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Résumé 

Seule une minorité des individus infectés par le virus de l’immunodéficience humaine (VIH) 

développe une réponse immunitaire capable de contrôler le virus. Chez la plupart des individus, 

on observe un échappement virologique et un épuisement des lymphocytes T CD8+ spécifiques 

du VIH. L’infection chronique non-traitée altère également les lymphocytes T CD4+ spécifiques du 

VIH caractérisé par l’expression accrue des récepteurs co-inhibiteurs et une signature des cellules 

auxiliaires T folliculaires (Tfh). La thérapie antirétrovirale (TAR) est très efficace pour supprimer 

durablement la charge virale dans le plasma. Néanmoins, elle ne permet pas une éradication 

complète du VIH car le virus persiste, intégré dans le génome des cellules réservoirs, desquelles 

le virus réapparaît lors de l’interruption de la thérapie. Cela démontre que l'immunité adaptive 

spécifiques du VIH n'est pas restaurée. 

Les anticorps neutralisants à large spectre (bNAbs) représentent une alternative potentielle à la 

TAR. En plus de la neutralisation du virus – et contrairement à la TAR – les bNAbs ne limitent pas 

la disponibilité de l'antigène et peuvent engager le système immunitaire. L'administration de 

bNAbs à des macaques rhésus induit des réponses immunitaires adaptatives associées à un 

contrôle prolongé de la virémie, mais cela n’a pas été établi chez l’Homme. 

Dans cette thèse, nous avons donc exploré la modulation des réponses des lymphocytes T 

spécifiques du VIH lors d'une TAR standard et d’une immunothérapie utilisant des bNAbs. 

Dans un premier objectif nous avons analysé la modulation persistante des réponses des 

lymphocytes T CD4+ spécifiques du VIH chez les individus sous TAR. Nous avons pu démontrer 

l'expansion persistante des Tfh spécifiques au VIH avec des caractéristiques phénotypiques et 

fonctionnelles les distinguant des Tfh spécifiques d’antigènes viraux comparatifs 

(cytomégalovirus, virus de l’hépatite B). Ces caractéristiques ont été induites au cours de 

l’infection chronique non-traitée, persistaient pendant la TAR et étaient associées au réservoir du 

VIH compétent pour la traduction. Ces données suggèrent qu’une stimulation antigénique 

persistante, malgré une TAR efficace, maintient des modifications immunologiques notamment 

au niveau des Tfh. 

Dans un second objectif, nous avons caractérisé les réponses T spécifiques du VIH à la suite d’un 

traitement utilisant des bNAbs et une interruption structurée de la TAR (IST). Des individus inclus 

dans une étude clinique de phase Ib ont reçu une perfusion d’une combinaison des bNAbs 10-
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1074 et 3BNC117 et ont démontré une suppression virale prolongée après l’IST. Chez ces 

participants, nous avons observé une augmentation des réponses immunitaires des lymphocytes 

T CD8+ et CD4+ spécifiques du VIH due à l'expansion des réponses immunitaires préexistantes 

et au développement de réponses ciblant de nouveaux épitopes. Cela suggère que la 

combinaison d’un traitement par bNAbs avec l’IST est associée au maintien de la charge virale 

plasmatique indétectable et à une intensification de la réponse immunitaire des lymphocytes T 

spécifiques du VIH. 

Nos travaux permettent une meilleure compréhension des réponses des lymphocytes T 

spécifiques du VIH au cours de la TAR et lors d’une immunothérapie. Ils peuvent contribuer au 

développement de stratégies thérapeutiques plus efficaces visant à contrôler la réplication virale 

sans la TAR. 

 

Mots-clés: VIH, cellules T spécifiques du VIH, thérapie antirétrovirale, anticorps neutralisants à 

large spectre, cellules T auxiliaires folliculaires 
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Abstract 

Only a small fraction of individuals infected with the human immunodeficiency virus (HIV) develops 

effective immune responses able to control the virus. In most individuals, the virus escapes the 

antiviral immune response and HIV-specific CD8+ T cell responses become exhausted. Untreated 

progressive HIV infection also leads to alterations in HIV-specific CD4+ T cells. This includes 

increased expression of co-inhibitory receptors and skewing towards a T follicular helper cell (Tfh) 

signature. Antiretroviral therapy (ART) is highly effective in controlling the HIV viral load at 

undetectable levels in the plasma. However, ART does not represent a cure as the virus integrates 

into the genome of infected cells from where the virus rebounds once ART is stopped. This 

demonstrates that the HIV-specific T cell immunity is not restored. However, the changes that are 

introduced during progressive infection and that are maintained after viral suppression with ART 

are poorly known. 

Broadly neutralizing antibodies (bNAbs) represent a potential alternative to ART. In addition to 

virus neutralization and unlike ART, bNAbs to do not limit HIV antigen availability and can engage 

the immune system. bNAb administration elicited adaptive immune responses that were 

associated with long-lasting viral control in a simian animal model, but this has not been 

established in HIV-infected individuals. 

In this thesis, we therefore proceeded to study the modulation of HIV-specific T cell responses 

during standard ART and after an immunotherapeutic intervention using bNAbs. 

The first objective was to better understand persistent modulation of HIV-specific CD4+ T cell 

responses in ART-treated individuals. Our results demonstrated the persistent expansion of HIV-

specific Tfh cell responses with multiple phenotypic and functional features that differed from Tfh 

cells specific for comparative viral antigens (cytomegalovirus, hepatitis B virus). These features 

were induced during chronic untreated HIV infection, persisted during ART and correlated with the 

translation-competent HIV reservoir. This suggests that persistent HIV antigen expression, despite 

effective ART, maintains these altered immunological features specifically for Tfh responses. 

For the second objective, we characterized changes in the HIV-specific CD8+ and CD4+ T cell 

immunity after bNAb treatment and analytical treatment interruption (ATI). For this, we used 

samples obtained from participants enrolled in a clinical phase Ib study that received combined 

infusion of bNAbs 10-1074 and 3BNC117 and demonstrated prolonged viral suppression after 

ATI. In these individuals, we detected an increase of HIV-specific CD8+ and CD4+ T cell responses 

during ART interruption when compared to baseline. Increased T cell responses were due to both 
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expansion of pre-existing responses and the emergence of responses to new epitopes. In 

contrast, HIV-specific T cell responses remained unchanged in ART-treated individuals who did 

not receive bNAb infusions. This suggests that bNAb treatment and ATI is associated with 

increased HIV-specific T cell immunity while viral suppression is maintained. 

Together our results contribute to a better understanding of HIV-specific T cell responses during 

ART and immunotherapy treatment. Our findings may help to develop more effective HIV 

treatment strategies to improve the host’s immune system so that HIV can be controlled without 

the need for ART. 

 

Keywords: HIV, HIV-specific T cells, antiretroviral therapy, broadly neutralizing antibodies, T 

follicular helper cells 
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Chapter 1 Introduction 

Parts of this introduction were used in the review articles 

“Niessl et al., Harnessing T Follicular Helper Cell Responses for HIV Vaccine Development, 

Viruses, 2018” 

and 

“Niessl et al., Tools for Visualizing HIV in Cure Research, Current HIV/AIDS Reports, 2018”. 

Both articles are included in Chapter 9 – Appendices 
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A complete understanding of the modulations of HIV-specific T cell responses during chronic HIV 

infection, the persistence of these modulations during antiretroviral therapy, and how effective 

antiviral responses could be restored is still missing to date. 

Here, we studied alterations of the HIV-specific CD4+ T cell response in chronically infected 

individuals that are maintained during antiretroviral therapy (ART), with a specific focus on T 

follicular helper cells. We compared the phenotypic and functional profile of HIV-specific CD4+ T 

cells to responses elicited by other viruses within the same individual. These included responses 

that were generated during an acute infection that became subsequently resolved or via 

vaccination (hepatitis B virus), and a chronic infection that is usually controlled by the host’s own 

immune system (cytomegalovirus). 

In a second study, we investigated the effect of anti-HIV antibody therapy and interruption of ART 

on the HIV-specific CD8+ and CD4+ T cell response. 

This introduction, therefore, discusses what is known about immune responses directed against 

acute viral infections or generated after vaccination and responses against chronic viral infections 

with a specific focus on HIV and CMV. Furthermore, it discusses examples of current strategies 

to improve the anti-HIV T cell immunity, the development of anti-HIV antibodies in infected 

individuals and their use for HIV prevention and treatment. 

  



  3 

1.1 Immunity against acute viral infections or after 
vaccination 

The immune system consists of two arms to fight invading pathogens or developing tumors: the 

innate and the adaptive immune system. While the innate immune system is non-specific and 

senses pathogen-associated molecular patterns (PAMPs) by pattern recognition receptors 

(PRRs), the adaptive immune system develops specifically to pathogen-specific antigens and 

forms a long-term memory response that is able to respond faster upon a secondary infection with 

the same pathogen. 

1.1.1 Innate antiviral immunity 
All cells have intrinsic systems to recognize and inhibit viral infections. In mammalian cells, PRRs 

include Toll-like receptors (TLRs), RIG-I-like receptors (RLRs), NOD-like receptors and C-type 

receptors [1]. Binding of viral PAMPs, such as viral nucleic acids, to these surface or intracellular 

PRRs, activates an intracellular signalling cascade to induce antiviral type-I interferons (IFNs), cell 

death or inflammatory cytokines. Autocrine or paracrine type I IFN signalling leads to the 

expression of IFN-stimulated genes (ISGs) that can directly inhibit viral replication through various 

mechanisms [1]. Several innate immune responses form the first line of cellular-mediated defense 

against viral infections. Tissue-resident myeloid cells such as dendritic cells (DCs) and 

macrophages secrete type I IFNs and other pro-inflammatory cytokines after PAMP recognition. 

Group 1 innate lymphoid cells (ILCs) such as tissue-resident ILC1s and natural killer (NK) cells 

express high levels of IFN-γ. In addition, NK cells can directly kill virally infected cells via perforin 

or granzyme B secretion, which induce cell lysis [2].  

PAMP recognition via PRRs on antigen-presenting cells (APCs) leads to their activation and local 

expression of inflammatory cytokines [3]. Additionally, APCs internalize the PAMP, migrate to 

secondary lymphoid organs, where they present the processed antigen in the context of major 

histocompatibility (MHC) class I and class II molecules to naïve T cells [3]. Antigen can also reach 

secondary lymphoid organs through the lymphatic system, where it is captured by lymph node 

(LN)-resident DCs [4]. 
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1.1.2 Adaptive antiviral immunity 

1.1.2.1 T cell responses 
Adaptive immune responses are generated a few days after infection and peak around one to two 

weeks [5]. T cells undergo three different phases during a primary viral infection: Expansion, 

contraction and maintenance (Figure 1). 

During the expansion phase, naïve cluster of differentiation (CD)4+ or CD8+ T cells are activated 

or primed by T cell receptor (TCR)-dependent recognition of the antigen presented by MHC-I for 

CD8+ T cells or MHC-II on APCs for CD4+ T cells in secondary lymphoid organs. In addition, 

costimulatory signals and cytokines are necessary to induce their massive proliferation and 

differentiation into effector T cells. Effector T cells lose the expression of lymphoid homing 

molecules (e.g. chemokine (C-C motif) receptor (CCR) 7, CD62L), enter the circulation and 

acquire homing markers to migrate to sites of inflammation [6]. 
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Figure 1 – Kinetics of T cell responses following an acute viral infection 

Priming of naïve T cells via APCs leads to clonal expansion and differentiation into effector T cells. Effector functions 
for CD8+ T cells include secretion of cytokines and cytotoxic molecules, CD4+ Thelper cells support antiviral responses 
by cytokine secretion and cell-cell interactions. After the antigen is cleared, T cells undergo a massive contraction and 
undergo apoptosis. The remaining T cell pool persists as memory cells for years and can mount a rapid antiviral 
response upon secondary infection. This figure is licensed under an open-access Creative Commons Attribution License 
(CC BY) and was obtained from [7]. 

 

Antiviral CD8+ T cell responses (also called cytotoxic T lymphocytes (CTLs)) recognize virally 

infected cells through the binding of the TCRs to foreign antigens presented on the MHC-I. They 

kill infected cells by secreting granules that contain perforin or granzymes. These cytolytic 

molecules create pores in the lipid bilayer of the target cells or induce cell death by activating 

intracellular apoptotic signalling cascades [8]. In addition, CD8+ T cells kill target cells via a Fas-

FasL-dependent induction of apoptosis, and they release the antiviral and pro-inflammatory 

cytokines IFN-γ, tumor necrosis factor (TNF)-α and others [8]. 

Naïve CD4+ T cells can differentiate into distinct Thelper (Th) subsets with specific immunological 

functions. Each subset is characterized by its transcriptional program that is governed by a so-

called master regulator transcription factor, which regulates functional and phenotypic properties. 

Th1 CD4+ T cells express the transcription factors T-bet and/or eomesodermin (EOMES), secrete 
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IFN-γ, interleukin (IL)-2 and TNF-α are important for the immunity against intracellular pathogens 

including viruses [9]. A subset of Th1 CD4+ T cells expressing both T-bet and EOMES have been 

shown to have cytolytic functions similar to CTL cells and kills target cells by the secretion of 

perforin or granzyme B [10]. Th2 cells are important to resist extracellular pathogens such as 

helminths and nematodes, secrete for example IL-4, IL-5 and IL-13 and express the master 

regulator GATA3 [9]. Th17 or Th22 cells are able to migrate to mucosal tissues via the expression 

of CCR6 or gut-homing integrins. Here, they secrete IL-17, IL-22 and other cytokines and 

chemokines to induce an anti-bacterial and anti-fungal immune response. At the transcriptional 

level, this is coordinated by the lineage-specific transcription factors retinoic acid receptor-related 

orphan receptor γ t and α (RORγt and RORα) [11, 12]. Finally, T follicular helper (Tfh) cells express 

the transcription factor B-cell lymphoma 6 protein (Bcl6) and others and give help to B cells in the 

germinal center (GC) or secondary lymphoid organs to produce high-affinity antibody responses, 

for example via the secretion of IL-21 and IL-4 [9] (Tfh cells will be discussed more in detail below). 

CD4+ T cell differentiation into the various subsets is dependent on the signals received by the 

primed naïve T cell such as cytokines, co-stimulatory signals, or the type of DC that presents the 

antigen [7]. 

After successful clearance, about 90-95% of the effector T cell population undergoes apoptosis 

[13]. During this contraction phase, the surviving T cells form a pool of long-lived memory cells, 

which persist during the maintenance phase even in the absence of antigen. Memory T cell 

survival is dependent on the cytokines IL-7 and IL-15, which induce a homeostatic turnover of T 

cells to keep the number at a constant size [14]. Originally, two memory T cell subsets have been 

identified: central memory T cells (TCM) homing to secondary lymphoid organs and effector 

memory T cells (TEM) circulating through non-lymphoid tissues [15]. However, it has become clear 

that during the acute phase of infection, effector cells infiltrate the tissue to mediate pathogen 

clearance and differentiate to tissue-resident memory T cells (TRM) without re-entering the blood 

stream for circulation [16]. After formation, TRM cells demonstrate a long-term persistence and 

provide a first-line defense against tissue-invading pathogens upon secondary infection. A 

commonly used marker for the identification of CD4+ and CD8+ TRM cells is the C-type lectin protein 

CD69. Although CD69 can also be expressed by circulating T cell populations shortly after 

activation, it remains persistently upregulated on TRM cells [17]. Once established, TRM cells can 

persist for long periods of time after formation. Some studies suggest that, similar to circulating 

memory T cells, TRM cells require IL-15 and IL-7 for their long-term maintenance and survival in 

the skin. However, IL-15 was dispensable for TRM cell persistence in the lung suggesting that 

signals for TRM cell development and maintenance might be tissue dependent [18]. 
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Independent of the location, in the tissue or in circulation, long-lived memory T cells differentiate 

into functional effector cells upon re-encounter with the pathogen, they are specific for. This allows 

the immune system to rapidly mount an effective recall immune response to prevent a secondary 

infection or to limit disease severity [7]. 

