 
Related to figure 3. (A-C) Multivariate analysis. (A) Heat map overlaid on the AIM+ UMAP showing the 
gradient of expression for each marker. (B) The longitudinal net frequency of AIM+ in CD4+ T cells for 
clusters 4, 7, 8 and 9 for naïve (blue, n=22) and PI (orange; n=11) participants. Wilcoxon tests are shown 
beside for each pairwise comparison. Complement Figure 3D. (C) Cohort comparisons, with Mann-
Whitney tests. (C-F) Univariate analyses. Example of (D) CXCR5+, (E) CXCR3+, (F) CXCR6+ and (G) 
CCR6+ gating on total and AIM+ populations for univariate analyses. (HI) Net frequencies of 
AIM+CCR6+CD4+ T cells. (H) Longitudinal analysis presenting both naïve and PI are overlaid. Wilcoxon 
tests are shown besides each panel. Lines connect data from the same donor. Bold lines represent 
median values. (I) Histogram comparing naïve and PI participants. (HI) Linear mixed model tests are 
shown.
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Figure S4: Unsupervised cytokine analysis of SARS-CoV-2 specific CD4+ T cells. Related to 
Figure 4. (A-C) Multivariate analysis. (A) Heat map overlaid on the cytokine+ UMAP showing the gradi-
ent of expression for each marker. (B) Longitudinal net frequencies of cytokine+CD4+ T cells for clus-
ters 7, 8, 9, 10 and 11 for naïve (blue, n=22) and PI (orange; n=11) participants. Wilcoxon tests are 
shown for each pairwise comparison. Support figure 4D. (C) Cohort comparison with Mann-Whitney 
tests. 
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Figure S5: Univariate correlations for validation. Related to Figure 5. (A) Correlation between 
total AIM+CD4+ T cell frequencies at V0-V3 and RBD-specific B cell frequencies at V3 (n=21). (B) 
Correlation between total cytokine+CD4+ T cell frequencies at V0-V3 and AIM+CD8+ T cell frequen-
cies at V3 (n = 19). (C) The r and p values from a Spearman test are indicated in each graph.
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Figure S6: PCA analysis of AIM+ and cytokine+ CD4+ T cell responses. Related to Figure 6. AIM+ 
(A) and cytokine+ (B) CD4+ T cell sub-PCA analyses. The PC coordinates were set based on the 
primary PCA combining all timepoints. PC coordinates were then plotted by timepoints for clarity.  (A) 
The top panels present the PCA plots. The proportion of the variance attributed to PC1 and PC2 are indi-
cated on the axes. The numbers of participants analyzed in each PCA plot are indicated in each plot. Box 
and whisker plots of the PC1 and PC2 between group are presented below, with Mann-Whitney tests. In 
BC, blue is representing naïve participants and orange, PI.



Table S1. Flow cytometry antibody staining panel for B cells characterization. Related to the 
STAR Methods section. 

 
 

Marker-Fluorophore Clone Vendor Catalog # 
CD3 – BV480 UCHT1 BD Biosciences 566105 

CD14 – BV480 M5E2 BD Biosciences 746304 
CD16 – BV480 3G8 BD Biosciences 566108 
CD19 – BV650 SJ25C1 Biolegend 363026 
CD20 – BV711 2H7 Biolegend 563126 
CD21 – BV786 B-LY4 BD Biosciences 740969 

CD24 – BUV805 ML5 BD Biosciences 742010 
CD27 – APC-R700 M-T271 BD Biosciences 565116 

CD38 – BB790 HIT2 BD Biosciences CUSTOM 
CD56 – BV480 NCAM16.2 BD Biosciences 566124 

CD138 – BUV661 MI15 BD Biosciences 5 749873 
CCR10 – BUV395 1B5 BD Biosciences 565322 
HLA-DR – BB700 G46-6 BD Biosciences 566480 

IgA - PE IS11-8E10 Miltenyi 130-113-476 
IgD – BUV563 IA6-2 BD Biosciences 741394 
IgG – BV421 G18-147 BD Biosciences 562581 

IgM – BUV737 UCH-B1 Thermo Fisher Scientific 748928 
LIVE/DEAD Fixable dead cell N/A Thermo Fisher Scientific L34960 



Table S2. Flow cytometry antibody staining panel for activation-induced marker assay. 
Related to the STAR Methods section. 
 

Marker-Fluorophore Clone Vendor Catalog # 
CD3 – BUV496 UCHT1 BD 612941 
CD4 – BB630 SK3 BD 624294 
CD8 – BV570 RPA-T8 Biolegend 301037 

CD14 – BV480 M5E2 BD 746304 
CD19 – BV480 HIB19 BD 746457 
CD38 – BB790 HIT2 BD CUSTOM 

CD45RA – PerCP Cy5.5 HI100 BD 563429 
CD69 – BV650 FN50 Biolegend 310934  

CD134 (OX40) - APC ACT35 BD 563473 
CD137 (4-1BB) – PE-Dazzle 594 4B4-1 Biolegend 309826 

CD154 (CD40L) - PE TRAP1 BD 555700 
CD183 (CXCR3) – BV605 G025H7 Biolegend 353728 
CD185 (CXCR5) – BV421 J25D4 Biolegend 356920 

CD186 (CXCR6) – BUV805 13B 1E5 BD 748448 
CD196 (CCR6) – BUV737 11A9 BD 564377 

CD279 (PD1) – BV711 EH122H Biolegend 329928 
HLA-DR - FITC LN3 Biolegend 327005 

LIVE/DEAD Fixable dead cell N/A Thermo Fisher Scientific L34960 
 



Table S3. Flow cytometry antibody staining panel for intracellular detection. Related to the 
STAR Methods section. 

 
 

Marker-Fluorophore Clone Vendor Catalog # 
CD3 – BUV395 UCHT1 BD Biosciences 563546 
CD4 – BV711 L200 BD Biosciences 563913 
CD8 – BV570 RPA-T8 Biolegend 301037 

CD14 – BUV805 M5E2 BD Biosciences 612902 
CD16 – BV650 3G8 Biolegend 302042 

CD19 – APC-eFluor780 HIB19 Thermo Fisher Scientific 47-0199 
CD56 – BUV737 NCAM16.2 BD Biosciences 564448 

CD69 – PerCP-eFluor710 FN50 Thermo Fisher Scientific 46-0699-42 
CD107A – BV786 H4A3 BD Biosciences 563869 

IFN-γ – PECy7 B27 BD Biosciences 557643 
CD154 (CD40L) – BV421 TRQP1 BD Biosciences 563886 

IL-2 – PE-Dazzle 594 MQ1-17H12 Biolegend 500344 
IL-10 - PE JES3-9D7 BD Biosciences 554498 

IL-17A – eFluor660 eBio64CAP17 Thermo Fisher Scientific 50-7179-42 
TNF-α – Alexa Fluor 488 Mab11 Thermo Fisher Scientific 502915 

Granzym B – Alexa Fluor 700 GB11 BD 561016 
LIVE/DEAD Fixable dead cell N/A Thermo Fisher Scientific L34960 



cdxxi 
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The need for definitive answers probably explains our natural tendency to seek
simplicity. The reductionist “bulk” approach, in which a mean behavior is attributed
to a heterogeneous cell population, fulfills this need by considerably helping the
conceptualization of complex biological processes. However, the limits of this
methodology are becoming increasingly clear as models seek to explain biological
events occurring in vivo, where heterogeneity is the rule. Research in the HIV-1 field
is no exception: the challenges encountered in the development of preventive and
curative anti-HIV-1 strategies may well originate in part from inadequate assumptions
built on bulk technologies, highlighting the need for new perspectives. The emergence
of diverse single-cell technologies set the stage for potential breakthrough discoveries,
as heterogeneous processes can now be investigated with an unprecedented depth
in topics as diverse as HIV-1 tropism, dynamics of the replication cycle, latency,
viral reservoirs and immune control. In this review, we summarize recent advances
in the HIV-1 field made possible by single-cell technologies, and contextualize
their importance.