The antiviral CD4+ T cell response is typically characterized by cells with a Th1 or Tfh phenotype 

[19, 20]. However, while antigen-specific Th1 responses have been well characterized in mice and 

humans, less is known about Tfh responses in the context of viral infections or vaccinations. As 

Tfh cells produce low levels of cytokines that are difficult to detect by cytokine-dependent assays 

such as intracellular cytokine staining (ICS) or ELISpot, they have been missed in previous 

analyses [21, 22]. However, the recent development of cytokine-independent assays to study 

antigen-specificity [21-23], now allows to phenotypically and functionally characterize this 

population. As Tfh responses will be a major focus of the manuscript included in Chapter 3, they 

are introduced here in detail. 

1.1.2.2 T follicular helper cells and humoral responses 
Tfh cells are a specialized CD4+ T helper subset, characterized by the expression of the 

chemokine (C-X-C motif) receptor (CXCR)5, the ligand for the chemokine (C-X-C motif) ligand 

(CXCL)13, which allows their migration into the GC of secondary lymphoid organs [24, 25]. There, 

they provide B cell help for the generation of high affinity antibody responses. Further phenotypic 

and functional markers include Bcl6, programmed cell death 1 (PD-1), inducible T cell costimulator 

(ICOS), CD40L and IL-21, which are important for differentiation and function of Tfh cells and can 

be expressed at different levels depending on the differentiation status. 

1.1.2.2.1 Tfh Differentiation 
Tfh differentiation is a multifactorial and multistep process (see Overview, Figure 2). Initially, naïve 

CD4+ T cells are primed by antigen-presenting DCs in the T cell zone of secondary lymphoid 

organs. Early expression of the transcription factors Lef-1 and Tcf-1 primes naïve CD4+ T cells for 

further Tfh-promoting signals and leads to the upregulation of the transcriptional repressor Bcl6 

[26, 27], which is absolutely required for Tfh development [28-30]. Bcl6 acts together with other 

Tfh-related transcription factors (e.g., Maf and Ascl2) to repress non-Tfh related signature genes 

and induce key Tfh-associated genes such as PD-1 and CXCR5 [28, 31, 32]. In contrast to non-

Tfh cells that leave secondary lymphoid organs, the expression of CXCR5 and concomitant 

downregulation of CCR7 on the cell surface allows early Tfh cells to migrate to the T-B border 

[33]. There, Tfh cells interact with antigen-presenting B cells via ICOS-ICOSL [34], which leads to 
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the reinforcement and persistence of the Tfh signature, and migration into the B cell follicle for the 

formation of GCs [35]. Further interactions between Tfh and antigen-presenting B cells in the GC 

are necessary to sustain Tfh commitment, demonstrating that continuous antigenic activation is 

important for their maintenance [36]. 

 

 
 
Figure 2 – Overview of Tfh differentiation and function 

Naïve CD4+ T cells are primed by antigen-presenting dendritic cells (DCs) in the T cell zone of secondary lymphoid 
organs (1); Specific cytokines, co-signalling surface receptor molecules (see Table 1) and a prolonged DC-naïve CD4 
interaction favour Tfh commitment. Tfh-polarized cells downregulate CCR7 and express CXCR5, the CXCL13 ligand, 
which allows their migration to the T-B-border (2); where first interaction with B cells occurs (3); Tfh cells then migrate 
into the germinal center, where further interaction with GC B cells sustains the GC Tfh polarization (4); In the dark zone 
of the GC, B cells undergo proliferation, affinity maturation via SHM, and CSR (5); B cells migrate to the light zone to 
receive survival and selection signals. They take up and process antigen (purple) from FDCs (6) and subsequently 
present it to GC Tfh cells (4). High affinity B cells are able to capture and present more antigen and therefore receive 
more Tfh cell help. Repeated circulation of B cells between DZ and LZ results in the acquisition of high levels of SHM 
and selection of high affinity clones. B cells eventually differentiate into antibody-producing plasma cells or memory B 
cells and enter the blood circulation (7); Tfr cells can inhibit GC Tfh and B cell responses via multiple mechanisms (8); 
DC: dendritic cell, Tfh: T follicular helper cell, SHM: somatic hypermutation, CSR: class switch recombination, FDC: 
follicular dendritic cell, DZ: dark zone; LZ: light zone; Tfr: follicular T regulatory cell. Figure obtained with permission 
from [37]. 
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Signalling molecules involved in the positive or negative regulation of Tfh differentiation present 

some notable differences between mice and humans and are shown in Table 1. In addition, 

quantitative signals related to strong and prolonged interaction between the T cell receptor and 

the MHC-II molecule favours Tfh vs. non-Tfh commitment [38]. 

 

Table 1 – Signalling molecules regulating Tfh differentiation in mice and humans 

Table modified with permission from [37]. 

Signalling 
Molecule/Receptor 

Pair 
Species Role in Tfh 

Differentiation 
Source/Interacting 

Cell Type 

IL-6/IL-6R Mouse Promotion DCs, B cells 
IL-12/IL-12R Mouse, human Promotion DCs 
IL-21/Il-21R Mouse Promotion T cells 
IL-23/IL-23R Human Promotion DCs 
IL-27/IL-27R Mouse Promotion DCs 
IFN-γ/IFN-γR Mouse Promotion T cells 

TGF-β/TGF-βR Mouse, human 

Inhibition 
(mouse), 

Promotion 
(human) 

DCs 

Activin A/Activin-R Human Promotion DCs 
Ox40L/Ox40 Mouse, human Promotion DCs, B cells 
ICOSL/ICOS Mouse, human Promotion B cells 

B7/CD28 Mouse Promotion DCs, B cells 
SLAM family 

members Mouse, human Promotion B cells 

IL-2/IL-2R Mouse, human Inhibition T cells 
IL-7/IL-7R Mouse Inhibition DCs 
B7/CTLA-4 Mouse Inhibition - 

 

1.1.2.2.2 Tfh-dependent B cell responses 
B cell differentiation and isotype switch can occur after initial T-B interaction and outside of the 

GC. This extrafollicular response emerges early after immunization or infection and provides a 

first line of protective antibodies upon infection [39]. However, plasma cells generated following 

this type of interaction are usually short-lived and of low affinity due to only minimal affinity 

maturation [39]. For the efficient neutralization of viruses and other pathogens, high affinity 

antibodies are required. In addition, induction of long-lived memory B cell responses after infection 

or vaccination is desired to ensure long-term immunity. Both can be achieved in the GC reaction. 
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GC Tfh cells play a central role as they regulate multiple aspects of this process: B cell survival, 

proliferation, somatic hypermutation (SHM), class-switch recombination (CSR), and 

differentiation. Tfh cells reside in the light zone of a mature GC. There, B cells take up antigen 

from follicular dendritic cells (FDCs), process it and present it to GC Tfh via MHC-II. During this 

process, B cells compete for limited Tfh help: High affinity B cells, which were able to capture and 

therefore present more antigen compared to B cells with lower affinity, are more likely to receive 

Tfh signals [40, 41]. Selected B cells enter the dark zone (DZ), where they proliferate and undergo 

SHM of the B cell receptor (BCR) V-region genes, the rate of which directly correlates with the Tfh 

help received in the light zone (LZ) [42]. During this process, mainly single nucleotide exchanges 

are introduced, resulting in a random modification of the BCR binding-affinity. GC B cell clones 

return to the LZ and are further selected by Tfh based on their antigen binding capacity. Repeated 

circulation between the LZ for selection for high-affinity and DZ for proliferation and affinity 

maturation results in the acquisition of elevated rates of somatic mutations and ensures the 

dominance of high-affinity B cell clones. Eventually, B cells differentiate into long-lived plasma 

cells or memory B cells and enter the circulation, thus allowing seeding of other anatomic 

locations. 

Tfh help in the GC occurs via direct cell-cell interactions with B cells and secretion of cytokines. 

Some important mediators for B cell survival, proliferation, and differentiation are summarized in 

Table 2. In addition, B cell functions and differentiation can be complemented and modulated by 

a variety of other cytokines that regulate alone or in combination CSR and differentiation and thus 

outcome of antibody responses (reviewed in [43]). Signals regulating GC B cell differentiation to 

plasma cell vs. memory B cells are not well understood but recent studies suggested that high 

affinity B cell antigen interaction and IL-21 produced by Tfh cells favour plasma cell differentiation 

[44, 45]. 

Table 2 –Tfh mediators for B cell activation, differentiation and affinity maturation 

Table modified with permission from [37]. 

Tfh Functional 
Molecule Effect on B Cells 

IL-21 CSR, activation, proliferation, SHM, plasma cell 
differentiation 

IL-4 Proliferation, CSR, SHM 
IL-10 Proliferation, CSR, plasma cell differentiation 

CD40L Activation, proliferation, CSR 
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Virus-specific antibodies can bind viral surface proteins via the variable antigen-binding fragment 

(Fab) and neutralize it by inhibiting viral entry into target cells. In addition, the crystallizable 

fragment (Fc) can bind to Fc-receptors (FcRs) expressed on multiple immune effector cells to 

mediate antibody-dependent cell-mediated viral inhibition (ADCVI). ADCVI includes the killing of 

infected cells via antibody-dependent cellular cytotoxicity (ADCC) by NK cells, antibody-

dependent phagocytosis by monocytes, the antibody-dependent complement-mediated lysis, or 

induction of the release of soluble viral inhibitors. Together with cell intrinsic and innate immune 

systems, adaptive T and B cell responses contribute to the resistance against invading pathogens 

(reviewed in [46]). 

1.1.2.2.3 Memory and Circulating Tfh Cells 
GC Tfh cells have been shown to form a pool of memory cells upon antigen clearance in both 

mice and humans. Memory Tfh cells localize together with antigen-specific memory B cells in the 

draining LN for the rapid induction of humoral responses upon re-exposure to antigen [47]. A 

subset of CD4+ T cells in peripheral blood, termed circulating Tfh (cTfh) or peripheral Tfh (pTfh), 

shares several features with tissue Tfh [48]. cTfh cells have a memory phenotype and express 

CXCR5, although at lower levels compared to their GC counterparts [49]. In addition, certain 

phenotypic markers of GC Tfh, e.g., BCL6, are lost or downregulated [50]. Studies in mice showed 

that cTfh cells originate from GC Tfh cells that left the GC into the blood. Upon activation cTfh 

cells can migrate to the GC secondary lymphoid organs for the interaction with B cells [51]. In 

humans, matched samples from blood and tonsils revealed that after vaccination clonal relatives 

of GC Tfh enter the circulation [52]. Despite the phenotypic differences, functional properties of 

cTfh cells are partially preserved when compared to their tissue counterparts: cTfh cells express 

higher levels of Tfh-related cytokines such as IL-21 and CXCL13 and show a superior capacity for 

B cell help in in vitro co-culture assays when compared to CXCR5- non-cTfh cells [48]. Of note, all 

cells identified by a given set of markers as cTfh in blood may not have the same potential to home 

to lymphoid tissue and become activated GC Tfh. While a better understanding of the relationships 

between quantitative and qualitative characteristics of cTfh responses and GC activity is thus 

necessary, monitoring of cTfh and antigen-specific cTfh responses in blood can represent an 

alternative investigational tool during infection or in vaccine trials when access to lymphoid tissue 

is limited or not possible. 

cTfh represent a heterogeneous population that can be classified into multiple subsets based on 

polarization and activation status. Differential expression of the chemokine receptors CXCR3 and 

CCR6 allows the distinction of Th1-like (CXCR3+CCR6-), Th1Th17-like (CXCR3+CCR6+), Th17-
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like (CXCR3−CCR6+), and Th2-like (CXCR3−CCR6-) cTfh subsets. These cTfh subsets express 

transcription factors and can produce cytokines upon stimulation that are typically associated with 

Th1, Th2, Th17, and Th1Th17 CD4+ subsets [48]. Using these surface markers, several groups 

have identified a differential B cell helper capacity of cTfh subsets in in vitro culture assays: 

CXCR3- populations were able to provide help for naïve and memory B cells and induced 

proliferation, differentiation, and class-switched antibody production after stimulation with 

Staphylococcal enterotoxin B (SEB) [48, 49, 53]. In contrast, CXCR3+ cTfh cells were able to 

provide help to memory B cells in vitro [53], suggesting a role in promoting recall responses instead 

of priming primary antibody responses. 

Tfh subsets based on the expression of CXCR3 and CCR6 can also be identified in the LN of 

macaques [54]. However, it remains to be determined whether the helper potential of different 

cTfh subsets can be translated into GC Tfh cells in tissues. 

Given the important role of Tfh cells for the generation of high-affinity antibody responses, it is not 

surprising that absence of or impaired Tfh responses hampered the generation of protective 

antibodies after infection or vaccination [55]. However, on the other hand, excessive accumulation 

of an overactive GC Tfh response correlated with the development of antibody-mediated 

autoimmunity or the generation of low affinity antibody responses by allowing the survival of B 

cells with self-reactivity or low binding capacity [56, 57]. This shows that Tfh number and function 

in the GC needs to be regulated to ensure an efficient and targeted B cell help. Indeed, Tfh cells 

are only a minor population in the GC to allow competition of B cells for limited help and selection 

of only high-affinity clones. Tfh number can be regulated at the stage of differentiation as 

mentioned above. In addition, several mechanisms control Tfh number and function in the GC. 

Tfh cells are characterized by the high expression of multiple co-inhibitory receptors (IRs) including 

PD-1, T cell immunoreceptor with immunoglobulin and ITIM domains (TIGIT) or CD200 [49, 58, 

59]. While PD-1 and likely other of these molecules are required for interaction with B cells and 

additional cell types, Tfh positioning and function to ensure proper humoral responses [60, 61], 

they might also be involved in the regulation of Tfh expansion and function in the context of chronic 

antigen exposure in the GC environment. For example, knockout or blocking of the immune 

checkpoints cytotoxic T-lymphocyte-associated protein (CTLA)-4 or PD-1, alone or in combination 

with Lag-3, induced Tfh proliferation and enhanced cytokine production [62-64]. 

In addition, GC responses are controlled by the recently identified T follicular regulatory cells (Tfr) 

[65-67]. Tfr cells express similar phenotypic markers compared to Tfh cells including CXCR5, PD-
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1, Bcl6, and ICOS [59, 65-67]. In contrast to Tfh cells, Tfr cells differentiate from natural Tregs and 

express Foxp3 and Helios [67]. The mechanism of Tfr-mediated GC regulation is – especially in 

humans – not well understood. Studies in mice demonstrated that Tfr cells inhibit proliferation and 

cytokine expression in Tfh cells as well as CSR and antibody production in B cells [51, 68]. These 

effects were mediated via Tfr-induced changes in the cellular metabolism of Tfh and B cells that 

were long lasting but reversible and partially due to epigenetic modifications [68]. Additional Tfr-

mediated suppressor mechanisms may include the physical inhibition of Tfh-B-interaction, 

induction of cell death via granzyme B, and the expression of inhibitory cytokines (reviewed in 

[68]). 

1.1.3 Adaptive immunity after vaccination 
Generating a long-lived memory response is the goal of immunization. Passive immunization 

refers to the injection with pathogen-specific antibodies. Although this form of vaccination is 

protective, it is only temporal because of a relatively short half-live of antibodies [69]. 

Active immunization follows similar principles and mimics a primary infection with pathogens 

without causing the disease. The host’s immune system is primed with a pathogenic agent in 

combination with an adjuvant. Adjuvants are used to promote or shape immune responses during 

vaccination as the vaccine antigen alone is in most cases of low immunogenicity [70]. They can 

enhance immune cell infiltration and antigen uptake into APCs as well as activate innate immune 

cells via binding to specific receptors (e.g. TLR agonists) to prime and generate a long-lived 

protective T and B cell response [70]. 

Although vaccines are an important tool for public health and have shown a tremendous success 

against multiple infections, e.g. against hepatitis B, yellow fever, smallpox, mumps, and pertussis, 

it is not well understood, how the protective immunity is generated and why some vaccines induce 

a longer lasting immunity than others [71]. 

Most successful vaccines (e.g., against hepatitis B, yellow fever, and smallpox) work by inducing 

long-lasting neutralizing antibody responses that prevent infection of target cells, and vaccine-

induced antibody titers above a certain threshold correlate with protection [72]. Given the important 

role of Tfh responses for the development of high-affinity and long-lived B cells, recent studies 

focus on understanding the role of this CD4+ T cell subset in the context of vaccination. In humans, 

the Tfh response is best studied in the context of influenza vaccination, which in most individuals 

induces a recall memory response due to prior exposure [73]. Activated influenza-specific cTfh 

responses peaked at around one week after vaccination and preferentially had a Th1-like CXCR3+ 
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phenotype [53]. As mentioned above, this phenotype is associated with a lower B cell helper 

capacity in vitro compared to CXCR3- Tfh cells, and might therefore explain the low efficacy of the 

flu vaccine (discussed in [74]). Indeed, Th1-cytokine IL-2 and TNF-α expression in influenza-

specific cTfh responses was associated with a poor response to the vaccine [75]. Future studies 

investigating Tfh biology during infection and vaccination and how to induce Tfh subsets with the 

capacity to generate protective and long-lived B cell responses will be of importance for the 

development of vaccine regimens against multiple pathogens. 

  



  15 

1.2 Immunity against chronic viral infections 
In contrast to acute viral infections, during which the pathogen is completely cleared, chronic viral 

infections cause a persistent, often lifelong infection in specific cells in the infected individual. 

Chronic viral infections can be either characterized by a continuous productive infection (e.g. 

hepatitis B or C virus (HBV, HCV) in some individuals), the establishment of a latently infected 

pool, from which the virus can be reactivated (e.g. Herpesviruses such as Epstein-Barr virus (EBV) 

or cytomegalovirus (CMV)), or both (e.g. HIV) [76]. Each of these types of chronic viral infections 

has different implications on the host’s immune system. 

One aim of this thesis was the characterization of persistent alterations of the HIV-specific CD4+ 

T cell response induced during uncontrolled HIV infection. In the manuscript included in Chapter 

3 of this thesis, we compared phenotypic and functional characteristics of HIV-specific responses 

to T cells specific for CMV, as an example of a chronic viral infection that is controlled by potent 

antiviral T cell responses. Therefore, this introduction gives a brief account of different aspects of 

CMV in addition to HIV.  

1.2.1 Cytomegalovirus (CMV) 
CMV is a member of the Herpesviridae family and was first discovered in 1881 [77]. Cells infected 

with CMV grow in size and have large nuclei, an observation which has given the virus its name 

[78]. CMV infection is usually controlled by a strong adaptive immune response in 

immunocompetent individuals [79]. Although CMV persists for life in infected individuals, the 

immune system does not show signs of typical exhaustion as can be seen for other chronic viral 

infections [80]. 

1.2.1.1 CMV epidemiology 
CMV infection is usually acquired during early childhood and adolescence, and generally causes 

an asymptomatic infection [80]. Regional differences regarding the CMV prevalence exists with 

the highest seroprevalence in Eastern Mediterranean countries (~90%) and the lowest in 

European countries and Canada (~66%) [81]. Independent of the region, the HIV-infected 

population shows a higher seroprevalence compared to HIV-negative individuals, e.g. around 82% 

in Canada [82]. 

1.2.1.2 CMV particle 
The virus with a diameter of about 150-200 nm is enveloped by a host-cell derived double-lipid 

membrane that has eight different viral glycoproteins embedded (Figure 3). The envelope 
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encloses the viral icosahedral capsid that contains the linear, double-stranded DNA genome with 

a size of 236 kbp and over 200 open reading frames to encode functional proteins [83, 84]. CMV 

therefore has the largest known human virus genome [85]. The tegument layer lies between 

envelope and capsid and contains several viral proteins that are important for viral replication and 

immune evasion [83]. 

 

 
Figure 3 – CMV particle structure 

The CMV DNA genome is enclosed by an icosahedral nucleocapsid, which is surrounded by a lipid envelope. The viral 
tegument layer defines the space between nucleocapsid and envelope and contains a large number of viral and cellular 
proteins and RNAs. Viral glycoproteins (gB-gN) in the envelope mediate viral entry into target cells. This figure is 
licensed under a Creative Commons Attribution 3.0 Unported License and was obtained from http://www.twiv.tv/virus-
structure/. 

 

1.2.1.3 CMV genome and life cycle 
CMV infects multiple different immune cells (macrophages, DCs) and non-immune cell types 

(epithelial cells, smooth muscle cells, fibroblasts, hepatocytes, endothelial cells) and therefore 

spreads throughout the human body [86]. Upon binding of the viral surface glycoproteins to the 

host cell receptors, CMV enters the cell via endocytosis of membrane fusion [83]. The capsid is 

transported to the nucleus membrane by tegument proteins that bind to the cellular microtubule 

network [83]. The viral genome is released into the nucleus, where it circularizes [87]. During the 

lytic phase, viral protein classes are expressed in three closely regulated temporal phases: 

immediate early (IE), delayed early (DE) and late (L) [87]. IE proteins together with tegument 
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proteins regulate the host immune and stress response, DE proteins initiate viral genome 

replication and L proteins regulate the assembly of new viral particles that are released from the 

host cell [87]. However, CMV can undergo latency and persist in hematopoietic progenitor cells in 

the bone marrow, thus causing a lifelong infection in humans [87]. During this period, CMV viral 

load remains undetectable in immunocompetent individuals but virus reactivation has been 

associated with the activation and differentiation of persistently infected myeloid cells into 

macrophages and DCs [88]. 

1.2.1.4 CMV-specific immunity 
Primary CMV infection and reactivation remain asymptomatic in immunocompetent individuals 

due to a strong CMV-specific immunity [80]. Although studies suggest that NK cells and humoral 

responses contribute to the control of the virus [89], CMV-specific CD8+ and CD4+ T cell responses 

are the best studied correlates for protection in animal models and humans [90]. These cells can 

be found at very high frequencies of around 10% of the memory CD4+ or CD8+ T cell population 

in the blood of CMV+ individuals [90]. The large responses develop during the first year of infection 

[91]. However, in contrast to primary viral infections, for which a contraction of the T cell pool can 

be observed after viral clearance, CMV-specific CD8+ and CD4+ T cell responses are maintained 

at very high frequencies and can even increase over time [92, 93]. This is thought to be due to the 

repeated stimulation with antigens from reactivated viruses. Multiple CMV proteins induce potent 

T cell responses. High frequency responses in CMV+ individuals can be observed against CMV 

IE-1 and the tegument phosphoprotein with 65 kDa (pp65) for CD8+ and against pp65 and 

glycoprotein B (gB) for CD4+ T cell responses [90]. The continuous antigen stimulation keeps the 

CMV-specific T cell pool in an effector-like state and the rapid expression of effector cytokines 

such as IFN-γ, TNF-α and cytolytic markers such as CD107A, perforin or granzyme B after in vitro 

activation of CMV-specific CD8+ T cells is typical [94]. In addition, CD4+ T cells targeting CMV 

exhibit potent cytolytic and Th1-like functions that contribute to the antiviral response in vivo [95]. 

Despite the chronic exposure to viral antigens, CMV-specific T cell responses do not show signs 

of T cell exhaustion. CD8+ T cells retain their functional capacity and IR expression, e.g. PD-1, is 

lower when compared to T cells specific for other chronic viral infections or T cells exposed to 

chronic stimulation in the tumor microenvironment [94]. This is likely associated with a low amount 

of antigen and a low-level inflammatory environment during CMV re-exposure. Low-level lifelong 

reactivation induces, however, an enhanced terminal differentiation profile of CMV-specific 

responses and immune senescence [94]. 
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As mentioned above, humoral responses against several CMV structural and non-structural 

proteins can be detected that increase during primary infection or after reactivation. Antibodies 

directed against the glycoproteins on the viral surface neutralize the virus and contribute to the 

inhibition of virus dissemination, but alone are not sufficient to control the infection [96]. CMV-

specific cTfh responses are less well understood. However, activated CMV-specific cTfh and non-

cTfh can be detected in CMV-infected individuals after primary infection that decrease in frequency 

during later time points [97]. 

Although CMV is usually controlled by a functional immune system, it can cause serious 

complications in immunocompromised individuals such as newborns, transplant patients or 

viremic HIV-infected individuals [98]. Uncontrolled CMV replication can cause end-organ damage 

and death. In HIV-infected individuals, this is associated with very low CD4+ T cell count (<50 

cells/μl) [99], and a loss of the CMV-specific T cell response [100]. With the induction of 

antiretroviral therapy (ART) and the recovery of CD4+ T cells, HIV-infected individuals regain 

control of the CMV infection and CMV DNA levels are generally undetectable in the blood of 

successfully ART-treated HIV+ individuals [101]. 
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1.2.2 HIV 
HIV is a retrovirus, belongs to the subgroup of lentiviruses and is the cause for the Acquired 

Immune Deficiency Syndrome (AIDS). HIV first became evident in the 1980s when several cases 

of opportunistic infections (CMV infections, mucosal candidiasis, and others) were reported in the 

USA that usually only occurred in state of severe immune suppression [102, 103]. More cases 

were reported subsequently worldwide, and many died quickly from the opportunistic infections. 

In 1982, the Center for Disease Control in the United States published a first case definition of 

what they termed AIDS [104]. In 1983, the group of Dr. Luc Montagnier at the Pasteur-Institute in 

Paris, France [105], and soon after the group of Dr. Robert Gallo at the National Institutes of Health 

in Bethesda, USA [106], discovered the HI-Virus as cause for the disease. However, its origin 

goes back to the beginning of the 20th century when cross-species transmission events from non-

human primates (NHPs) infected with simian immunodeficiency virus (SIV) to humans initiated 

today’s pandemic. While HIV-2, which today affects 1 to 2 million people mainly in West Africa 

[107], has been shown to be transmitted from sooty mangabeys to humans in the 1940s [108], 

HIV-1 the major form of HIV with higher pathogenicity is of chimpanzee and gorilla origin [109, 

110]. HIV-1 is composed of four distinct phylogenetic lineages (groups M, N, O, and P), which 

were caused by four different cross-species transmission events. Groups N (transmitted from 

chimpanzees, [111]), O, and P (both transmitted from gorillas, [110]) are largely restricted to West 

African countries and together account for less than 1% of all HIV-1 infections. 

Related to the extensive genetic diversity of HIV-1, today, group M (M for “major”) can be classified 

into nine subtypes or clades (A-D, F-H, J, K) and more than 70 circulating recombinant forms 

(CRFs) that were generated by recombination events in individuals infected with multiple clades 

at the same time [112]. Different HIV strains demonstrate distinct geographical distributions with 

a subtype B predominance in the Americas, Western Europe and Australia [113]. However, more 

than 50% of all current HIV-infections belong to subtype C, which can be mainly found in Southern 

Africa and Southeast Asia. However, newest findings demonstrate the increase of HIV genetic 

diversity and prevalence of CRFs in recent years [113]. 

1.2.2.1 HIV epidemiology 
Although the number of new HIV infections has decreased by 40% since its peak in 1997 [114], 

HIV still represents a major global health problem. During its 40 years history, around 78 million 

people have been infected with HIV and 39 million people died so far due to diseases related to 

AIDS caused by the infection. Currently, 37.9 million people are infected with HIV worldwide, which 

represents about 0.8% of the worldwide adult population [114]. However, the HIV burden varies 
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greatly between countries. In Western and Central Europe and North America, an estimated 

number of around 2.2 million people are living with HIV, while in eastern and southern Africa 

around 20.6 million people are HIV+ [114]. 

1.2.2.2 HIV particle structure 
The virus with a diameter of about 100nm is enveloped by a double-lipid membrane derived by 

the host cell covered with trimeric spikes that consist of the non-covalent bound surface 

glycoprotein (gp) gp120 and the transmembrane glycoprotein gp41 (Figure 4). The tail of gp41 is 

connected to the HIV matrix (MA) built by the MA protein p17. The core of the HIV particle is 

encased by the cone-shaped virus capsid (CA) made up by p24 molecules. It surrounds the two 

positive strand copies of HIV RNA that is covered by nucleocapsid (NC) proteins, the viral 

enzymes reverse transcriptase (RT) and integrase (IN), other viral proteins, and host cellular 

factors from the producer cells [115]. 

 

Figure 4 – HIV particle structure 

The HIV polyprotein Gag is processed into several structural proteins: MA proteins surround the inner layer of the 
double-lipid membrane, CA proteins form the cone-shaped viral capsid that contains two positive strand HIV RNA copies 
that is covered by NC proteins. In addition, the HIV capsid contains viral enzymes (reverse transcriptase, integrase) and 
other viral and cellular proteins. The polyprotein Env gives rise to the glycoproteins gp120 and gp41, which form trimeric 
structures on the surface of the HIV particle. MA: matrix, CA: capsid, NC: nucleocapsid, Env: envelope. Figure adapted 
from [116] with permission from Springer Nature. 
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1.2.2.3 HIV genome and proteins 
The HIV genome consists of two identical single-strand RNA copies (9.2 kb each). After reverse 

transcription of the HIV genome after infection, the double-stranded HIV DNA is integrated into 

the human genome of the infected cell [115]. Viral DNA integration is dependent on the long 

terminal repeats (LTR) at the 3’- and 5’-end of the HIV DNA, which are formed by combining the 

two regions RU5 and UR3 at the end of the HIV RNA during reverse transcription (Figure 5) [117]. 

In addition, the 5’-LTR contains the HIV promoter [115]. 

 

 

Figure 5 – HIV-1 genome organization 

The HIV-RNA strand (9.2 kb) encodes for nine genes and 15 proteins. The genome includes gag, pol and env, coding 
for structural proteins and enzymes, tat and rev, coding for regulator proteins, and vif, vpr, vpu, nef, coding for accessory 
proteins. CA: capsid; env: envelope; gag: group-specific antigen; gp: glycoprotein; IN: integrase; MA: matrix; NC: 
nucleocapsid; nef: negative regulatory factor; pol: polymerase, PR: protease; RT: reverse transcriptase; vif: virion 
infectivity factor; vpr/vpu: viral protein r/u. Figure adapted from [118] with authorization from Springer Nature. 

 

The HIV genome consist of nine genes encoding for 15 viral proteins. Gag (group-specific 

antigen), env (envelope) and pol (polymerase) are first transcribed into large polyprotein 

complexes, which are later cleaved into single proteins [115]. Gag encodes for the proteins of the 

MA (p17), CA (p24), and nucleocapsid (NC, p7). Env encodes for the protein gp150, which is 

proteolyzed to gp120 and gp41. Both genes together give rise to all structural proteins of the HIV 

particle. In addition, the Pol protein is cleaved into the viral enzymes protease (PR), RT, RNase 

and IN [115].  

In addition to the structural and enzymatic proteins common to all retrovirus, the HIV genome 

encodes for virus-specific proteins with variable functions. While the regulatory proteins Rev 

(regulator of expression of virion proteins) and Tat (HIV trans-activating protein) have important 

functions during HIV replication, the accessory proteins Nef (negative regulatory factor), Vpu (viral 

protein u), Vpr (viral protein r), and Vif (virion infectivity factor) are involved in viral replication and 

distinct mechanisms to antagonize the host’s viral defense mechanisms to enhance HIV infectivity 
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and pathogenesis [115]. Several structural and non-structural HIV proteins have multiple functions 

during the replication process, some of which will be discussed below. Together, viral proteins 

ensure the formation of a functional and pathogenic virus particle that is able to cause the severe 

infection of CD4+ T cells and other cell types. 