Keywords: HIV-1, single-cell technologies, pathogenesis, cure, vaccine, single-cell omics, fluorescence in situ
DNA and RNA hybridization, mass cytometry (CyTOF)

INTRODUCTION

HIV-1 remains a major public health problem around the world. Although ART succeeds in
suppressing viral replication and has had a tremendously positive impact for people living with
HIV-1, it fails to eradicate the virus and restore effective anti-HIV-1 immunity: the virus persists in
long-lived reservoirs, and viral rebound occurs almost invariably after cessation of therapy. HIV-1
pathogenesis is complex and diverse at multiple levels. In the absence of therapy, steady-state
viremia and disease progression rate are highly variable, depending on both host and pathogen
factors; the enormous diversity of circulating viral strains is a major hurdle for the development
of effective vaccination and cure strategies (Ho et al., 2013). This intricacy is also important
with regard to immunovirological features within an HIV-1-infected individual. HIV-1 infects or
interacts with a wide variety of immune cells that harbor considerable heterogeneity in term of
phenotype and functions (Chomont et al., 2009).

Fast evolution, diversification and coordination are core traits allowing immune cells to keep
up with the threat of remarkably diverse pathogens. Elucidating this complex interconnected
cellular network is a formidable task only achievable through high dimensional tools. Despite
the increasing availability of these approaches, single-cell studies on HIV-1 infection remains few
relative to other immunology fields. Studying HIV-1-infected cells at the single-cell level remains
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particularly challenging for various reasons: (1) The extremely
low frequency of HIV-1+ CD4+ T cells, in particular in ART-
suppressed individuals (Baxter et al., 2016); the large cell number
needed to overcome rare event sampling errors (predicted by the
Poisson distribution) and the assay specificity required are often
beyond the capacity of many single-cell methods. (2) A large
fraction of the integrated HIV-1 DNA proviruses are latent (Ho
et al., 2013); currently, no known viral protein or unambiguous
cellular surface marker allows their detection in quiescent cells.
(3) Secondary lymphoid tissues, which are the main sites of HIV-1
replication and persistence and therefore key for pathogenesis
and cure studies, are difficult to sample in humans, thus limiting
downstream analyses (Estes et al., 2017). (4) Biosafety issues can
make some studies difficult to achieve. Fixation can affect yield
and resolution in certain single-cell systems and cutting-edge
equipment is not always available in containment labs to work
on unfixed samples.

Despite these hurdles, great strides were nonetheless made
using more standard methods that could be considered concep-
tual predecessors of newer single-cell technologies, including
limiting dilutions, subpopulation partitioning by population cell
sorting, digital droplet PCR (ddPCR), immunohistochemistry,
conventional confocal microscopy and flow cytometry etc.
While these technologies remain major research tools, their
low dimensionality, poor resolution, laboriousness or low-
throughput are all good reasons to complement them with newer
single-cell techniques. Single-cell “multiomic” technologies play
a dominant role in the “single-cell revolution,” but other cutting-
edge approaches must not be overlooked. In this review,
we broadly define “single-cell technologies” as any approach
providing quantitative analyses reaching single-cell resolution.
For convenience, we grouped these technologies in four global
categories based on their key contribution to the field (Table 1).

Single-Cell Detection of Rare Events
Identification of HIV-1+ cells is typically achieved by the
detection of viral RNA (vRNA), viral DNA (vDNA) or expression
of the structural protein p24. Several direct single-cell virus
detection imaging methods with signal amplification were
developed in the past years, including in situ PCR (Bagasra
et al., 1993), tyramide amplification (Soontornniyomkij et al.,
1999), and the tunable rolling circle amplification (Frei et al.,
2016; Duckworth et al., 2019). All these methods relied on
sensitive RNA or DNA fluorescence detection through signal
amplification, but at the cost of low reproducibility and high
false detection rate due to high background. New methods
with higher signal-to-noise ratio combined with dual parametric
detection strategies now allow stringent and reliable detection
at single-cell resolution (Table 1). The nature of the viral
parameters selected for detection impacts data interpretation.
CD4 downregulation indirectly provides information about Nef
or Vpu expression in the fiber-optic array scanning technology
(FAST) assay (DeMaster et al., 2015). Dual non-competitive anti-
p24 antibodies (HIVflow) is a convenient way to get insight
on p24 translation. The multiplexable branching technology
provided the opportunity to use vRNA or vDNA as a co-
parameter of detection in fluorescence in situ hybridization
(FISH) techniques, including RNAflow-FISH (flow cytometry)

and DNA/RNAscope (microscopy) assays (Baxter et al., 2016,
2017a,b; Deleage et al., 2016; Estes et al., 2017). This technology
takes advantage of the high signal-to-noise ratios of branching
RNA or DNA (Figure 1) to achieve high specificity and
sensitivity, rapidity and easiness in the structural analysis of
HIV-1 reservoirs.

Single-Cell Genetic Profiling
By partitioning single cells, capturing their transcripts, and
generating sequencing libraries in which the transcripts are
mapped to individual cells, single-cell RNA sequencing (scRNA-
Seq) and its DNA equivalent (scDNA-Seq) represent unequaled
“omic” opportunities. All single-cell sequencing technologies
follow the same basic principles. Cells must first be individualized
by fluidic technologies, limiting dilutions or single-cell sorting
flow cytometry (Figure 2). Single cells are then lysed, and
RNA or DNA molecules are amplified to generate a library
for deep full-genome sequencing (Rato et al., 2017; Bradley
et al., 2018; Golumbeanu et al., 2018; de Armas et al.,
2019). Epigenetic profiling at the single-cell level is also
possible. The assay for transposase-accessible chromatin using
sequencing (ATAC-Seq) enables single-cell epigenomic profiling
by taking advantage of the insertion of sequencing adapters by
a hyperactive Tn5 transposase mutant to map transcriptionally
active chromatin regions (Figure 3; Buggert et al., 2018).
Subsequent deep sequencing reveals the degree of transcriptional
activity throughout the genome. These methods are increasingly
used to study HIV-1 at the single-cell level (Table 1).

Single-Cell High Dimensional
Phenotyping
High-throughput cell phenotyping for protein markers is most
frequently performed by polychromatic flow cytometry or mass
cytometry (or cytometry by time-of-flight, CyTOF). In addition
to antibodies, polychromatic flow cytometry allows detection of
fluorescent dyes and benefits from a large pool of commercially
available reagents. However, overlapping fluorescence spectra
are a recurrent problem that requires complex compensation.
Conversely, mass spectrometry by time-of-flight relies on metal-
conjugated antibodies requiring essentially no compensation.
Limitations of this technology includes fewer available reagents
and a lower acquisition throughput than fluorescent cytometry.
Current high-end platforms are designed to achieve high
dimensionality (up to >30 parameters for cytometers and >40
parameters for CyTOF, accordingly to manufacturers). While
technical considerations usually slightly reduce the number
of channels useable simultaneously compared to the limit of
parameters available, the depth of single-cell profiling achieved
is still remarkable (Cavrois et al., 2017; Bengsch et al., 2018a;
Buggert et al., 2018; Bekele et al., 2019). For both technologies
analytical tools, rather than instrument performance, can still be
bottlenecks preventing full exploitation of the data.