1.2.2.4 HIV replication 
HIV preferentially infects CD4+ T cells and macrophages as these cell types express the primary 

HIV receptor CD4 that can be bound by HIV Env trimer [119]. Receptor binding induces a 

conformational change in the HIV gp120 molecule to expose a second binding site for the 

engagement of the HIV-coreceptor expressed on the surface of the target cell (CCR5 for R5-tropic 

or CXCR4 for X4-tropic HIV strains) [120]. This interaction leads to the exposure of the 

hydrophobic fusion protein on the gp41 molecule, which enters into the plasma membrane of the 

cells. Further conformational changes in the gp41 protein brings viral and cell membranes into 

close proximity and leads to their fusion [120]. The viral core is subsequently released into the 

cellular cytoplasm (Figure 6) [120]. 
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Figure 6 – HIV life cycle 

HIV enters the target cell through binding of the HIV Env with cellular receptors and fusion of viral and cellular plasma 
membranes. After uncoating and reverse transcription, the viral DNA is transported into the nucleus, where it integrates 
into the host genome. Integrated HIV DNA can enter latency and stay transcriptionally silent. During viral replication, 
HIV DNA is transcribed, and transported to the cytoplasm, where production of viral proteins allows the assembly of 
new viral particles. After maturation, these particles are able to infect new cells. Figure from [121] with authorization 
from Nature Springer. 

 

The process of uncoating, which describes the disassembly of the CA proteins, begins in the 

cytoplasm early after viral entry. The HIV RT enzyme is sufficient for reverse transcription, 

however, other viral proteins such as MA, CA, NC, IN and Vpr, and cellular proteins aid during the 

process by forming the reverse transcription complex (RTC) [122]. HIV is characterized by its 

extremely high mutation rate, which is due to several mechanisms. First, like other retroviruses, 

the HIV RT has no proofreading activity and spontaneously introduces mutational errors 

(nucleotide exchanges and indels) at a rate of about 3.0 x 10-5 substitutions per nucleotide per cell 

infection [123]. The mutational rate of HIV is further increased by cellular enzymes of the 

apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like 3 (APOBEC3) family. 

APOBEC3 proteins from infected cells can be packaged into the virion and edit cytidine to uracil 

in the HIV DNA strand in newly infected cells. At the HIV RNA level, this results in GàA 

substitutions [124]. Although these processes lead to the accumulation of defective, replication-
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incompetent genomes, they allow also the quick acquisition of antiretroviral drug resistance and 

immune escape mutations. 

Viral and cellular proteins attached as RTC will stay in close proximity to the newly generated HIV 

DNA and will also serve as pre-integration complex (PIC) [125]. Once the PIC arrives at the 

nucleus after trafficking along the cellular cytoskeleton network, due to its size, it has to be actively 

transported across the nuclear membrane via nuclear pore complexes (NPC). This explains why 

also non-dividing cells with intact nuclear membranes can be infected efficiently [126]. 

During integration, the viral IN binds to the viral DNA and removes two nucleotides at the 3’-ends 

to create reactive hydroxyl groups. After attaching to the cellular DNA, the IN then uses these 

hydroxyl ends to join phosphates of the cellular DNA. This creates gaps in the cellular DNA at the 

joints, which are closed by the host cell’s own repair machinery [127]. HIV integration is not a 

random process. It occurs more frequently in regions with high transcriptional activity because of 

the accessibility of the open chromatin for the PIC [127]. In addition, specific targeting of these 

active sites is regulated by the integrase itself and/or cellular host proteins that are part of the PIC 

[128]. 

HIV transcription is characterized by the interplay of viral and cellular factors that act as repressors 

or activators on the viral promoter, enhancer, and modulatory regions in the 5’-LTR [129]. During 

the early phase of transcription, only multiply spliced mRNAs (< 2kb) are transported into the 

cytoplasm, where they are translated into the regulatory proteins Tat and Rev and the accessory 

protein Nef. Tat re-enters the nucleus to enhance viral gene expression via several mechanisms 

[130]. Tat recruits chromatin modifying enzymes like histone acetyltransferases to the HIV 

promoter, which causes its release from former repression [131]. In addition, Tat acts by binding 

to the hairpin-like structure on the end of the newly generated HIV RNA called TAR. The complex 

then recruits cellular elongation factors allowing the phosphorylation of the RNA polymerase to 

enhance its processivity [130, 131]. Incompletely spliced and full-length unspliced HIV mRNAs 

are usually degraded in the nucleus and require Rev for their export into the cytoplasm. Rev binds 

to the RNA binding site for Rev on incompletely spliced or non-spliced HIV mRNAs and mediates 

their nuclear export via NPCs [132]. This allows translation of incompletely spliced mRNAs that 

encode for Vif, Vpr, Vpu and Env and unspliced mRNAs that encode for the Gag-Pol polyprotein. 

The full-length unspliced mRNA transcript also serves as the genome for new viral particles. 

The late phase of the viral life cycle, which includes assembly of virus particle contents, budding 

from the host cell, and maturation of the particle, is mainly coordinated by the unprocessed poly-
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protein Gag [133, 134]. This is achieved by different functional domains of the Gag protein: MA, 

CA, NC and p6. While the MA domain is responsible for the binding of the Gag protein to the 

plasma membrane and the concentration of Env proteins, NC binds the full-length HIV genome to 

include it in the virus particle. Gag-Gag interactions are mediated via the CA domain, thus, creating 

a lattice of radially oriented Gag proteins forming the immature virion [134]. Finally, virus particle 

release from the cell is mediated via the p6 domain that recruits cellular factors for the scission 

event [135]. 

The final step – transforming the immature virus particle into an infectious virus – involves the PR-

dependent cleavage of the Gag and Gag-Pol poly-protein complexes during and right after the 

viral budding. This will create the single structural particles necessary to form capsid, matrix and 

nucleocapsid as well as the viral enzymes [136]. 

 

1.2.2.5 Stages of HIV infection 
The clinical course of HIV infection can be described in three stages: acute/early phase, chronic 

phase, and finally the progression to AIDS (Figure 7). The acute/early phase only lasts a few 

weeks, while the asymptomatic chronic phase in HIV-infected individuals without treatment can 

last around 7 to 10 years. However, cases of rapid disease progression (3-5 years) or slow disease 

progression (10-20 years) have been reported [137]. AIDS is associated with the development of 

opportunistic infections due to the final break-down of the immune system leading to the death of 

HIV-infected individuals. 
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Figure 7 – Stages of HIV infection 

HIV infection can be described in three clinical phases: Acute/early, chronic and AIDS. During the acute/early phase, 
HIV viremia peaks in the blood and a massive loss of CD4+ T cells in the blood, but especially in the gut mucosa, can 
be observed. HIV viral load decreases to a viral set point that remains relatively stable during the chronic phase, which 
can last years. This is accompanied by a rise in general immune activation. CD4+ T cells recover partially in the blood 
but decline slowly. In contrast, CD4+ T cells do not recover in the mucosa and immune activation increases. Lastly, HIV-
infected individuals progress to AIDS without treatment, which is characterized by the accelerated loss of CD4+ T cells 
and increase in viremia. Figure adapted from [138] with authorization by the Nature Publishing Group. 

 

1.2.2.5.1 Early phase 
Cellular and humoral responses during this period and the establishment of the HIV reservoir are 

major determinants for disease progression. Most findings related to transmission events have 

been done in SIV-infected monkey models or ex vivo organ models because these processes are 

impossible to study in humans. The majority of people are infected with HIV during sexual contact 

with infected individuals and the virus is transmitted through the genital tract or rectal mucosa 

[139]. Other forms of transmission include sharing needles/syringes among people who inject 

drugs, mother-to-child transmission during pregnancy, labour and breastfeeding, and blood 

transfusion. Although the inoculum (semen, cervicovaginal secretion, blood) contains a mixture of 

genetically diverse HIV quasi-species, only a minority of viruses called transmitter/founder (T/F) 

viruses are able to establish an infection [140]. When compared to viruses isolated during chronic 

HIV infection, T/F viruses demonstrate a preferential CCR5 utilization, increased infectivity and 

replication capacity, type I IFN resistance and Env glycosylation [140]. Once the T/F passes the 

mucus layer and reaches the mucosal epithelium, it comes into contact with resident immune cells. 

Foci of infected CD4+ T can be detected two to four days post infection in the female genital tract 

of SIV-infected monkeys [141]. Local inflammation induces recruitment of additional target cells to 
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the site of infection [142]. In addition, HIV binds to DCs and myeloid cells via interactions between 

HIV gp120 and C-type lectin receptors or sialylated gangliosides anchored in the viral membrane 

and the sialic acid binding immunoglobulin-like lectin-1 (Siglec-1/CD169) [143]. HIV is 

subsequently transported by infected CD4+ T cells and APCs to the draining LNs, where the virus 

spreads to more CD4+ T cells. During this so called “eclipse phase” that lasts around seven to 21 

days, no viral RNA can be detected in the blood and the infected individuals experience no clinical 

symptoms [144]. 

From the mucosa-draining LNs, HIV disseminates throughout the body to secondary lymphoid 

organs such as spleen and especially the gut-associated lymphoid tissue (GALT). During this time, 

the plasma RNA level reaches a peak of several million copies per ml while the loss of CD4+ T-

cells in the blood and lymphoid tissues due to viral induced cell death or bystander effects is 

dramatic [145]. Important driver of the HIV progression is the general immune activation during 

early infection causing an enhanced, burst-like T cell turnover and subsequent cell death of most 

effector cells [146]. Although its cause is not completely understood, the systemic immune 

activation is thought to be induced via several mechanisms. HIV itself triggers an adaptive immune 

response as well as the release of proinflammatory cytokines from a variety of immune cells. 

Sustained immune activation is supported by the massive depletion of Th17 cells in the mucosal 

gut and the subsequent microbial translocation of commensal bacteria in the blood [147]. 

Clinically, HIV-infected individuals suffer from the acute HIV syndrome with unspecific flu-like 

manifestations. 

The phase of acute/early HIV infection can be further subdivided into Fiebig stages (named after 

Dr. E. W. Fiebig) based on the detection of HIV using different clinical diagnostic assays (Figure 

8). 
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Figure 8 – Subclassification of acute and early chronic HIV infection into Fiebig stages.  

HIV-infected individuals progress through different Fiebig stages during the early phase of the infection. Fiebig stages I 
to VI are based on the sequential gain in different clinical diagnostic tests able to detect HIV infection (PCR for viral 
RNA, ELISA for HIV p24 antigens, ELISA for HIV-specific antibodies, western blot for HIV-specific antibodies, ELISA 
for HIV p31 antigen). Fiebig stage VI corresponds to the early chronic phase of HIV infection and is also characterized 
by the establishment of a stable HIV plasma viremia (red line). Figure from [145] with permission from Nature Springer. 

 

Even in the absence of antiretroviral therapy, the high plasma HIV RNA peak decreases to a 

constant steady-state level during the chronic phase of infection. This is accompanied by the 

partial recovery of the CD4+ T cell count. Several studies demonstrated that the decline of plasma 

viremia and the magnitude of the viral set point is associated with HIV-specific T cell responses 

[148], which will be further discussed below. 

1.2.2.5.2 Chronic phase 
The chronic phase of HIV infection is characterized by a relatively stable HIV plasma viremia. 

However, the constantly high CD4+ T cell turnover leads to the continuous decline of their 

regenerative potential. Although this phase is generally asymptomatic, the gradual loss of CD4+ T 

cells results in the failure of the immune system and the progression to AIDS within seven to ten 

years after infection [138]. The steady depletion of CD4+ T cells is mediated by several 

mechanisms. Productively infected CD4+ T cells might either undergo apoptosis via a HIV PR-
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dependent activation of caspase-3 [149], or might be killed by NK cells or HIV-specific CD8+ T 

cells. However, cell death is not only restricted to HIV-infected cells. Accumulation of incomplete 

HIV reverse transcripts in non-permissive cells has been shown to induce cell death via caspase-

1-dependent pyroptosis [150]. In addition, HIV proteins gp120, Tat, Vpr, Vpu and Nef are released 

into circulation and induce apoptosis in non-infected bystander cells through surface-receptor 

binding or intracellular mechanisms upon uptake [151]. CD4+ T cell depletion is further caused by 

activation-induced cell death mediated by reactivation of other latent viral infections and microbial 

translocation from the gut [151]. 

1.2.2.5.3 AIDS 
During the last stage of the infection, the regenerative capacity of the immune system is ultimately 

lost. The CD4+ T cell count in the peripheral blood declines to a minimum level and the immune 

system is not able to control opportunistic infections. Clinically, an HIV-infected individual has 

AIDS when the CD4+ T cell count is lower than 200 cells/µl or if AIDS-defining conditions occur. 

These conditions include for example candidiasis, cytomegalovirus retinitis, HIV-related 

encephalopathy, Kaposi’s sarcoma, pneumocystis jiroveci pneumonia and cause the death of 

HIV-infected individuals [152]. 

1.2.2.6 Antiretroviral therapy (ART) 
Only a few years after the identification of HIV as the cause of AIDS, a first antiretroviral drug, 

zidovudine, which inhibits the RT was correlated with decreased mortality and frequency of 

opportunistic infections in AIDS and therefore approved for the treatment of HIV in 1987 [153]. 

However, the beneficial effect of this monotherapy could not be maintained due to the 

development of resistant HIV strains [154]. This led to the introduction of a dual and later a triple 

drug combination from at least two different drug classes as gold standard for the antiretroviral 

treatment of HIV-infected individuals [155]. 

In 2019, about 65% of HIV-infected individuals worldwide have access to ART [114]. However, 

this varies largely depending on the region with the highest percentage in Western and central 

Europe and North America (79%) and the lowest in Middle East and North Africa (32%) [114]. 

ART suppresses viral replication to undetectable levels in the plasma (<20-50 copies of HIV 

RNA/ml) by current standard clinical assays within a few weeks after initiation and prevents the 

progression to AIDS. Thus, ART has transformed HIV infection from a deadly to a chronic disease. 

Current ART regimens can be categorized according to their antiretroviral effect acting on different 

steps of the viral replication cycle and their mechanism: Nucleoside-analog reverse transcriptase 
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inhibitors (NRTIs), non-nucleoside reverse transcriptase inhibitors (NNRTIs), IN inhibitors, PR 

inhibitors (PIs), and entry inhibitors (Figure 9). The majority of triple-therapy combinations consist 

of two NRTIs with a NNRTI, PI or IN inhibitor. 

 

  
Figure 9 – Classes of current ART regimens and mechanisms of action 

HIV replication can be inhibited at multiple steps by different classes of antiretrovirals (red lines). NNRTI: non-nucleoside 
reverse transcription inhibitor; NRTI: nucleoside reverse transcription inhibitor; RT: reverse transcription; RTI: reverse 
transcription inhibitor. Figure from [156] with authorization from the American Society of Nephrology. 
 
NRTIs and NNRTIs are both inhibitors of the HIV RT and account together for almost half of all 

approved antiretroviral drugs. NRTIs are phosphorylated by intracellular phosphotransferases and 

compete with endogenous nucleoside triphosphates as analogs for their incorporation in the 

generated HIV DNA strand. However, due to the lack of a 3’-hydroxyl group or its replacement, 

they serve as chain terminators of DNA elongation [157]. NNRTIs on the other hand bind to the 

RT causing a conformational change in the enzyme thus reducing its catalytic activity [158]. 
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HIV IN is involved in HIV DNA processing and strand transfer. The three currently FDA-approved 

PIs (Raltegravir, Elvitegravir, and Dolutegravir) only target the strand transfer capacity of the 

enzyme by removing the 3’-processed DNA from the active site. 

PIs block the cleavage of the poly-protein complexes Gag and Pol and therefore the maturation 

of the generated virus particle [159]. 

Entry inhibitors inhibit the first step of the viral life cycle and currently include three FDA-approved 

drugs with distinct mechanisms. The fusion inhibitor Enfuvirtide binds to the gp41 protein at the 

surface of the virus particle and keeps the molecule in a pre-fusion conformation [158]. This 

prevents the structural changes necessary to bring virus and cell membrane into close proximity 

for viral entry. The CCR5 antagonist Maraviroc binds the HIV coreceptor and prevents its 

interaction with HIV gp120 [158]. CXCR4 antagonist were similarly developed but failed in clinical 

trials [159]. Finally, the post-attachment inhibitor Ibalizumab, a humanized monoclonal antibody, 

binds to CD4 and prevents the – for viral entry essential – conformational change in the CD4-

gp120 complex [160]. This drug was only recently approved by the FDA in March 2018 and is 

currently in use for the treatment of HIV-infected individuals with multi-drug resistant infections 

[161]. 

Combining three ART regimens from different classes that target multiple steps of the viral life 

cycle has been proven to be very effective in preventing the emergence of drug-resistance 

mutations. However, in recent years a rise in the prevalence of HIV drug resistance in people 

reinitiating ART with previous ART exposure but also in treatment-naïve individuals has been 

observed [162]. In addition, even newer generation ART show some side effects and need to be 

taken daily. These findings highlight the need for the development of new antiretroviral drugs 

and/or alternative treatment strategies. 

Although ART has dramatically improved the life expectancy of HIV-infected individuals, it does 

not represent a cure since it does not fully eradicate the virus. Lifelong treatment is necessary as 

ART cessation leads to the rebound of HIV viremia within a few weeks in most cases [163]. This 

is due to a very stable and long-lived pool of persistently infected CD4+ T cells that form the HIV 

reservoir. 
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1.2.2.7 HIV reservoir 
As discussed above, reverse transcribed HIV DNA integrates into the cellular genome, where it 

can be transcribed for the production of new viral particles. However, a small fraction of infected 

CD4+ T cells harbors integrated replication-competent HIV DNA that remains transcriptionally 

silent. These latently infected cells cannot be detected by the immune system and survive for 

years. Lifelong ART is necessary, as treatment interruption would allow virus to rebound from this 

pool of reservoir cells and plasma viral load to return to pre-ART levels [163].  

In the “Mississippi-baby” which was born to a HIV-positive mother, ART was introduced within 30 

hours after birth. After stopping the treatment, the viral load stayed undetectable for 27 months in 

the plasma and then reoccurred accompanied by a drop of the CD4+ T cell counts [164]. Studies 

by Whitney et al. revealed further that in SIV-infected rhesus monkeys the seeding of the viral 

reservoir occurred before viremia was detectable and that proviral DNA was already integrated in 

cells of the LNs and the gastrointestinal tract within three days after infection [165]. These findings 

strongly indicate the very early seeding of the viral reservoir after infection, mainly in sites with 

primary viral replication.  

The majority of latently infected CD4+ T cells during ART demonstrate a resting memory 

phenotype, in which viral transcription is limited by epigenetic gene silencing mechanisms such 

as histone deacetylation and methylation of the HIV promoter region, the restricted availability of 

cellular transcription factors important for viral reactivation and the presence of transcriptional 

repressors [166]. However, how this pool of resting HIV reservoir cells is generated is not fully 

understood. Resting CD4+ T cells can be directly infected by HIV in vitro but the process is slow 

and likely does not represent the main mechanisms of infection. The infection of activated CD4+ 

T cells that later reverts to a quiescent state is unlikely due to the cytopathic effect of active viral 

replication. Instead, the widely accepted model of reservoir establishment suggests the infection 

of a CD4+ T cell during its transition from an activated to a resting state [166]. During this phase, 

cellular machineries necessary for reverse transcription, nuclear import, and integration are likely 

still efficient, while viral gene expression is limited [166]. Although this has model has been 

confirmed in vitro, experimental evidence in vivo is lacking. 

At the cellular level, transitional memory (TTM), TCM, stem-cell memory (TSCM), TEM and even naïve 

CD4+ T cells harbor integrated HIV DNA [167]. CD4+ T cells obtained from the blood are the most 

studied HIV reservoir, yet these only account for around 2% of the total number of CD4+ T cells in 

a human body [168]. Major anatomical sites of the reservoir include lymphoid organs (LNs, spleen, 

thymus, bone marrow) as well as the gut, but CD4+ T cells with integrated HIV DNA have been 
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detected in ART-treated individuals throughout the entire body [169]. Lymphoid and gut tissues 

are major sites of viral replication during untreated infection, and GC Tfh cells as well as Th17 

cells are highly permissive to HIV or SIV infection [170-173]. In addition, cytotoxic CD8+ T cells 

are excluded from the GC [174]. It is therefore not surprising to find a high level of HIV DNA at 

these sites during ART [175]. 

HIV RNA and in some studies also HIV protein can be detected in GCs of LNs of long-term treated 

individuals [175-177]. This has been associated with a limited ART penetration [175], but the 

limited immune surveillance of GC by CD8+ T cells could also play a role during ART. However, 

whether this reflects HIV transcription and translation of some viral proteins or full viral replication 

including the infection of new CD4+ T cells remains controversial. Several studies were unable to 

find proof of genetic evolution of HIV during ART [178, 179], but these studies were mainly focused 

on the blood reservoir. A recent study using LN samples from ART-treated individuals 

demonstrated ongoing viral evolution in the tissue [180]. However, samples were taken after only 

six months of therapy, and the results might not reflect the situation in long-term treated 

individuals. Therefore, further studies using tissue samples are necessary to decipher whether 

there is ongoing viral replication in ART-treated individuals.  

One widely accepted concept is that the viral reservoir is maintained through homeostatic 

proliferation of infected CD4+ T cells during ART. This can be demonstrated by the very high 

frequency of clusters with identical, clonally expanded sequences within the pool of infected CD4+ 

T cells [181]. This proliferation could be induced through antigenic T cell stimulation or TCR-

independent mechanisms and keeps the HIV reservoir at highly stable levels during ART. 

Estimates assume that the HIV reservoir would only be eradicated after about 70 years of 

continuous ART without further intervention [182, 183]. 

Multiple techniques have been developed to quantify and characterize the HIV reservoir. 

Polymerase chain reaction (PCR)-based approaches represent simple and rapid methods to 

measure, for example, the total and integrated forms of HIV DNA [184-187], and have been widely 

used to study both circulating cellular populations and also disrupted tissue biopsies [188, 189]. 

However, although a substantial fraction of CD4+ T cells of HIV-infected subjects on ART harbor 

integrated HIV DNA (~ 600 copies/million resting CD4+ T cells [190]), the majority of integrated 

proviral sequences (~ 90–95%) are defective and not able to produce infectious viral particles 

(defined as replication-competent virus) [191, 192]. In contrast to measures of integrated DNA, 

inducible infectious virus was detected after reactivation from the TCM, but rarely the TTM, by the 

quantitative viral outgrowth assay (qVOA) [193]. While further studies are necessary, these 
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apparent discrepancies may be explained by the nature of the reservoir measured by these 

different techniques. Assays quantifying HIV DNA, such as PCR, cannot discriminate between 

intact or defective proviral sequences and, therefore, may vastly overestimate the size of the 

replication-competent reservoir in these populations [194]. At the other end of the scale, results 

obtained using qVOA represents a minimal estimate, as multiple rounds of stimulations might be 

needed for reactivation [8] and replication-competent viruses in vivo may not be able to spread in 

vitro. Our group recently developed an alternative flow cytometry-based approach measuring the 

frequency of CD4+ T cells that are able to produce viral RNA and Gag protein and are therefore 

translation-competent [195, 196] (see also Chapter 9 – Appendices). Using this technique, we 

were able to narrow down estimates of the true size of the reservoir to around 4.7 cells/million 

CD4+ T cells [195]. 

1.2.2.8 Innate immunity during HIV infection 
Like other viruses, PAMPs in HIV products are sensed by multiple PRRs, including TLRs, RLRs 

and cytosolic DNA sensors triggering downstream intracellular signalling pathways (reviewed in 

[197]). This results in a variety of cell-intrinsic antiviral innate immune responses. The expression 

of intracellular HIV restriction factors such as SAMHD1, APOBECs or TRIM5α, BST-2/Tetherin 

and others inhibit different steps of the HIV replication cycle [197]. In addition, soluble factors such 

as type I and type III IFNs and other proinflammatory cytokines and chemokines are secreted. 

These increase the abundant of PRRs and amplifies their signaling actions. In addition, they 

mediate a danger signal to neighboring uninfected bystander cells, and induce the recruitment 

and activation of immune cells such as DCs, macrophages, NK cells [197]. Together, these 

mechanisms generate an antiviral state to limit HIV replication and spread of infection. HIV has 

adopted strategies to counteract this variety of antiviral immune mechanisms. For example, 

accessory HIV proteins inhibit the function of HIV restriction factors [198, 199], or induce the 

downregulation of surface receptors that limit the recognition and killing of infected cells by NK 

cells [200]. 

However, in addition to their beneficial role, a sustained proinflammatory response during chronic 

viremic HIV has detrimental effects on the innate and adaptive immune responses. This 

proinflammatory state is not only directly related to immune responses against HIV, but – as 

mentioned earlier – also caused by opportunistic infections and enhanced microbial translocation 

of gut bacteria into the circulation due to the depletion of CD4+ T cells especially in the gut [201]. 

High levels of type I IFNs can impair the development of DCs, limit CD4+ T cell proliferation and 

promote the apoptosis of non-infected CD4+ T cells [202]. In addition, IFN and other 
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proinflammatory cytokines such as common γ-chain cytokines contribute to immune exhaustion 

of the T cell response by inducing the expression of IRs and their ligands [203-206]. 

Proinflammatory cytokines and chemokines do not only impact cells of the immune system but 

are also associated with the development of non-AIDS co-morbidities like neurological disorders, 

cardiovascular diseases or metabolic syndrome [207]. Importantly, ART does not lead to a 

normalization of the inflammatory state and its effects in all HIV-infected individuals [208]. 

Therefore, chronic immune activation is generally associated with a poor prognosis of HIV-infected 

individuals. 

1.2.2.9 HIV-specific T cell immunity during HIV infection 
A robust antiviral T cell response is mounted in nearly all HIV-infected individuals during the early 

phase of the infection. These responses become apparent in the blood at around the time of peak 

viremia [209]. However, T cell responses might be detectable in lymphoid tissues already at earlier 

time points [210]. Early HIV-specific CD8+ T cell responses are directed against a low number of 

epitopes in the Env and Nef proteins of the T/F variant and contribute to the initial decline in HIV 

viremia [211]. At the same time, viral diversification and evolution at the targeted epitope sites 

following peak viremia indicates the immune pressure the CTL response applies to the virus [211]. 

In addition, the early HIV-specific CD8+ and CD4+ T cell response plays a major role for the 

outcome of HIV infection. Individuals, who later developed a low viral set point during the chronic 

phase of the infection showed high-avidity CD8+ or potent cytolytic HIV-specific CD4+ T cell 

responses during early HIV infection [212, 213], whereas progressive disease was associated with 

an exhaustion or dysfunction of the HIV-specific T cell immunity (Figure 10). 
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Figure 10 – Schematic representation of outcomes of HIV infection 

After the initial burst of viremia in the weeks after HIV infection, the viral load decreases and a viral setpoint is established 
during chronic infection. The decrease of the viral load and the magnitude of the viral setpoint is associated with the 
HIV-specific T cell response. In the majority of individuals, the viral set point remains high in individuals with progressive 
disease as the T cell response is inefficient or exhausted. In a minority of individuals, very potent and broad HIV-specific 
T cell responses can partially or completely control the infection causing a state of slow HIV progression or elite control 
with low or undetectable viral load in the plasma respectively. Figure modified from [214] with authorization from 
Elsevier. 

 

During the chronic phase of infection, HIV-specific T cell responses broaden and target additional 

HIV antigens. A minority of HIV-infected individuals (<1%) are able to suppress viremia in the 

blood to undetectable levels by clinical assays, preserve the plasma CD4+ T cell count and do not 

progress to AIDS for sometimes decades without ART [214]. These so-called elite controllers 

(ECs) and other individuals with low viral set points during chronic infection more often express 

the human leukocyte antigen (HLA)-B57 or HLA-B27 allele [215, 216]. HLA-B57 or B27-restricted 

CTL responses target multiple conserved epitopes, especially in HIV Gag, to which escape 

mutations were associated with a cost in viral fitness [217, 218]. In addition, HIV-specific CD8+ T 

cells with enhanced cytotoxicity, proliferative capacity, polyfunctionality and breadth have been 

correlated with slower disease progression (Figure 11) [219]. In addition to cytolytic functions, 

CD8+ T cells from individuals with slow disease progression demonstrated a superior capacity to 

control HIV by nonlytic mechanisms that involved soluble molecules such as the chemokines 

RANTES and macrophage inflammatory protein (MIP)1-β and MIP1-α [220]. These chemokines 

can bind to their receptor CCR5, which either causes receptor downregulation from the surface or 

the binding blocks the interaction of HIV Env and CCR5, and therefore limits HIV infection [221]. 
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ECs demonstrated a similar frequency of HIV specific CD4+ T cell responses but functional 

differences when compared to viremic individuals with progressive disease (chronic progressors, 

CPs) [222]. HIV-specific CD4+ T cell responses from ECs were enriched in Th1 and Th17 

signatures at the transcriptional level that functionally correlated with elevated expression of 

granzymes, IFN-γ as well as IL-17 [222]. In addition, HIV-specific CD4+ T cells from ECs 

demonstrated a higher proliferative capacity and expression of IL-2 (Figure 11) [223]. However, 

some of these findings might be rather a consequence than cause of viral control [223]. Not all 

ECs carry protective HLA alleles and other mechanisms such as potent innate immune cell 

responses might contribute to viral control in some individuals [219]. 

 

Figure 11 – Differential HIV-specific CD8+ and CD4+ T cell responses in ECs and chronic HIV progressors 

HIV-specific CD8+ T cell responses in ECs are characterized by the recognition of infected CD4+ T cells and a preserved 
proliferative capacity and cytotoxic functions. In contrast, immune escape and exhaustion are hallmarks of the HIV-
specific CTL response in chronic progressors. Altered differentiation is central to differences in the HIV-specific CD4+ T 
cell response with high levels of antiviral Th1- and mucosal Th17-related functions in ECs and a differentiation towards 
a Tfh profile in chronic progressors. Graphs related to HIV-specific CD8+ responses from [224] with authorization from 
Springer Nature. Graphs related to HIV-specific CD4+ responses were generated based on findings in [222]. 

 

Most studies, which investigated correlates of HIV control, analyzed peripheral blood because the 

access to tissue samples is limited in humans. However, recent analyses of lymphoid tissue 

samples from animal models of chronic Lymphocytic choriomeningitis virus (LCMV)-infection 

highlighted the importance of virus-specific CD8+ T cells that express CXCR5 and are therefore 
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able to migrate into B cell follicles, in the viral control [225, 226]. These CXCR5+ CD8+ T cells 

demonstrated stem-like properties and elevated proliferation potential and longevity [227]. 