Single-Cell Imaging of Subcellular
Molecular Dynamics
Microscopy is often overlooked as a single-cell technology
probably because of its traditionally low throughput and
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TABLE 1 | Some examples of studies providing single-cell insight into HIV-1 biology or pathogenesis.

Approaches Description Few examples of application

Detection of
rare events

Branched DNA signal
amplification (RNA or
DNA)

Flow cytometric or
microscopic detection of
RNAs or DNAs, compatible
with protein co-detection

Compare latency reversal in different cell subsets (Baxter et al., 2016; Grau-Exposito
et al., 2019)

Quantify and phenotype the viral reservoirs ex vivo (Baxter et al., 2016; Grau-Exposito
et al., 2017)

Interrogate viral reservoirs in tissues (Deleage et al., 2016) and estimate whole body viral
burden (Estes et al., 2017)

Identify HIV+ cells in tissue-resident cells, including non-T cells (Vasquez et al., 2018)

Dual protein detection Co-detection of viral
proteins by flow cytometry

Study translation-competent viral reservoirs (DeMaster et al., 2015; Pardons et al.,
2019)

Genetic
profiling

Targeted PCR for viral
genes

Quantification of RNA or
DNA targets

Correlate residual HIV-1 transcription to sites of integrated proviruses (Wiegand et al.,
2017)

Quantify HIV-1 splicing upon latency reversal (Yucha et al., 2017)

Assess gene expression in different stages of SIV replication (Bolton et al., 2017)

Unsupervised
sequencing (RNAseq,
DNAseq, and
ATAC-seq)

Unbiased assessment of
transcriptional and
epigenetic landscapes

Identify biomarkers of HIV-1 permissiveness (Rato et al., 2017)

Define quiescent HIV-1 infected cells (Bradley et al., 2018; Golumbeanu et al., 2018), B
cell profile post-vaccination (de Armas et al., 2019)

Establish an epigenetic signature of resident memory T cells during HIV infection
(Buggert et al., 2018)

BCR and TCR
sequencing

Profiling of the B cell and T
cell repertoires

Analysis of BCR repertoire post-immunization (Scheid et al., 2009; Sundling et al., 2014)

Study T cell clonal expansion in vivo in the context of HIV infection (Wendel et al., 2018)

Integration sequencing Mapping of integrated
vDNA

Map HIV-1 integration sites in the CD4+ T cell genome of primary samples (Cohn et al.,
2015)

Virus barcoding Engineered viruses with
degenerate unique
barcodes

Examine the transcriptional potential of integrations sites by correlating barcodes in
integrated DNA and vRNA (Chen et al., 2017)

High
dimensional
phenotyping

Mass cytometry
(CyTOF)

Time-of-flight cytometry
based on heavy ion metal
tags with minimal spectral
overlap

Evaluate the susceptibility of CD4+ T subsets to productive HIV-1 infection (Cavrois
et al., 2017)

Define the phenotypic landscape of exhausted T cells (Bengsch et al., 2018a; Bekele
et al., 2019)

Link new CD8+ T cell subsets to HIV-1 pathogenesis (Buggert et al., 2018)

Imaging of
subcellular
molecular
dynamics

Fluorescent tags Temporal interrogation of
bioengineered fluorescently
tagged proteins of interest
in primary cells

Dissect, in live cells viral entry (Miyauchi et al., 2009), uncoating (Arhel et al., 2006;
Mamede et al., 2017; Francis and Melikyan, 2018b), nuclear import (Chin et al., 2015),
and assembly (Ivanchenko et al., 2009)
Estimate the timeline of gene expression (Holmes et al., 2015)

Branched DNA signal
amplification for
RNA/DNA single-cell
microscopy

Snapshots of selected
RNAs, vDNA and proteins
sub-localization

Study the nuclear import of vDNA (Chin et al., 2015)

Locate integration sites of native proviruses in primary cells (Marini et al., 2015)

Study the uncoating of native viruses (Puray-Chavez et al., 2017)

Imaging of integrated
DNA

SCIP Investigate the spatial localization of HIV-1 integration sites in live cells (Di Primio et al.,
2013)

Detection of
CRISPR-Cas9-cleaved
integrated provirus

Assess HIV-1 integration in real-time in live cells (Ma et al., 2017)

semi-quantitative nature. High-resolution time-lapse imaging
technologies now provide unprecedented spatial information
of unique HIV-1 infected cells in near real-time (Table 1).
Automated acquisition and quantification platforms allow
unbiased data acquisition, correcting the typical caveat
of microscopy. The preservation of the 3D architecture
grants access to information impossible to obtain by other
single-cell methods.

These recent developments helped the HIV-1 field take
the leap toward single-cell technologies. Here, we discuss the
contribution of these various new single-cell technologies in

the context of HIV-1 research and review concrete examples of
their applications.

HIV-1 TROPISM AND HOST CELL
REMODELING

Better defining the nature of HIV-1 infected cells has been an
active topic of research since the discovery of the virus. CD4+ T
cells were quickly found to be primary targets during productive
infection. The evolution of molecular biology and flow cytometry
tools came with more precise characterization of cells targeted by
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FIGURE 1 | Schematic representation of branched DNA signal amplification
technologies. A pair of “Z” probes co-anneal on two 20-mer target RNA or
DNA sequences (roots). The flanking regions of the Z probes are next further
targeted by a subsequent probe (trunk) on which multiple sites for further
fluorescent amplification are present (branches). The extreme improbability of
stochastic yet close proximity annealing of two totally independent Z probes
and the robust amplification provides excellent signal-to-noise ratio, allowing
single-cell detection.

HIV-1. The ever-improving capacity to divide cell populations
into more and more refined subsets by cell sorting or column
enrichment enabled the in vitro interrogation of various immune

FIGURE 3 | Schematic representation of the ATAC-seq technology. Tn5
transposases preloaded with DNA adapters fragment and tag accessible
genomic DNA. Resulting fragments are sequenced and correlated with open
and closed chromatin for epigenomic profiling.

cells for either their susceptibility to HIV-1 infection or the
presence of vDNA by ultrasensitive PCR methods. These
approaches provided a wealth of data, with at times conflicting
results that may be mostly due to technical considerations.
Numerous studies identified several cell populations with high
susceptibility to infection, including central memory CD4+
T cells (TCM) (Chomont et al., 2009; Jaafoura et al., 2014;
Boritz et al., 2016), CD4+ T memory stem (TSCM) cells
(Buzon et al., 2014), regulatory T (TREG) cells (Oswald-Richter
et al., 2004; Tran et al., 2008; Moreno-Fernandez et al., 2009;
McGary et al., 2017); TH17 cells (Gosselin et al., 2010, 2017),

FIGURE 2 | Typical cell partitioning approaches. (A) Individual cells and barcoded beads are separated by droplet encapsulation in oil using microfluidic devices.
Following intra-droplet cellular lysis, cellular mRNAs are captured by the beads for downstream application. (B) Cells are allowed to sediment in wells. To ensure
single-cell resolution, sedimentation either occurs at a dilution minimizing doublets or using microwells calibrated to allow deposition of only one cell. (C) Single cells
are directly sorted in wells. The staining of surface markers provides the mean to enrich for the desired subset of cells.
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T follicular helper cells (TFH) (Perreau et al., 2013; Banga et al.,
2016). All these subsets are defined by sets of phenotypic features
broadly accepted at the time of experimentation. However,
these labels are not set in stone and are frequently updated
based on more refined characterizations. High dimensional
single-cell technologies can address these categorizing issues
by system biology rather than knowledge-based approaches.
For example, unsupervised scRNA-Seq experiments on primary
CD4+ T cells infected in vitro identified novel biomarkers of
HIV-1 permissiveness such as CD25, CD298 (ATP1B3), CD63,
and CD317 (BST-2) that all correlated with T cell activation
(Rato et al., 2017). Activation-induced proteins were not equally
predictive of HIV-1 permissiveness, however, suggesting that
there are more to permissibility than just cell activation.

Studies of viral permissibility performed in vitro must be
interpreted with caution. Cultured CD4+ T cells drift from their
original transcriptional program, especially when exogenous
biologically active molecules are applied to maintain survival
(ex: IL-2) or promote infection (ex: CD4+ T cell activation
by PHA or CD3/CD28 crosslinking). Such models are often a
reasonable and necessary compromise because of the rarity of
infected cells in people living with HIV-1. This bias can now be
avoided to some extent by direct ex vivo detection of infected
cells using dual HIV-1 detection by flow cytometry, as described
above. Both HIVflow and RNAflow-FISH showed remarkable
consistency in providing ex vivo validation of previous bulk
observations such as HIV-1 enrichment in cells (1) expressing
the activation-associated proteins CD25, HLA-DR, Ki67 and
the inhibitory receptors TIGIT, PD-1 or CTLA-4 (Baxter et al.,
2016; Pardons et al., 2019); (2) transitional memory CD4+ T
(TTM) cells rather than in central and effector memory (TCM
and TEM, respectively); (3) in cells of TH17, TFH and TREG
polarizations (Pardons et al., 2019). Unfortunately, detection of
HIV-1 infected cells implies experimental procedures that tend
not to preserve well RNA integrity, often precluding downstream
RNA-Seq analysis. However, high dimensional protein profiling
of infected cells is now doable by flow cytometry and while
some obstacles remain, these strategies are adaptable to mass
cytometry. These single-cell technologies enable studying the
permissibility of subsets to sub-viral processes like entry and
gene expression using engineered reporter viruses. In a recent
mass cytometry study (Cavrois et al., 2017), cells undergoing viral
fusion, as detected by the fluorescent CCF2 substrate in response
to the release of the chimeric BlaM-Vpr protein, were sorted
and compared in parallel to cells expressing the virally encoded,
mass cytometry-compatible murine heat-stable antigen (HSA)
marking productively infected cells. The comparison of these two
independents single-cell datasets drew an atlas of CD4+ T cell
phenotypic features contrasting entry and productive infection.
Tonsillar T cells with features of memory, TH2, TH17 and TREG
subsets were thus found prone to viral entry in sharp contrast to
naïve T cells whereas TH17 and TFH were found predominant
productively infected cells.

HIV-1 does not exclusively infect CD4+ T cells. Myeloid cells
could also represent targets and/or facilitate viral dissemination
although definitive in vivo confirmation of productive infection
is still lacking. The best current technologies to detect HIV-1+

cells by flow cytometry call for a large number of cells
difficult to obtain from blood, typically a poor source of
mature myeloid cells. Microscopy studies using DNA/RNA
FISH techniques are therefore better suited to address this
detection challenge (Wang et al., 2012; Deleage et al., 2016;
Estes et al., 2017). DNA/RNA FISH preserves tissue integrity
and allows spatial interrogation of the microenvironment. This
approach was used in a recent study (Estes et al., 2017) of
multiple anatomic compartments in SIV and HIV-1 infection,
further confirming that more than 98% of infected cells in
primates would originate from lymphoid organs, a proportion
likely similar in humans. A similar multiplex ISH microscopy
method (mIFISH) has led to the identification of rare HIV-1+
CD21+ follicular dendritic cells (FDCs) and CD68+/CD163+
macrophages in lymph nodes of a viremic donor (Vasquez et al.,
2018). Consistent with these results, confocal microscopy studies
demonstrated that FDCs retain infectious HIV-1 in cycling
endosomes through the complement receptor CD21 (Heesters
et al., 2015) and multispectral flow cytometry (ImageStream)
showed in vitro infection of macrophages via selective capture
of HIV-1-infected CD4+ T cells (Baxter et al., 2014). While
very powerful, microscopy imaging also has some drawbacks,
including labor intensiveness, relatively low throughput, limited
number of parameters on most instruments, and in most
cases reliance on solid tissues that are hard to sample from
human participants.

HIV-1 REPLICATION CYCLE

The HIV-1 replication cycle has been studied for decades.
Through the use of bulk methods, the processes governing viral
replication were detailed to reach a canonical model (Engelman
and Cherepanov, 2012). Single-cell technologies now reveal
critical cell-to-cell disparities.

Viral Entry
An innovative dually fluorescent viral platform combining
lipophilic dyes staining viral membrane, and a cleavable GFP-Gag
chimeric protein as a fluid-phase marker present inside the virion
was developed to study HIV-1 entry (Miyauchi et al., 2009). This
platform provided evidence that frequently occurring plasma
membrane-fusion events were in fact dead-ends and suggested
that only endosomal fusion is productive.

Pre-integration Events
Co-detection of vRNA and vDNA by FISH-based technologies
now enables detection of ongoing reverse transcription by high
resolution microscopy, confirming its initiation in the cytoplasm
(Puray-Chavez et al., 2017). Reverse transcription consistently
culminated within a range of 10-14h post-entry in cell lines
(Hulme et al., 2011; Holmes et al., 2015; Puray-Chavez et al.,
2017). Several approaches enabled the visualization of the ill-
characterized HIV-1 uncoating process: IN-TC/FlAsh (Arhel
et al., 2006), A3F-YFP or IN-YFP (Burdick et al., 2017), or
5-ethynyl-2-deoxyuridine-labeled vDNA (EdU), GagiGFP, or
CypA-DsRed/CA, with INsfGFP (Peng et al., 2014; Francis
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et al., 2016; Mamede et al., 2017; Francis and Melikyan, 2018a).
Productive infection, attributed to only ≈2% of cell-bound-
viruses (Burdick et al., 2017; Francis and Melikyan, 2018a), was
characterized by tracking the intact or partially uncoated cores
toward the nucleus where uncoating is completed in the vicinity
of nuclear pores (Arhel et al., 2006; Francis et al., 2016; Mamede
et al., 2017). While live-cell imaging of native viruses has not yet
been achieved, snapshots of native virus egress in single primary
cells are possible. Probing of the negative strand of the vDNA
with a branching amplification technique along with protein
staining enabled visualization of the nuclear import of native
vDNA 12h post-infection confirmed the essential role of nuclear
pore complex subunits (Chin et al., 2015).