Increased proliferation and differentiation of this population after immune checkpoint blockade in 

chronically LCMV infected mice was associated with viral control [228]. Virus-specific CXCR5+ 

CD8+ T cells with some cytolytic functions could also be found in LNs of chronically HIV-infected 

subjects [174, 226, 229], and SIV-infected NHPs [230, 231]. They did not, however, colocalize 

with sites of viral replication but were rather attracted by the inflammatory environment and 

expression of the CXCR5-ligand CXCL13 [174]. Nevertheless, an inverse correlation between the 

frequency of CXCR5+ CD8+ T cells in the LN and blood viral load was observed, suggesting their 

contribution in the control of viral replication [229]. Current efforts therefore focus on the induction 

of HIV-specific CXCR5-expressing CD8+ T cells and their migration into LN GCs to achieve HIV 

control in infected individuals. 

Although these findings demonstrate that the host immune system is able to suppress HIV viremia, 

this only occurs in a minority of individuals [214]. In most cases, the HIV-specific immune response 

is not able to control the infection, the plasma viral load remains high, and the disease progresses 

to AIDS over the course of years. This is associated with the capacity of HIV to escape from the 

CTL response through mutations at its T cell epitopes. This becomes already evident during the 

early phases of infection but continuous even during the chronic phase [232]. In addition, a 

pronounced immune exhaustion or dysfunction of the HIV-specific T cell immunity can be 

observed in viremic individuals [233]. 

T cell exhaustion is mediated by the persistent exposure to high levels of antigen and inflammatory 

milieu, which is a hallmark of HIV infection. High level HIV replication at various sites throughout 

the body but especially in lymphoid organs and gut mucosa promote a massive cytokine release 

from innate and adaptive immune cells. The depletion of gut Th17 cells disrupts the gut barrier 

and leads to microbial translocation and systemic immune activation by microbial products. In 

addition, CD4+ T cell depletion can lead to the unchecked reactivation of persistent viruses such 

as EBV or CMV that further contribute to immune activation (reviewed in [234]). 

Similar to other models of chronic viral infections in animals and humans, and cancer [234], 

several studies demonstrated that HIV-specific CD8+ T cells in individuals with progressive 

disease upregulate multiple IRs and lose their cytolytic and non-cytolytic functions, 

polyfunctionality and proliferative capacity, and show decreased survival [235]. These exhausted 

CD8+ T cells persistently upregulate PD-1, T cell immunoglobulin- and mucin domain-containing 

molecule (Tim)-3, TIGIT and others that attenuate T cell functions [234]. Importantly, T cell 
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functions are highly restricted in HIV-specific CD8+ T cell responses co-expressing multiple IRs 

[233, 234].  

Similar to CD8+ T cells, HIV-specific CD4+ T cell responses show signs of exhaustion. PD-1 or 

CTLA-4 were upregulated on HIV-specific CD4+ T cells from CPs, which limited their proliferation, 

but were absent or lowly expressed in ECs [236, 237]. Blockade of PD-1 or CTLA-4 interaction 

with their respective ligands led to enhanced proliferation and cytokine production [236, 237]. 

However, CD4+ T cell dysfunction is more complex than a mere loss of function. HIV-specific CD4+ 

T cells with a Tfh phenotype were expanded in lymphoid tissues of chronically HIV-infected 

individuals [238, 239]. This was driven by clonal expansion of chronically stimulated HIV-specific 

GC Tfh cells [239]. In addition, there seems to be a Tfh-favourable cytokine milieu, as a general 

increase in number and frequency of non-HIV-specific Tfh could be observed [170, 171, 238]. This 

observation is not limited to HIV; virus-specific Tfh expansion occurs in the context of other chronic 

viral infections such as HCV in humans or LCMV in mice [240, 241]. However, in LCMV infection, 

this Tfh skewing ultimately results in virus clearance [240], whereas it does not in HIV infection, 

perhaps due to the capacity of HIV to escape the autologous antibody response. Our group 

recently demonstrated that HIV-specific CD4+ T cell responses in the blood of CPs also show a 

preferential differentiation towards a Tfh cell signature [222]. Although a substantial fraction of the 

HIV-specific CD4+ T cell response demonstrated a Tfh-phenotype and expressed CXCR5, the 

cTfh frequency was comparable in progressors and ECs. Instead, CXCR5- non-cTfh cells from 

HIV-progressors exhibited a Tfh-like phenotype and function, characterized by CXCL13 and IL-21 

production [222]. Indeed, a Tfh-like subset that does not express CXCR5 can be found in the LN 

of HIV-infected individuals [242]. These cells have a B cell helper capacity in vitro, express IL-21, 

are clonally related to CXCR5+ Tfh cells and show an open chromatin state of the CXCR5 

promoter, suggesting that these cells are functionally Tfh cells but have downregulated CXCR5 

possibly due to chronic inflammation [242]. Aberrant expansion, function and or localization of 

HIV-specific Tfh responses could therefore contribute to the observed dysregulated B cell 

responses during chronic HIV infection [243]. 

As described above, ART has substantially increased the life expectancy of HIV-infected 

individuals by inhibiting viral replication to undetectable levels in the plasma and restoring the 

CD4+ T cell count. ART initiation reduces the size of the total HIV-specific CD8+ T cell response, 

but it remains detectable at stable frequencies even in long-term treated individuals [233]. 

Prolonged ART increases the cytokine expression and polyfunctionality of CTL responses [244], 

but this did not reach levels observed in ECs. Accordingly, the level of IR expression decreases 
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with ART but remains higher than what can be observed for ECs, despite undetectable viremia in 

the blood [233]. This could be related to the establishment of a stable epigenetic program after 

chronic antigen stimulation as has been seen for the PD-1 promoter in HIV-specific CTLs [245]. 

In addition, low level antigen stimulation in the tissue and residual immune activation in ART-

treated individuals likely contribute to the persistent dysfunction of the immune response. Less is 

known about the stability of induced changes in the HIV-specific CD4+ T cell response during ART. 

At the transcriptional level, certain functions were restored to levels seen in ECs, however, others 

remained dysregulated [222]. Although ART initiation leads to a dramatic improvement of the 

immune system against opportunistic infections and some changes in the HIV-specific T cell 

response, it does not restore an effective HIV-specific T cell response capable of suppressing 

virus. Consequently, ART interruption generally leads to a rapid viral rebound from a reservoir of 

latently infected cells [163]. Understanding the persistent dysregulation of HIV-specific T cell 

responses during ART will be important for the development of therapeutic interventions that 

involve boosting antiviral immunity. 

1.2.2.10 Humoral response and broadly neutralizing antibodies 
HIV-specific antibodies become first detectable in the plasma during the first two to three weeks 

after HIV infection (early acute phase). The initial responses are immunoglobulin (Ig)M antibodies 

directed against the envelope protein gp41 of the transmitted variant and likely arise from short-

lived plasmablasts that developed outside of the GC and independent of Tfh help [246]. During 

the weeks after, class-switched IgA and IgG responses can be detected, which are also directed 

against additional HIV proteins such as Gag or gp120 [246]. However, these antibodies neither 

neutralize the virus nor bind to NK cells to induce ADCC and do not impact the HIV plasma viral 

load [246]. Neutralizing antibody responses with low potency against the autologous virus can be 

first detected after two to three months post-infection [247]. These are directed against variable 

regions of the HIV Env protein, which leads to the selection of viral variants with antibody-escape 

mutations [248, 249]. In chronically infected individuals, elevated numbers of GC B cells and 

plasma cells, accompanied by hypergammaglobulinemia can be observed, which correlate with 

GC Tfh expansion [238]. In contrast, memory B cells are decreased. These abnormalities are not 

restricted to HIV-specific responses but affect the general humoral immune response and are due 

to the systemic immune activation, dysfunction in Tfh response and enhanced exposure to non-

HIV antigens [250].  

However, in a subset of HIV-infected individuals, antibodies are developed that target Env 

epitopes that are conserved between multiple HIV variants, called broadly neutralizing antibodies 
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(bNAbs). BNAbs against HIV target relatively conserved epitopes on the glycosylated HIV Env 

trimer, the only target on the virus surface, and are able to neutralize multiple HIV strains and 

therefore prevent viral entry into HIV target cells [251, 252]. Although the HIV Env trimer 

represents a difficult protein to target due to its dynamic conformation, extreme sequence 

variability and glycan shield covering the protein surface [253], different bNAbs targeting multiple 

epitopes have so far been isolated from HIV-infected humans, demonstrating that these can be 

generated naturally. Although about 10-50% of individuals are able to generate broad HIV-

neutralizing antibody responses [254], bNAbs with very high breadth and potency can only be 

found in about 1-2% of the HIV-infected population, also called elite neutralizers [255]. 

Longitudinal plasma sampling early after and throughout HIV infection revealed that these bNAbs 

develop gradually over a time course of two to four years in untreated individuals [256, 257]. 

Initially, unmutated naïve B cells recognize epitopes of the T/F or early autologous viral strains to 

induce an antibody response (Figure 12). Subsequent viral diversification related to the selection 

of antibody-escape mutations forces the humoral response to adapt to these newly emerged 

diverse strains. Over time, this repeated evolution and co-evolution process of virus and B cells 

leads to the development an increased breadth: high level of antigen exposure leads to repeated 

B cell editing in the GC with an accumulation of unusually high levels of SHM, insertions and 

deletions, common features of multiple bNAb lineages [251]. 
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Figure 12 – Development of bNAbs in HIV-infected individuals 

Through antibody cloning, next-generation sequencing and computational analysis of longitudinal samples from 
individuals, development of bNAbs and co-evolution of HIV Env can be reconstructed. Figure adapted from [258] with 
permission from Springer Nature. 

 

The first monoclonal HIV-neutralizing antibodies were isolated in 1993 and 1994 and 

demonstrated some breadth but limited potency [259, 260]. Technical advances including large 

scale screening neutralization assays, which allowed the testing of sera from large cohorts of HIV-

infected individuals, and the in vitro isolation and cloning of monoclonal antibodies in the following 

years, resulted in the discovery of a new generation of bNAbs with higher potency and breadth 

[261]. As of 2019, around 40 different bNAbs have been identified that can be classified based on 

the six distinct epitopes targeted on the Env trimer: The glycan-dependent second variable loop 

(V2) apex, CD4 binding site (CD4bs), V3-glycan region, interface/fusion peptide (FP), silent face, 

and the gp41 membrane-proximal external region (MPER) [251] (Figure 13). Depending on the 

site targeted, bNAbs show distinct mechanisms of neutralization. CD4bs-bNAbs and V3-glycan 

region-binding bNAbs hinder the interaction between the HIV Env trimer and cell surface CD4 or 

CCR5 molecule, respectively [262, 263]. BnAbs against the V2 apex, interface/FP region, the 

silent face or MPER bind the trimer in different states and prevent conformational changes, which 

are important for the viral entry process [264-267]. It is likely that in the next years additional 

bNAbs and epitopes will be identified. 
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Figure 13 – The bNAb epitopes on the Env trimer 

Electron microscope reconstruction and model of the HIV Env trimer shown as side view (left) and top view (right). 
Model shows amino acid residues and glycans of the stabilized SOSIP.664 gp140 trimer of the HIV isolate BG505. 
Distinct epitopes targeted by currently identified bNAbs are highlighted in color: V2 apex (blue), V3 glycan (purple), 
CD4bs (green), silent face (dark gray), interface/FP (red), MPER (yellow).V: variable loop, bs: binding site, FP: fusion 
peptide, MPER: membrane-proximal external region. Figure adapted from [251] with authorization from Nature Springer. 

 

Despite the generation of bNAbs in elite neutralizers, these individuals usually do not benefit from 

the very potent antibody responses. Continuous evolution of viral sequences leads to a persistent 

adaption of the antibody response and the bNAb loses its breadth and increases the specificity 

against the autologous strain [268]. Instead, bNAbs have shown potential as strategies to prevent 

or treat HIV infection. 

1.2.2.11 Strategies for HIV prevention 
Most successful vaccines (e.g., against hepatitis B, yellow fever, and smallpox) work by inducing 

long-lasting neutralizing antibody responses that prevent infection of target cells [72]. Current HIV 

prevention strategies, including public awareness campaigns, condom use, and post-exposure 

prophylaxis, led to a decline of the annual number of new HIV infections to 1.8 million worldwide. 

In addition, full suppression of viral replication by ART in HIV-infected individuals strongly reduces 

transmission rates. However, ending the pandemic without an effective vaccine seems unlikely 

[269]. 

Studies using NHP and humanized mouse models demonstrated that passive administration of 

very potent bNAbs can protect from high-dose or repeated simian-human immunodeficiency virus 

(SHIV) or HIV challenges [270]. Ongoing placebo-controlled clinical trials will test the impact of 
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bNAb treatment on protection from HIV acquisition in high risk populations: VRC01, a CD4bs-

specific bNAb, is given to women in Sub-Saharan Africa (ClinicalTrials.gov identifier: 

NCT02568215), or to men or transgender who have sex with men in North America, South 

America, and Switzerland (ClinicalTrials.gov identifier: NCT02716675). These studies will 

decipher whether and at what concentrations bNAbs can also protect from a wide range of HIV 

strains that circulate in the human population in contrast to the limited number of viral strains 

selected for the challenges in the animal models. As bNAbs have to be present at high 

concentrations to elicit protection [271], the study participants receive 10 or 30 mg/kg every 8 

weeks. Modifications of the Fc domain of antibodies to extend their half-life [272], or the delivery 

of bNAbs via adeno-associated virus vectors [273], are currently tested possibilities to limit the 

number of administrations and antibody production costs. 

Studies using passive administration of bNAbs suggest that vaccine-induced protective antibody 

responses could also serve as a strategy for an HIV vaccine. However, the induction of long-

lasting bNAb responses remains a major challenge and has been unsuccessful in human HIV 

vaccine trials [274]. As mentioned above, bNAbs are characterised by high levels of SHM of up to 

25% [251]. In addition, several bNAbs have relatively long heavy chain complementarity 

determining region 3 (HCDR3), which can only be found in at a very low frequency in the naïve B 

cell repertoire (~0.4%) [251]. CD4bs-, V3-glycan and especially MPER-specific bNabs show some 

degree of autoreactivity [275]. In addition, the unusual high rate of SHM shows that HIV-bNAbs 

must have undergone multiple rounds of affinity maturation in the GC [276]. Together, these 

uncommon characteristics likely explain why potent bNAbs only develop in a minority of HIV-

infected individuals and why they may be difficult to elicit via vaccination. Indeed, administration 

of designed Env trimer immunogens that express bNAb epitopes and hide non-neutralizing 

epitopes, only generated autologous antibody responses or responses with limited breadth in NHP 

vaccine studies [277, 278]. This was likely due to the lacking exposure of the immune system to 

different HIV variants over time as can be seen for the development of bNAbs during natural 

infection. Therefore, new vaccine strategies include the repeated immunization with a cocktail of 

diverse Env trimer immunogens. Alternatively, sequential immunization strategies with multiple 

designed immunogens aim to guide the B cell response towards the development of bNAbs by 

mimicking the natural exposure to different HIV Env variants over time necessary for bNAb 

induction during the infection [251]. 

In addition to efforts to improve the design and administration of HIV immunogens, vaccine 

strategies aim to recreate immunological parameters that have been associated with bNAb 
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development in HIV-infected individuals, including the stimulation of Tfh cells. As mentioned 

above, in untreated HIV infection, bNAbs typically develop after a few years of chronic antigen 

exposure. Because of immune escape of the autologous strain, these humoral responses are not 

associated with viral control [279]. These findings show that in a subset of HIV+ individuals, the 

immunological environment allows acquisition of the extensive hypermutations necessary for 

bNAb generation. Several groups subsequently investigated Tfh responses in subjects with good 

versus poor neutralization to find correlates of efficient help. Studies in SHIV-infected rhesus 

macaques demonstrated a positive correlation between IL-4+ Env-specific LN Tfh and the 

frequency of Env-specific IgG+ GC B cells as well as neutralization breadth [280]. Further 

transcriptional analysis of these Env-specific Tfh cells revealed that animals with greater 

neutralization activity showed a higher expression of Tfh-related (Bcl6, MAF, CXCL13, and IL-21) 

and Th2-related genes (GATA3), whereas Th1- and Treg-related signatures (TBX21, IFNγ, or 

FoxP3) were reduced [280]. 