Integration
By sequencing genomic vDNA from cell populations calculated
to contain a single-infected cell, the frequency of HIV-1+ cells
bearing a single integrated provirus was estimated at 85-90%,
suggesting that only a minority of infected cells can sustain
recombination, an important mechanism for viral evolution
(Josefsson et al., 2011, 2013). To draw a landscape of HIV-1
integration sites in primary cells, the translocation-capture
sequencing (TC-Seq) initially designed to study chromosomal
rearrangements in B lymphocytes (Klein et al., 2011) was
adapted in the integration sequencing assay (Cohn et al., 2015;
Figure 4). Consistently with previous bulk population results
(Schroder et al., 2002), this method detected globally more
frequent integration events in intragenic regions of the genome
with high transcriptional activity. Integration in genes with
lower transcription activity occurred more frequently in treated
individual with latent infection. While single-cell sequencing is
a powerful way to map integrated vDNA in the genome, several
imaging techniques were designed to assess its spatial location in
the nucleus. They revealed that HIV-1 preferentially integrates in
the chromatin found close to the nuclear membrane (Di Primio
et al., 2013). Three-dimensional immuno-DNA FISH localized
in in vitro infected primary CD4+ T cells both HIV-1 recurrent
integration genes (RIGs) and integrated HIV-1 proviruses close
to nuclear pores (Marini et al., 2015). More recently, a single-
cell CRISPR imaging method was developed to assess integration
in real-time. In this system, a guide DNA targeting the U3-LTR
region triggers the co-localization of exogenous Cas9 proteins
conjugated with two different quantum-dot fluorophores (Ma
et al., 2017). This stringent dual-parametric detection provided
an estimation of 1.6 ± 0.4 integrated events per HIV-1+ cell.
This estimation was remarkably consistent with the data inferred
by single-sorted cell sequencing results (Josefsson et al., 2011,
2013). Although initially applied to a cell line as a proof-of-
concept, its compatibility with primary cell studies could provide
physiological insight into vDNA integration.

Assembly and Release
A key challenge in studying HIV-1 assembly and release
is the inability to totally synchronize infection in target
cells, underlining the need for single-cell technologies to
conduct fine analyses. Total internal reflection fluorescence
microscopy (TIRFM) enabled the visualization in adherent

FIGURE 4 | Schematic representation of integration site sequencing.
Sonication produces random DNA cleavage sites across the host genome.
Linker primers are ligated to provide a template for semi-nested provirus
amplification. Sequencing primers are then ligated to allow sequencing. The
random cleavage ensured by the sonication produced fragments of unique
sizes, thus providing single-cell information.

cell lines of clusters of mixed native and fluorescently tagged
Gag proteins corresponding to single virions. Combined
with photoconvertible fluorescence technology, it showed the
nucleation of recently membrane-associated Gag proteins rather
than the existence of long-lived stable platforms (Ivanchenko
et al., 2009). Assembly was timed as fast as within 4-10 min after
nucleation (Jouvenet et al., 2008; Ivanchenko et al., 2009), with an
extra 25-min delay to achieve budding (Ivanchenko et al., 2009).
The high resolution achieved by TIRFM or stochastic optical
reconstruction microscopy (STORM) lead to the detection of
ESCRT factors lattices co-localization with HIV-1 assembly
sites (Baumgartel et al., 2011; Prescher et al., 2015). Other
technologies enabling imaging of native virions on primary cells
will be required to extend our knowledge of assemble/release in
physiological context.

Interplay With Host Cell Factors
More discovery-oriented approaches are required to understand
the dynamics of the viral cycle in host cells in vivo, given the
heterogeneity of immune cells. One strategy involves taking
transcriptional snapshots of thousands of unsynchronized single
cells and reconstitute the dynamic pattern of gene expression.
This approach implies a compromise as the data produced
only infer temporality to allow assessment of primary cells
infected with native viruses. Using RT-qPCR on single-sorted
cells, investigators were able to subdivide SIV replication cycle in
various stages defined by the relative presence of multiply spliced
versus unspliced vRNAs (Bolton et al., 2017; Tokarev et al., 2018).
Simultaneous assessment of cellular gene expression revealed
distinct transcriptional patterns associated with SIV infection,
which could further be indexed to phenotypic data acquired
during the single-cell flow cytometry sorting. This approach
also provided some of the rare documented ex vivo evidence
of SIV/HIV-1-mediated cellular protein downregulation. While
in most cells progressive infection was associated with post-
transcriptional downregulation of the CD4 protein, surface
MHC class I expression was surprisingly largely maintained, in
contradiction with previous reports suggesting maintenance of
Nef-mediated MHC-I downregulation in vivo through selective
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pressure (Munch et al., 2001; Swigut et al., 2004). The same
approach can in principle be further expanded to downstream
unsupervised scRNA-Seq.

REGULATION OF HIV-1 EXPRESSION

High resolution information is now available on the temporal
regulation of viral gene expression. Live cell imaging studies
of viruses encoding a fluorescent marker in place of the early
gene nef or in frame within the late gene gag determined
that as much as 42h can be necessary to complete a single
replication cycle. This timespan varies considerably from one
cell to another, suggesting the existence of cellular specificities
that may temporally modulate viral egress (Holmes et al.,
2015). Multiple well-tuned delays were noticed, including a
3-h delay between the onset of early and late gene translation
followed by an overshadowing 6-12-h delay until viral assembly
and release. These “programmed” delays would allow viruses
to carry out pre-requisite processes that may be cell-specific.
In independent studies, ddPCR provided ex vivo evidence
of multiple blocks through transcription preventing initiation,
elongation and termination of viral transcripts in CD4+ T cells
(Yukl et al., 2018). Accumulation of multiply spliced variants
sustaining only expression of the early Tat, Rev or Nef genes was
also reported in some cells (Yukl et al., 2018). However, whether
the transcriptional blocks and the well-tuned delays are related
processes remain unclear because ddPCR does not preserve
single-cell information and natively infected primary CD4+ T
cells cannot be adequately interrogated with the currently
available imaging methods. Indeed, single-cell PCR methods have
the best potential to test this relation in physiological context.

A fine balance in the expression of the HIV-1 transactivator
Tat protein is necessary to sustain adequate viral gene
expression. As Tat is self-regulated, its downmodulation creates
a transcriptional contraction that can lead to latency, a reversible
state characterized by low or absent viral transcription. The
dynamics of HIV-1 latency is complex and calls for high-
dimensional tools (Kok et al., 2017). A time-lapse single-
molecule mRNA fluorescence in situ hybridization (smFISH)
method brought molecular evidence that Tat can act as a
molecular switch. By following the relative expression of
dual reporters of spliced and unspliced vRNA, a novel post-
transcriptional mechanism of noise suppression stabilizing the
commitment of HIV-1 to its active gene expression state
was discovered (Hansen et al., 2018). The accumulation of
unspliced transcripts reduced the relative level of Tat and Rev-
coding spliced transcripts, creating a negative-feedback loop
of noise suppression. Transcriptional noise would hinder fate
commitment to the active state, thus promoting latency. A similar
pattern of spliced/unspliced transcript temporal dynamics was
observed in another single-cell study using a dual cherry/GFP
reporter construct (Holmes et al., 2015).