Correlates between Tfh responses and development of bNAbs in humans have been largely 

restricted to the analysis of blood as access to lymphoid tissue is limited. Differences in the cTfh 

response between HIV+ subjects with high or low levels of neutralizing antibody activity were 

detected with a high frequency of CXCR3-PD-1+ cTfh being associated with the development of 

bNAbs [49, 281]. Individuals who later developed broad neutralization already showed superior 

Tfh and B cell responses  during the early phase of infection when compared to study participants 

who remained low neutralizers [282-284]. They demonstrated an enhanced ability of cTfh cells to 

induce antibody class-switching in vitro, a preserved B cell activation profile comparable to 

uninfected controls, and elevated levels of plasma CXCL13, which is a marker of GC activity. 

Furthermore, HIV-infected donors with bNAbs showed a higher level of plasma autoantibodies 

and less functional regulatory CD4+ T cells with elevated PD-1 expression, which limited their 

suppressive capacity [281]. Together, these results demonstrated that a high GC activity and Tfh 

quality seems to be important for the development of high-affinity antibody responses. Therefore, 

further studies on how to induce efficient Tfh responses are necessary for HIV vaccine strategies. 
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1.2.2.12 Alternative HIV treatment or cure strategies 
Despite the tremendous success of ART, HIV persists in infected subjects predominantly in rare 

latently infected CD4+ T cells [285-287]. Therefore, life-long therapy is needed to avoid the 

rebound of the virus from its reservoir but is associated with the necessity for strict adherence, 

side-effects of the drugs, and a high economic burden. 

Broadly, a cure may be achieved by either complete eradication of the HIV reservoir from the body 

(known as a sterilizing cure) or a long-term control of HIV replication without ART (functional cure) 

[288]. To date only two individuals have been cured from HIV, the so-called “Berlin patient” and 

“London patient” [289, 290]. Both individuals were HIV+, developed acute myeloid leukaemia and 

were treated with allogeneic haematopoietic stem-cell transplantation using donors with a 

homozygous mutation in the HIV coreceptor CCR5 (CCR5Δ32/Δ32). ART was interrupted months 

after the transplantation and both individuals have since been in HIV remission with undetectable 

plasma viral load and undetectable reservoir in blood CD4+ T cells [289, 290]. This treatment, 

however, will not be suitable for HIV-infected individuals without leukemia given the high risk of 

fatal complications. 

Recent cure strategies have mainly focused on the “shock/kick and kill” strategy whereby HIV is 

reactivated from its latent state using latency-reversing agents (LRAs). This is followed by the 

death of the infected cell, due to the cytopathic effects of HIV itself or killing by the host’s own 

immune system. However, despite initial promise, LRA-based strategies have shown limited 

success in clinical trials to reactivate the virus and reduce the viral reservoir [291], suggesting that 

additional information regarding the HIV reservoir and alternative approaches are required to help 

rationally design effective cure strategies. In the context of a functional cure, in addition to the 

reduction of the reservoir, an effective HIV-specific T cell response might be needed to ensure a 

durable control of the virus. However, ART alone is not sufficient to restore the antiviral T cell 

immunity. Instead, current efforts pursue the idea to either boost the existing T cell response or 

generate de novo responses, so that the host’s immune system can control the viral infection once 

ART is stopped (Figure 14). Several studies demonstrated that although the HIV-specific T cell 

response increases after ART interruption due to the release of viral antigens and particles [292, 

293], it is not able to control the infection in most individuals. Instead, it might be necessary to 

generate an effective antiviral response in a setting without detectable viremia and reduced 

inflammation (with or without reducing the HIV reservoir). 
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Figure 14 – Strategies to improve the HIV-specific T cell response to achieve a functional cure 

Top: Typical rebound of HIV once ART is interrupted. Although the increased release of antigen primes HIV-specific T 
cell responses, these are not able to control the virus. Middle: Combination of LRA and immunotherapy treatment to 
reduce the size of the HIV reservoir and increase the virus-specific immunity. The generated T cell response is then 
able to suppress viremia after ART is stopped. Bottom: Repeated boosting of the HIV-specific T cell immunity (e.g. via 
immunization strategies) to ensure a persistently high immune response capable to control the virus. Dotted line 
indicates undetectable plasma viremia. This figure is licensed under a Creative Commons Attribution License and was 
obtained from [294]. 

 

1.2.2.12.1 Therapeutic approaches to directly improve T cell immunity 
Several different strategies are currently being developed to boost the HIV-specific T cell response 

in HIV-infected individuals on ART to achieve a functional cure, but none have demonstrated a 

major impact on the rebound of viremia after ART interruption. 

Randomized controlled clinical trials immunized HIV-infected ART-treated study participants with 

various vaccine vectors encoding for HIV Gag that led to a minor increase in Gag-specific T cell 

responses [295, 296]. ART interruption was either not attempted [295], or did not show a delay in 
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viral rebound in the vaccine group when compared to the placebo-control group [296]. In contrast, 

administration of DCs pulsed with multiple HIV antigens induced HIV-specific T cell responses 

against Gag, Nef and Env, which correlated with a lower viral load after ART interruption [297]. 

This suggests that, similar to what can be found in ECs with natural HIV control, the induction of 

broad and potent HIV-specific T cell responses might be important to achieve HIV control through 

vaccination. 

There are several potential caveats with vaccine strategies that use full length HIV proteins for 

immunization. For example, these immunogens might drive immunodominant responses directed 

against non-protective or escaped epitopes or might favor the expansion of pre-existing HIV-

specific responses that may be dysfunctional or exhausted rather than induce new functional 

responses. In addition, designed HIV immunogens might induce responses that are not able to 

target the HIV-infected individual’s own virus due to the high sequence variability. Instead, 

individualized vaccines might be necessary to induce responses against the autologous virus. 

Some recent vaccine studies tried to overcome these limitations, for example by aiming to refocus 

T cell responses towards epitopes associated with protection or to restore pre-existing 

dysfunctional HIV-specific T cell responses. 

During a recent clinical study by Mothe et al., ART-treated HIV-infected individuals were 

immunized with a HIV protein immunogen variant that only included regions that are highly 

conserved across different HIV clades [298]. This vaccination strategy was able to shift the HIV-

specific T cell response towards conserved epitopes that were previously associated with 

protection, but failed to improve the in vitro HIV-suppressive capacity of CD8+ T cells [298]. 

However, in this study it could not be deciphered whether the vaccine induced de novo responses 

against the conserved epitopes or whether it merely propagated the expansion of low-level 

immunogen-specific responses that existed prior to vaccination [298]. Nevertheless, it 

demonstrated the plasticity of epitopes targeted by the HIV-specific T cell response. 

Instead of inducing new responses, other strategies aim to restore the dysfunctional HIV-specific 

T cell response that is boosted via vaccination by combining it with cytokine treatment or immune 

checkpoint blockade (ICB). 

IL-15 administration alone improved NK cell proliferation and enhanced virus-specific CD8+ T cell 

functions in blood and LNs in NHPs [299]. Similarly, treatment with N-803, a IL-15 superagonist, 

induced SIV-specific CD8+ T cell recruitment in the B cell follicles, which was associated with lower 
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SIV-RNA and SIV-DNA levels [300]. IL-15 is currently investigated in a clinical trial in combination 

with a HIV vaccine vector (ClinicalTrials.gov identifier: NCT00775424). 

Given the high expression of IRs on HIV-specific T cell responses and based on the success in 

the cancer field, ICB is currently being investigated as an HIV treatment option. As IRs are also 

important mediators of HIV persistence, ICB acts in addition as an LRA to possibly reduce the HIV 

reservoir in treated individuals [301]. ICB treatment of cancer patients that were also HIV+ was 

associated with a decrease in the HIV reservoir, reduction of T cells with an exhausted phenotype, 

and an increase in HIV-specific CD8+ T cell functions [302, 303]. As PD-1 blockade in combination 

with therapeutic vaccination enhanced the antiviral CD8+ T cell response against LCMV in mice 

[304], ICB is also discussed for the use of enhancing anti-HIV vaccine responses [305]. 

As can be seen by the examples mentioned above, no single vaccine strategy was yet able to 

induce potent HIV-specific T cell responses able to control the infection without the need for ART. 

However, this field remains a highly researched topic with the goal to better understand the effect 

of different vaccines on the de novo generation or expansion of pre-existing responses and how 

these can be improved to generate an immune system able to control HIV. 

1.2.2.12.2 Therapeutic bNAb therapy  
In addition to HIV prevention, bNAbs have been used in animal models and clinical trials as 

therapeutic HIV treatment during chronic untreated infection or after ART interruption.  

First studies using neutralizing antibodies for HIV-treatment in clinical trials showed no significant 

effect on viral suppression [306, 307]. However, antibody-monotherapy in mice and NHPs using 

new generation bNAbs with higher breadth and potency resulted in a transient reduction of the 

plasma viral load for about two weeks before the viremia returned to initial levels due to viral 

escape [308-310]. After initial safety and pharmacokinetics studies in HIV-uninfected individuals, 

clinical trials evaluated the antiviral functions of 3BNC117, VRC01 and 10-1074 bNAb-

monotherapy in viremic individuals. Infusion of these bNAbs to the study participants led to a rapid 

decrease of the plasma viral load in people infected with bNAb-sensitive viruses [311-313]. 

However, full viral suppression was only observed in a minority of study participants, and the 

plasma viral load rebounded after a few weeks, mainly due to the development of escape 

mutations as was seen for humanized mice and NHPs [311-313]. 

Similar to the concept that escape can be avoided by combining multiple ART regimens targeting 

different steps of the viral replication cycle, a combination of multiple bNAbs targeting non-

overlapping epitopes on the Env trimer, was associated with prolonged viral suppression in animal 
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models when compared to monotherapy [308]. This finding could be translated into a phase Ib 

clinical trial (ClinicalTrials.gov identifier: NCT02825797): The administration of 3BNC117 and 10-

1074 to viremic individuals infected with viruses sensitive to both bNAbs resulted in a reduction of 

viral load that was longer when compared to single bNAb-treatment [314]. However, despite the 

decrease, viral load remained detectable in some individuals. 

Instead treating viremic HIV-infected animals, some animals that first received ART to decrease 

the HIV viral load and were then treated with single bNAbs, were able to control viremia after ART 

interruption at undetectable levels until antibody levels decreased [315]. This suggests that a 

combination of ART and bNAb therapy might be more effective for viral control than bNAb 

administration alone. 

Based on these results, during a phase Ib clinical study, a combination of bNAbs (3BNC117+10-

1074) was used to treat HIV-infected individuals who were already successfully treated with ART 

[316]. The study participants received three bNAb-infusions and stopped ART after the first 

treatment. All nine individuals with sensitive virus to both bNAbs kept the HIV viral load at 

undetectable levels in the blood for at least 15 weeks before HIV rebound [316]. Of note, two 

individuals did not rebound until the end of the observation period of 30 weeks [316]. Due to the 

shorter half-live of 3BNC117, the study participants were only exposed to 10-1074 during the later 

phase of the studies. Escape mutations to the 10-1074 binding site could therefore be found in 

rebound viruses of some of the study participants [316]. This treatment strategy of bNAb infusion 

and ART interruption could also affect the size of the HIV reservoir as bNAbs do not inhibit viral 

reactivation. A decreased replication-competent reservoir was detected in some individuals after 

combination bNAb treatment, but the difference was minor [316]. More infusions and a longer 

period off ART might be necessary to allow more latently infected cells to become reactivated and 

die. 

In several studies and in both contexts, animal models and human trials, it was demonstrated that 

bNAbs in addition to their neutralizing capacity, interact with the immune system. In viremic 

humanized mice that were treated with 10-1074, 3BNC117 or PG16, the suppression of viremia 

was not only dependent on the neutralizing capacity of the bNAbs but also on their ability to interact 

with immune cell receptors that bind the antibody Fc region [317, 318]. Mice that received bNAbs 

unable to bind the FcR demonstrated a shorter time of viral suppression compared to wildtype 

bNAbs [319]. Conversely, bNAbs with a modified FcR domain corresponding to a higher affinity 

for activating FcRs suppressed viral load faster and more prolonged [317]. However, in NHP 

studies using the PGT121 antibody, the Fc-dependent function was redundant [320], suggesting 



  51 

that the mechanism of protection might differ between certain bNAbs. A contribution of these 

additional functions was indirectly shown in human trials, when mathematic modelling suggested 

that the 3BNC117-mediated decrease of the viral load in treated study participants can not only 

be explained by viral neutralization and inhibition of new infection. Enhanced clearance of infected 

cells, possibly via FcR-dependent mechanisms such as ADCC, as seen in the animal models, 

likely played a role as well [318]. Another known Fc-dependent effect of antibodies is the binding 

to FcRs expressed on APCs. In the context of cancer antigen-specific antibodies or antibodies 

against influenza, APCs internalized the antigen-antibody complexes for processing and (cross-) 

presentation to generate antigen-specific T cell responses in mouse models [321, 322]. An 

interaction between antibody treatment and the adaptive immune system could also be observed 

in the context of bNAb treatment. A subset of NHPs that were treated with 10-1074 and 3BNC117 

shortly after SHIV-infection were able to control the infection even after clearance of the 

antibodies, which was dependent on CD8+ T cell responses [323]. In addition, 3BNC117-treated 

study participants developed an improved humoral immunity against HIV [324]. 

These studies demonstrated that combination bNAb-therapy can act as an alternative to ART and 

suppress HIV viremia as long as both bNAbs are present at sufficiently high concentrations. In 

addition, bNAbs might act on the adaptive immune system. However, whether bNAb treatment 

and ART interruption in humans increases HIV-specific T cell immunity remained unknown.  
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The HIV-specific T cell response is characterized by an exhaustion or dysfunction in HIV-infected 

individuals with progressive disease that shows similarities with other settings of chronic viral 

antigen exposure such as other chronic viral infections or cancer. CD8+ T cells and CD4+ T cells 

persistently upregulate inhibitory receptors. While the CD8+ T cell response and its exhaustion 

and loss of functional capacity during progressive disease has been well studied, less was known 

about HIV-specific CD4+ T cell responses, especially Tfh cells. This analysis was hampered by 

the lack of assays to study the antigen-specificity of this T cell subset. Most assays are dependent 

on functional analyses, but Tfh cells do produce very little amounts of the classical Th1-cytokines, 

which are the readout for most assays. With the development of recent cytokine-independent 

activation-induced marker (AIM) assays [21-23], we and others were able to close this gap. Our 

group recently demonstrated that in contrast to CD8+ T cells, HIV-specific CD4+ T cell responses 

show no loss but an alteration of function characterized by the increase in the Tfh signature during 

progressive disease [222]. Matched samples obtained from HIV-infected individuals before and 

after ART initiation demonstrated that some transcriptional features returned to levels seen in EC, 

while others did not change with the initiation of therapy [222].  

Similar to ART, bNAbs suppress HIV viremia and preserve the CD4+ T cell count. However, in 

contrast to ART, they do not inhibit the production of viral particles and can engage the immune 

system through the Fc portion. Previous studies demonstrated that antibodies can bind to FcR-

expressing APCs to generate antigen-specific T cell responses, e.g. in animal models of cancer 

or influenza [321, 322]. Also, bNAb-treatment of NPHs early after SHIV infection induced a control 

of the infection in a subset of the animals that was CD8+ T cell-dependent [323], but this has not 

been established in humans.  

Based on these previous results, we hypothesized that i) irrespective of ART, HIV-specific CD4+ 

T cells differ phenotypically and functionally from those targeting other viruses; and ii) while ART 

alone does not enhance HIV-specific T cell responses, immunotherapy with bNAb combined with 

ART interruption is associated with enhanced virus-specific immunity.  