While not all infected CD4+ T cells have the potential
to become latent reservoirs, defining the determinants of this
transition has been challenging in spite of intense investigation.
The paucity of latent reservoirs persisting on suppressive ART

in vivo and their difficult identification are major hurdles in
the field. A number of latency models were used to circumvent
this limitation (reviewed in Whitney and Brad Jones, 2018).
While such models have enabled significant progress, they still
face major questions regarding their representativity of actual
events occurring in vivo and present notable discrepancies
(Spina et al., 2013). The location of provirus integration was
suggested as a key determinant for establishment of latency
(Jordan et al., 2001; Sherrill-Mix et al., 2013). In that regards,
barcoded HIV-1 Ensembles (B-HIVE) proved very informative.
This technology involves insertion of a barcode into the viral
genome. Because multiple viruses sharing the same degenerate
20 nucleotides-long barcode are extremely improbable, each
barcode is statistically indicative of a single provirus providing
single-cell resolution. After sequencing, vRNA can be connected
to integrated vDNA sharing the same unique barcode, thus
giving a robust examination of the transcriptional potential of
each integration site (Chen et al., 2017, 2018). Using B-HIVE,
latent proviruses were found integrated far from active host
promoters or enhancers (Chen et al., 2017). This is consistent
with integration sequencing data demonstrating that latent cells
are more likely to bear vDNA in intergenic regions or in
genes with low or no level of transcriptional activity than
active reservoir cells. Proviruses inserted into active regions
of the genome were found selected against probably due to
virus-mediated toxicity, thus precluding the expansion of the
clones bearing vRNA with the strongest transcriptional potential
(Cohn et al., 2015).

Why would an unfavorable site of integration forcing latency
would suddenly become good enough to fuel viral rebound?
The regulation of viral gene expression by the intracellular
environment can explain this apparent paradox. This notion
is supported by the finding that timely infection of activated
cells in the process of becoming quiescent promotes latency
(Shan et al., 2017). Two recent scRNA-Seq studies using
post-activation latency models drew transcriptional landscapes of
quiescent HIV-1 infected cells (Bradley et al., 2018; Golumbeanu
et al., 2018). Globally, latently infected cells clustered close
to uninfected cells, suggesting that latent infection does not
extensively remodel host cells (Bradley et al., 2018). Consistent
with integration sequencing data, poor HIV-1 gene transcription
was also associated with increase proliferative capabilities and
cell survival (Bradley et al., 2018). A superficial resting state
prone to HIV-1 reactivation could be discriminated from a deeper
hardly reactivable latency by their higher expression level of genes
associated with metabolism, gene expression, disease, immune
system and DNA repair, giving rise to a 134-gene-specific
transcriptional signature of inducible latent cells (Golumbeanu
et al., 2018). Although powerful and informative with regard
to the gene profile and mechanisms behind latency, these
studies still rely on latency models with engineered laboratory-
adapted viral strains which may not express all viral genes
adequately, thus having an impact on the overall transcriptional
landscape. As such, the extent at which the aforementioned
findings can be transposed to in vivo latency is still unclear.
Nevertheless, combined multi-faceted single-cell studies can
lead to an elegant model of latency. Integration in intergenic
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regions far from enhancers or promoters results in a dead-end
deep latency state. Inversely, integration in intragenic regions
close to active enhancers or promoters leads to robust gene
expression and selection against by cell-mediated cytotoxicity or
virus-mediated apoptosis. Proviruses integrating in the perfect
sweet-spot between those two extremes can become reversibly
latent and undergo homeostatic expansion once the global
transcriptional activity of its host decreases toward quiescence.
It is still unclear if the distance of the integrated provirus from
the nuclear membrane may also influence latency. The single-
cell imaging tools to address this question are there however, and
further investigations will certainly be informative in this regard.

Latency is not a permanent state. This is a central problem
in HIV-1 pathogenesis and clinical care as the virus almost
always spontaneously rebounds after treatment interruption.
However, this problem can also become an opportunity: upon
reactivation of latent reservoirs, the immune system can much
better detect infected cells and destroy them. Therapeutically
inducing reservoir reactivation to facilitate its elimination,
also termed a “shock and kill” approach, is thus considered
as potential strategy for HIV-1 cure. TCR cross-linking and
PMA/ionomycin are well known to reactivate latent reservoirs
in vitro, but their pleiotropic effects prohibit their use in vivo.
A growing list of pharmaceutical compounds are now known
as latency reversal agents (LRA) (reviewed in Kim et al.,
2018). A microfluidic single-cell-in droplet PCR (scdPCR) assay
in which single cells are partitioned in lipid droplets for
individualized PCR allowed enumeration of CD4+ T cells that
produce unspliced (us)RNA and multiply spliced (ms)RNA
upon LRA stimulation of primary CD4+ T cells from ART
participants (Yucha et al., 2017). It revealed that reactivation
induced by TCR cross-linking or the LRA Romidepsin is
asymmetrical at the single-cell level and is variable amongst
donors. These results highlighted a fact that bulk analysis could
not identify: latency reversal can be the result of a robust viral
expression in a few cells or a modest induction in many (Yucha
et al., 2017). The B-HIVE assay further shed light on latency
reversal: cells responding to Vorinostat harbored integrated
proviruses closer to enhancers than PHA did (Chen et al.,
2017). The insertion context defined at the single-cell level thus
carries some predictive value about the potential response of a
provirus to LRAs.

Flow cytometric RNA FISH assays, thanks to their ability
to simultaneously monitor at the single-cell level vRNA and
HIV-1 protein expression upon LRA reactivation, are powerful
approaches in latency reversal studies (Baxter et al., 2016, 2018;
Grau-Exposito et al., 2017, 2019). For example, while Romidepsin
increased frequencies of vRNA+ cells, this LRA was a poor
inducer of Gag protein expression in these reactivated cells
compared to PMA/ionomycin (Grau-Exposito et al., 2017). The
kinetics of latency reversal at the transcriptional and translational
level could also be monitored using this method (Martrus et al.,
2016). As detection of HIV-1+ cells can be combined with
multiparametric phenotyping for cellular markers, RNAflow-
FISH approaches can distinguish subsets of CD4+ T cells able
to respond to LRAs in primary clinical samples. For example,
the protein kinase C (PKC) agonist Bryostatin-1 preferentially

reactivated TEM reservoirs whereas the PEP005 showed broader
activity, including on TCM cells (Baxter et al., 2016) and
stem-cell memory T cells were found to be more refractory
to reactivation (Grau-Exposito et al., 2019). These are early
studies for these technologies that suggest they have potential as
advanced monitoring tools for clinical trials.

VIRAL RESERVOIRS

Determining the size of HIV-1 reservoir during ART is
challenging, as long-lived latently infected cells are largely
transcriptionally silent. Early methods applied to bulk
populations relied on the direct detection of total or integrated
HIV DNA. Few DNA-based detection methods can accurately
distinguish the rare cells bearing an intact, potentially replicative-
competent provirus from the vastly more numerous HIV-1+ cells
bearing integrated proviruses containing lethal defects. Intact
proviruses were found enriched in cell refractory to standard
in vitro stimulation with frequencies in the few percent range of
total vDNA (Ho et al., 2013). While the potential of these viruses
to reactivate in vivo is unknown, they may constitute a higher
barrier to cure. Conversely, the quantitative viral outgrowth assay
(Q-VOA), in which single infected-cell are seeded in limiting
dilutions among reporter cells to allow the amplification of p24,
gives a minimal estimation of the size of replication-competent
reservoirs. These methods offer the highest and lowest estimates
of “total” and “replication-competent” viral reservoirs. New
highly sensitive and specific flow cytometry-based methods
based on detection of viral products (viral RNA and/or proteins)
provide additional information on the competence of the
reservoirs at the single-cell resolution required to associate viral
or cellular features to the quantified reservoirs, with estimated
VR sizes that are intermediate between standard DNA and
Q-VOA quantification (DeMaster et al., 2015; Baxter et al., 2016,
2018; Grau-Exposito et al., 2017; Zhang et al., 2018; Pardons et al.,
2019). In these studies, translation-competent reservoirs were
determined by the expression of p24 (Baxter et al., 2016, 2017a;
Pardons et al., 2019) whereas production of viral RNAs such
as gagpol defined transcription-competent reservoirs (Baxter
et al., 2016; Grau-Exposito et al., 2017). To isolate live reservoir
cells, dual staining with broadly neutralizing antibodies (bNAbs)
has also been successfully applied (Cohn et al., 2018). These
methods are well adapted to assess HIV-1+ events in blood,
where reservoir cells are rare but cell numbers is not limiting.
Probing lymphoid tissues, the primary viral sanctuaries during
ART, is more difficult because of limited sample availability.
While cytometry can be performed on extracted cells, in situ
microscopy is frequently the method of choice to perform those
measurements in tissues. Signal amplification technologies have
been developed to allow simultaneous single-cell detection of
proviral vDNA and vRNA, giving valuable information both
on DNA integration and viral gene expression without altering
tissue structure (Deleage et al., 2018). Coupled with automated
imaging of multiple tissues, these approaches have allowed
rigorous assessment of anatomical compartmentalization and
total body burden of SIV and HIV-1 reservoirs (Deleage et al.,
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2016; Estes et al., 2017, 2018). A variant of this method enabled
detection of spliced viral RNA using probes specific for the tat-rev
splice junctions, thus increasing the likelihood of detecting viral
RNA+ cells in situ associated with replication-competent viruses
(Deleage et al., 2018). Applied to flow cytometry, this approach
distinguished spliced and unspliced vRNA and was sufficiently
sensitive to capture the delayed export from the nucleus to the
cytoplasm of unspliced vRNA compared to the spliced variant
(Puray-Chavez et al., 2017). Determining if residual vRNA+ cells
can represent a primary source of viral rebound upon treatment
interruption necessitates single-cell analysis because expanded
clones cannot be recognized as such in bulk analyses. The
cell-associated HIV-1 RNA and DNA, single-genome sequence
assay (CARD-SGS) can connect residual HIV-1 transcriptional
activity to proviruses in ART-treated donors (Wiegand et al.,
2017). Single-cell resolution of sequencing is achieved through
statistical assumption of the dilution required to obtain single
HIV-1+ cells. On ART, vRNA sequences were found less diverse
than vDNA, further suggesting that few HIV-1+ cells actually
contribute to the viral diversity in vivo (Wiegand et al., 2017).
The extent of the contribution of expanded vRNA+ clones to
viral rebound is still debated, as there are notable discrepancies
between reported observations (Cohn et al., 2015; Barton et al.,
2016; Boritz et al., 2016; Kearney et al., 2016). Nevertheless, all
these studies are consistent with a very limited pool of HIV-1+
cells fueling viremia or viral rebound. These findings emphasize
the importance of studying proviral sequences at the single-cell
level to discriminate the cells susceptible to fuel viremia from the
numerically superior ones that cannot.

IMMUNE RESPONSE

HIV-1 pathogenesis is determined by complex interactions
between the virus and the host immune system. While the study
of the anti-HIV-1 immune response quickly became a major
field of research in the perspective of developing effective cure
strategies and prophylactic vaccines, it is only relatively recently
that single-cell technologies have been exploited and have yielded
major results in this area.

Immune Response and Immune
Dysfunction
Multiple arms of the immune responses are dysregulated
in HIV-1 infection. Hypergammaglobulinemia is frequent,
contrasting with qualitative defects of humoral immunity such
as lower titers and less durable B cell responses to seasonal
influenza vaccine (Tebas et al., 2010; Crum-Cianflone et al.,
2011; de Armas et al., 2019). The extreme diversity of the B cell
receptor (BCR) repertoire and complex differentiation patterns
of B cell subsets limit the insight gained from bulk population
studies. To overcome these limitations, transcriptional profiling
was recently performed by scRNA-Seq on post-vaccination
Influenza-specific memory B cell in virally suppressed HIV-
infected individuals (de Armas et al., 2019). In this approach,
fluorescent probes identifying HA-specific B cells allowed single-
cell sorting and downstream scRNA-Seq. The high-dimensional

data thus generated contrasted transcriptional differences in
cells otherwise indistinguishable by conventional flow cytometry.
PTEN, a gene associated with hampered BCR signaling through
inhibition of the PI3K signaling pathway, was found elevated
in influenza-specific B cells from HIV-1-infected individuals.
Other studies attributed B cell dysfunction to inefficient help
provided from germinal center follicular T cells (GC TFH) (Cubas
et al., 2013, 2015; Boswell et al., 2014). The analysis of lymph
node samples from untreated HIV-1+ donors by combined
high dimensional mass cytometry and TCR repertoire single-
cell sequencing shed light on the fine structure of these TFH
responses (Wendel et al., 2018), revealing that HIV-1-specific
TFH expand but become functionally skewed with limited TCR
diversity, features that correlate with B cell dysregulation in the
same lymph node.

T cell dysfunction is a hallmark of chronic infections, and
is in part an adaptive compromise required for the host
by antigen persistence, as it balances some partially effective
immunity with reduction of immunopathology. While this
immune impairment was initially conceptualized as a state of
chronic loss of function, a number of studies have highlighted
T cell “exhaustion” as being a distinct differentiation program,
which itself presents important cellular heterogeneity among
subsets of exhausted cells (e.g., CD4+ vs CD8+ T cells,
McLane et al., 2019). High dimensional single-cell analyses
can now provide a better understanding of this complexity.
Rather than relying on a limited set of parameters to identify
exhausted T cells in HIV-1 infected humans, investigators used
an epigenomic-guided mass cytometry approach (Bengsch et al.,
2018b) and identified up to 12 exhausted CD8+ T cell clusters
with considerable heterogeneity in inhibitory co-receptor and
transcription factor co-expression. Some clusters of severely
exhausted CD8+ T cells were found similarly enriched in people
afflicted with lung cancer whereas others were differentially
represented, suggesting that a common core biology of T cell
exhaustion across diseases exists along with more disease-
specific defects (Bengsch et al., 2018b). The extent to which
these findings also apply to CD4+ T cells remains to be
determined, and single-cell technologies applied to CD4+ T cell
biology will be informative. Mass cytometry data revealed a
complex network of CD4+ T cells clusters that correlated with
functional decline and was associated with late ART initiation
(Bekele et al., 2019). Most high-dimensional studies on T cell
dysfunction in HIV infection have thus far been focused on
T cell subsets, not HIV-specific T cells, a step required to
delineate antigen-specific immune dysfunction from broader
dysregulation in the context of HIV-1 infection and associated
chronic immune activation.

While epitope-specific tetramers of good quality and broad
HLA Class I diversity are easily accessible for human CD8+ T
cell studies and can also be used for high-dimensional flow
cytometry or mass cytometry studies (Newell et al., 2013),
accessibility to reliable human Class II multimers remains
limited. Several groups have thus established sensitive methods
based on upregulation of activation-induced markers (AIM)
to detect virus-specific CD4+ T cells after cognate antigen
stimulation (Zaunders et al., 2009; Havenar-Daughton et al.,

Frontiers in Microbiology | www.frontiersin.org 9 March 2020 | Volume 11 | Article 297

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-00297 March 2, 2020 Time: 20:43 # 10

Sannier et al. Single-Cell HIV-1 Research: Reaching Maturity

2016; Reiss et al., 2017). A major advantage of this approach
is the possibility to live-sort HIV-1-specific CD4+ T cells for
downstream analyses such as -omics studies, including single-
cell technologies. This was recently illustrated by a genome-
wide transcriptome profiling study of HIV-1-specific CD4+
T cell responses pre- and post-ART (Morou et al., 2019).
Expression patterns of selected genes and their association
with cell phenotypes was confirmed at the single-cell level by
multiplexed RNAflow-FISH, providing an experimental pipeline
for detailed HIV-1-specific CD4+ T cell studies. Compared
to Thelper responses identified in HIV-1 elite controllers,
ART did not fully reverse the dysregulated transcriptional
program identified in viremic progressors before initiation of
therapy (Morou et al., 2019). This is consistent with mass
cytometry studies of the total CD8+ and CD4+ T cell subsets
conducted on other HIV-1+ cohorts, which showed incomplete
restoration of clusters of exhausted T cells on suppressive ART
(Bengsch et al., 2018b; Bekele et al., 2019). A precise map
of the corrected versus persistently altered gene modules will
be key to understand residual T cell dysfunction in people
living with HIV-1.

Single-cell technologies can also facilitate in-depth studies of
anatomic compartments for which sampling is quite limiting
in humans. Until recently, the paradigms of protection against
HIV-1 largely relied on peripheral blood studies, although virus
replication occurs mainly in lymphoid tissues. An approach
combining high dimensional mass cytometry, scRNA-Seq, and
ATAC-Seq enabled transcriptional and epigenetic-profiling of a
novel extrafollicular LN-resident CD69+ virus-specific CD8+ T
cell subset (Buggert et al., 2018), with notable transcriptional
and functional differences observed compared to blood HIV-1-
specific CD8+ T cells. Central nervous system (CNS) studies
exemplify the challenges of human studies as well as the
potential to make optimal use of the rare cell populations
isolated from precious clinical samples. CNS involvement
remains a significant issue, as neurocognitive disorders occur
in spite of highly effective ART and as the CNS can serve
as immune sanctuary. A recent study used scRNA-Seq to
define the immune cell landscape in the cerebrospinal fluid
(CSF) of virologically suppressed individuals (Farhadian et al.,
2018). They found a rare subset of myeloid cells whose gene
signature overlapped with neurodegenerative disease-associated
microglia. These findings suggest that an immunopathogenic
subset of myeloid cells may perpetuate neuronal insults during
HIV-1 infection, thus providing physiological evidence of
myeloid dysfunction. Unsupervised analytical approaches have
the benefits of identifying new subsets of rare dysregulated cells,
better assessing immune cell dysfunction in vivo and identifying
factors with direct contribution to residual immune impairment.
Clearly, further investigations will be needed to establish the
extent of myeloid dysfunction during HIV-1 infection.

Vaccine Development and
Immunomonitoring
The best hope to control the HIV-1 pandemic probably resides
in prophylactic vaccines. Although none of the attempted

vaccine trials led to a definitive breakthrough, correlates of
protection could be identified in human studies (reviewed in
Corey et al., 2015). Broadly neutralizing Abs (bNAbs) targeting
Env epitopes from many HIV-1 strains exist in a small proportion
of chronically infected individuals (reviewed in Klein et al.,
2013; Kwong et al., 2013; Burton and Mascola, 2015). However,
how to elicit bNAb-producing B cells by vaccination strategies
remains unclear because the ontogeny of this atypical B cell
response is not yet fully elucidated, and may be very challenging
to elicit by a vaccination strategy. Indeed, bNAbs originate
from rare clones diluted in the vastly heterogeneous B cell
populations, which precludes the use of bulk analytic approaches.
The B cell repertoire was studied by combining image-based on–
chip cytometry and micro engravement (Ogunniyi et al., 2014;
Figure 4). Thousands of independent cells loaded into microwells
were labeled with antibodies, then subjected to RT-PCR and
sequencing, thus yielding single-cell phenotypic information and
sequencing data in the same system. RT-PCR on single-sorted
B cells emerged as an essential tool to understand the features
of bNAb generation (Scheid et al., 2009; Sundling et al., 2012,
2014; Wang et al., 2016). In contrast to bulk population PCR,
this approach readily identified unique Env-specific B cell clones
and provided the matched heavy and light V(D)J sequences for
subsequent cloning, thus allowing the functional characterization
of key monoclonal antibodies in vitro (Sundling et al., 2012,
2014). This approach is used to conduct preclinical assessment
of vaccine candidates in non-human primates (NHPs) (Scheid
et al., 2009; Sundling et al., 2012, 2014; Wang et al., 2016), and to
explore the pathways toward bNAb development in humanized
mouse models upon sequential immunization (Escolano et al.,
2016). Furthermore, single-cell BCR sequencing of naïve B cells
in HIV-uninfected human donors has been successfully used to
estimate the frequencies of germline precursors that would have
the potential to develop into a given bNAb lineage, provided
that an optimal vaccination strategy could lead them along this
path (Jardine et al., 2016). Deployment of such advanced single-
cell technologies in Phase I clinical trials of new immunogens
should help select the most promising vaccination strategies for
further development.

Single-cell transcriptomics and epigenomics strategies, in
some cases combined with TCR sequencing, have also been
successfully applied to study the T cell response in human
diseases (Buggert et al., 2018; Jerby-Arnon et al., 2018). Although
the conduct of such single CD4+ or CD8+ T cell studies currently
appear to lag behind in the HIV field compared to B cell studies
and to investigations of cellular immunity in other diseases, the
conceptual and technical frameworks now appear to be mature
for such cutting-edge investigations in advanced HIV-1 vaccine
immunomonitoring.

Standard biostatistical approaches often failed to appreciate
differences in the quality of the immune vaccine response because
they rely on expected biological outcome and consequently
fail to grasp the inherent complexity of the multi-component
nature of immunity. Single-cell technologies have been used
to provide high throughput multi-dimensional data, but the
lack of computational tools has in many instances led to
suboptimal exploitation of the wealth of data generated.
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To overcome these limitations, analytical frameworks harnessing
the full extent of single-cell technologies were tested on
multidimensional datasets (Finak et al., 2014; Lin et al., 2015).
For example, combinatorial polyfunctionality analysis of antigen-
specific T cell subsets (COMPASS) models enable identification
of cell subsets and select those most likely to have antigen-specific
responses using a Bayesian hierarchical framework, thus allowing
to correlate the quality of an individual response with clinical
outcome. COMPASS identified CD4+ T cell polyfunctionality as
a new correlate of vaccine efficacy in the RV144 HIV vaccine trial
and delineated qualitative differences in CD4+ T cell responses
between different HIV-1 vaccine regimens (Lin et al., 2015).
These findings support the hypothesis that the general quality
of response is more important to determine the outcome of
vaccination, and perhaps infection, than magnitude on single-
parameter responses (Lin et al., 2015). Such studies further
support combining single-cell technologies with multivariate
computational analyses to adequately interpret the complex
immune network at play during infection or vaccination.

PERSPECTIVES

Single-cell analysis is not a novel concept. However, recently
developed technologies are now bringing the resolution and

depth of single-cell investigations to the next level in every field
of biology. Immunology and cancer are fields that pioneered
the use of these new tools. HIV-1 research contributed to the
development of many technologies in the past, for example
single-cell microscopy applied to investigation of the viral
replication cycle. Yet, compared to other areas of biomedical
research, the field appears to currently lags behind in fully
adopting newer high throughput single-cell technologies, this
despite the fact that the very nature of HIV-1 biology would
extensively benefit from these tools. The ball is now in the HIV-1
researchers’ court.
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