For the first project, our objective was therefore to define characteristics of the HIV-specific 

CD4+ T, and especially cTfh, response in a large cohort of ART-treated individuals in comparison 

to responses elicited against HBV or CMV within the same individual. We studied; i) the frequency 

of cells with a cTfh phenotype within antigen-specific CD4+ T cell responses, ii) the phenotype and 

function of antigen-specific cTfh and non-cTfh responses; and iii) the association between HIV-

specific cTfh and non-cTfh responses, antibody responses, and the magnitude of the persistent 

HIV reservoir in ART-treated individuals. 
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For the second project included in this work, we collaborated with Dr. Michel C. Nussenzweig 

from the Rockefeller University and Dr. Florian Klein from the University of Cologne, who 

conducted a phase Ib clinical trial [316]. HIV-infected individuals on ART received three infusions 

with two different bNAbs and were able to maintain viral suppression after ART interruption in 

presence of antibodies. Our objective was to investigate the effect of combination bNAb-therapy 

and ART interruption on the HIV-specific CD8+ and CD4+ T cell response in the study participants 

[316]. We studied i) the magnitude and polyfunctionality of HIV-specific CD8+ and CD4+ responses 

longitudinally after bNAb therapy and ART interruption compared to baseline; ii) the change of 

breadth of HIV-specific T cells against multiple HIV antigens; and iii) the expansion of pre-existing 

responses and generation of responses against new epitopes.  
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Abstract 

Background: Untreated HIV infection leads to alterations in HIV-specific CD4+ T cells including 

increased expression of co-inhibitory receptors (IRs) and skewing toward a T follicular helper cell 

(Tfh) signature. However, which changes are maintained after suppression of viral replication with 

antiretroviral therapy (ART) is poorly known. 

Methods: We analyzed blood CD4+ T cells specific to HIV and comparative viral antigens in ART-

treated people using a cytokine-independent activation-induced marker assay alone or in 

combination with functional readouts. 

Findings: In intra-individual comparisons, HIV-specific CD4+ T cells were characterized by a 

larger fraction of circulating Tfh (cTfh) cells than CMV- and HBV-specific cells and preferentially 

expressed multiple IRs and showed elevated production of the Tfh cytokines CXCL13 and IL-21. 

In addition, HIV-specific cTfh exhibited a predominant Th1-like phenotype and function when 

compared to cTfh of other specificities, contrasting with a reduction in Th1-functions in HIV-specific 

non-cTfh. Using longitudinal samples, we demonstrate that this distinct HIV-specific cTfh profile 

was induced during chronic untreated HIV infection, persisted on ART and correlated with the 

translation-competent HIV reservoir but not with the total HIV DNA reservoir. 

Interpretation: Expansion and altered features of HIV-specific cTfh cells are maintained during 

ART and may be driven by persistent HIV antigen expression. 

Funding: This work was supported by the National Institutes of Health (NIH), the Canadian 

Institutes of Health Research (CIHR) and the FRQS AIDS and Infectious Diseases Network. 

 

 

Keywords: HIV, T follicular helper T cells, HIV-specific CD4+ T cells, Antiretroviral therapy (ART) 
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Research in context 

Evidence before this study 

Combination antiretroviral therapy (ART) is highly effective in controlling HIV but requires life-long 

medication due to the existence of a latent viral reservoir, and to the fact that, with rare exceptions, 

ART alone does not restore immune responses capable of suppressing HIV. T follicular helper 

cells (Tfh) are of high interest both as HIV reservoirs and for their critical role in enabling the 

development of potent broadly neutralizing antibodies (bNAbs). The identification of a circulating 

Tfh (cTfh) population in peripheral blood with strong similarities with lymphoid tissue Tfh has 

attracted much attention over the past few years. However, investigations of cTfh at the antigen 

(Ag)-specific level have been hampered by the lack of sensitive assays to detect them. We 

recently overcame this hurdle by using new experimental, cytokine-independent approaches to 

evaluate HIV-specific CD4+ T cell responses. We found an elevated Tfh signature in HIV-specific 

CD4+ T cells of chronically infected, untreated individuals that correlated with blood HIV viremia. 

Although this Tfh signature decreased after ART initiation at the transcriptional level, detailed 

phenotypic and functional analyses of the HIV-specific CD4+ T cell responses during ART are 

lacking. 

Added value of this study 

Here, we evaluated HIV-specific CD4+ T cells, and in particular cTfh, in a cohort of ART-treated 

individuals. Comparative phenotypic and functional analyses with antigen (Ag)-specific responses 

(CMV, HBV) in the same study participant revealed that HIV-specific cTfh cells are abundant in 

ART-treated humans and represent a much larger fraction of the virus-specific CD4+ T cell 

response compared to their CMV- and HBV-specific counterparts. HIV-specific cTfh also differ 

from CMV-specific and HBV-specific cTfh by multiple phenotypic and functional features that are 

established during chronic viremic infection, which persist on ART and appear less responsive to 

viral suppression than in non-cTfh HIV-specific CD4+ T cells. This distinctive HIV-specific cTfh 

profile correlates with the translation-competent HIV reservoir, but not the total HIV DNA reservoir, 

suggesting that persistent HIV antigen expression maintains these altered features during ART. 

Implications of all the available evidence 

Increasing evidence suggest that cTfh are ontogenically related to lymphoid tissue Tfh. As animal 

models suggest that overabundant, qualitatively impaired Ag-specific Tfh may be detrimental and 

lead to low affinity Ab responses, it will be important to determine if priming of new, effective Tfh 
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responses may be hampered in therapeutic vaccine trials by competition with such large pre-

existing HIV-specific Tfh populations during ART. 

  



  60 

1. Introduction 
Virus-specific CD4+ T cell help is critical for pathogen control in chronic infections [1,2]. High-level 

antigen (Ag) exposure and inflammatory signals induce virus-specific CD8+ T cell exhaustion, a 

state characterized by decreased proliferative potential and loss of effector function [3]. While 

dysfunctional pathogen-specific CD4+ T cells share some characteristics with their CD8+ 

counterparts during chronic infections, such as increased co-inhibitory receptor (IR) expression, 

they also present distinct characteristics of altered differentiation and function [4]. These features 

include skewing toward T follicular helper cell (Tfh) function, a phenomenon seen in chronic LCMV 

clone 13 in mice [5], and HCV in humans [6]. Tfh cells are a subset of CD4+ T cells that express 

CXCR5 and provide help for B cell maturation and development of high affinity antibody (Ab) 

responses in the germinal center (GC) of secondary lymphoid organs. CXCR5+ cells can also be 

found in the peripheral blood as circulating memory cells (cTfh) [7], however, their origin is not 

fully understood. Although cTfh cells could originate from non-GC Tfh cells, recent studies 

highlight the clonal and phenotypic overlap between activated blood cTfh cells and GC Tfh cells 

during steady state or after vaccination [8,9], demonstrating that GC Tfh cells fuel at least in part 

the blood cTfh pool.  

Tfh cell-dependant humoral responses are required for eventual viral control of chronic murine 

LCMV infection [10]. In chronic HIV infection, expansion of bulk GC Tfh cells occurs in lymph 

nodes [11–13]; while technical hurdles have thus far limited studies of the specificity of these cells, 

part of this expanded GC Tfh population appears to be HIV-specific [14]. This quantitative increase 

in GC Tfh in HIV infection correlates with markers of disease progression and qualitative defects 

in their capacity to provide help to B cells [15]. Studies of peripheral blood responses confirmed 

an Ag-driven component to these alterations: the transcriptome of blood HIV-specific CD4+ T cells 

exhibits a Tfh-like signature that directly correlates with viral load [4]. In contrast to LCMV, 

however, in HIV infection, this Tfh skewing does not result in virus clearance, perhaps due to the 

remarkable capacity of HIV to generate escape mutations and elude autologous Ab neutralization. 

While current antiretroviral therapy (ART) regimens are highly effective at suppressing viral 

replication, resulting in improved immunity against opportunistic infections and remarkable 

reduction in morbidity and mortality, they do not lead to the restoration of an effective HIV-specific 

immune response capable of suppressing virus. Consequently, ART interruption generally leads 

to a rapid viral rebound from a reservoir of latently infected cells [16]. 

Frequencies of total GC Tfh decrease in lymphoid tissue with ART initiation but can stay elevated 

compared to uninfected controls [11–13]. Bulk cTfh cells from ART-treated donors show a reduced 
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capacity to induce HIV antibody production and B cell differentiation in vitro when compared to 

uninfected controls [17,18]. We observed that cTfh constitute a readily detectable fraction of HIV-

specific CD4+ T cells in individuals prior to ART initiation, this irrespective of viral load [4]. ART 

decreased the marked Tfh gene signature present in viremic persons at the transcriptional level 

[4], however, the impact of ART on the differentiation and function of HIV-specific CD4+ T cell has 

not yet been investigated. Whether immunological features of HIV-specific cTfh would be unique 

to this virus or shared with other Ag specificities in the same individual, remains to be determined. 

Here, we used activation-induced marker (AIM) assays [4,19,20], and functional tests to define 

the frequency, phenotype and function of blood CD4+ T cells, in particular cTfh, specific to HIV, 

CMV and HBV in ART-treated individuals. We longitudinally investigated participants pre- and 

post-ART initiation to delineate features of HIV-specific CD4+ T cells that were modulated by 

therapeutic control of viral load from those that persisted despite suppressive ART. Finally, we 

identified features of these HIV-specific cTfh cells that correlated with the size of the translation-

competent HIV reservoir. 
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2. Material and methods 

2.1. Human sample collection and processing 

Subject characteristics are summarized in Tables S1-3. HIV-infected, ART-treated participants 

were on ART for over 12 months with controlled viral load (<50 vRNA copies/ml) for at least 6 

months. Donors on ART were not excluded when a single small viral blip (VL >50 but <200 vRNA 

copies/ml) occurred with below detection viral load on precedent and subsequent tests. Untreated 

participants were either treatment naive or untreated for at least 3 months. HIV-uninfected 

individuals were used as negative controls for HIV antibody and reservoir measurements. PBMCs 

were isolated from leukapheresis samples by the Ficoll-Hypaque density gradient centrifugation 

and cryo-preserved in liquid nitrogen until use. 

2.2. CD69/CD40L AIM assay 

Peripheral blood mononuclear cells (PBMCs) were thawed, washed and put in culture at a 

concentration of 10 million cells/ml in RPMI 1640 medium (Gibco by Life Technologies, Cat# 11-

875-093) supplemented with 0.5% penicillin/streptomycin (Gibco by Life Technologies, Cat# 

15140122) and 10% human serum (Sigma). After a rest of 3 h at 37 °C, a CD40 blocking antibody 

(Miltenyi Biotec, Cat# 130-094-133, RRID: AB_10839704) was added to the culture to prevent the 

interaction of CD40L with CD40 and its subsequent downregulation. In addition, antibodies for 

chemokine receptors CXCR5, CXCR3 and CCR6 were added into the culture medium. After 15 

min incubation at 37 °C, cells were stimulated with 0.5 μg/ml staphylococcal enterotoxin B (SEB) 

or 0.5 μg/ml of overlapping peptide pools for CMV pp65 (Cat# PM-PP65), HBV HBsAg (Cat# PM-

HBV-IEP), HIV Gag (Cat# PM-HIV-GAG), HIV Env (Cat# PM-HIV-ENV) or HIV Nef (Cat# PM-HIV-

NEF) (all JPT) for 9 h at 37 °C. An unstimulated condition served as a negative control. Cells were 

stained for viability dye (Aquavidid, Thermofisher, Cat# L34957), surface markers (30 min., 4 °C) 

and fixed using 2% paraformaldehyde (PFA) before acquisition at the flow cytometer (LSRII, BD) 

(see Table S4 for antibodies). Analysis was performed using FlowJo version 10 for Mac (Treestar, 

RRID: SCR_008520) and Spice version 5.3 (RRID: SCR_016603) [21]. For phenotypic analysis 

of Ag-specific 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 Ag-specific CD4+ T 

cells subsets as percentage of total CD4+ T cells, background-subtracted net values were used, 

which did not require excluding responses. 
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2.3. Standard intracellular cytokine staining 

PBMCs were thawed, washed and put in culture at a concentration of 4 million cells/ml in RPMI 

1640 medium (Gibco by Life Technologies, Cat# 11875-093) supplemented with 

penicillin/streptomycin (Gibco by Life Technologies, Cat# 15140122) and 10% fetal bovine serum 

(FBS) (Seradigm, Cat#1500-500). After a rest of 2 h, cells were stimulated with 0.5 μg/ml of 

overlapping peptide pools for CMVpp65, HBV HBsAg or HIV Gag for 6 h in presence of Brefeldin 

A (BD Biosciences, Cat# 555029) and monensin (BD Biosciences, Cat# 554724). For some 

experiments, anti-CD107A-BV785 (Biolegend, Cat#328644, RRID: AB_2565968) was added into 

culture. Cells were stained for viability marker, surface markers and intracellular cytokines using 

the IC Fixation/Permeabilization kit (eBioscience, Cat# 88-8824-00) before fixation with 2% PFA 

and acquisition on the flow cytometer (see Table S4 for antibodies). For the detection of CD107A, 

granzyme B and perforin within Ag-specific CD4+ T cells, we identified AIM+ cells by intracellular 

staining for CD69 and CD40L. 

2.4. Delayed ICS assay 

For the detection of some cytokines (IFNγ, IL-2, TNFα, IL-21, CXCL13) within AIM+ Ag-specific 

CD4+ T cells, cultured PBMCs were incubated with a CD40-blocking antibody, stimulated with 

peptide pools for 9 h as described above and further incubated for 12 h at 37 °C in the presence 

of Brefeldin A (BD Biosciences, Cat# 555029). Cells were surface stained, fixed and permeabilized 

using the IC Fixation/Permeabilization kit (Thermo Fisher, Cat# 88-8824-00) and incubated with 

antibodies against cytokines for 30 min at 4 °C (see Table S4 for antibodies). 

2.5. Transcription factor staining 

For the detection of transcription factors within AIM+ Ag-specific CD4+ T cells, cultured PBMCs 

were incubated with CD40-blocking antibodies and stimulated with peptide pools for 9 h as 

described above. Cells were stained for viability dye (Aquavidid, Thermofisher, Cat# L34957), 

surface markers (30 min., 4 °C), fixed (30 min, room temperature (RT)) and permeabilized using 

the Transcription Factor Staining Buffer Set (Invitrogen/ThermoFisher, Cat# 00–5523–00) before 

staining with antibodies against transcription factors for 1 h at RT (see Table S4 for antibodies). 

2.6. HLA class II typing 

Genomic DNA was extracted from PBMC using a QIAamp DNA blood kit (Qiagen, Cat# 51106). 

All subjects were typed for MHC class II alleles by sequence-based typing using kits from Atria 
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Genetics (South San Francisco, CA). Assign software was used to interpret sequence information 

for allele typing (Conexio Genetics, Perth, Australia). 

2.7. MHCII tetramer staining 

CD4+ T cells were isolated from thawed PBMCs using a negative isolation kit (StemCell, Cat# 

19052), rested for 2 h at 37 °C, washed and stained for 60 min at room temperature with PE-

labeled MHC-II tetramers loaded with DV16 peptide (DRFYKTLRAEQASQEV) for the 

DRB1*01:01 allele or YV18 peptide (YVDRFYKTLRAEQASQEV) for the DRB1*11:01 allele (NIH 

Tetramer Core Facility at Emory University, Atlanta, GA). These sequences encompass an 

immunodominant, HLA Class II promiscuous epitope in Gag [22]. Control tetramers loaded with 

an irrelevant peptide (CLIP: PVSKMRMATPLLMQA) or HIV-uninfected donors with the same 

HLA-DRB1 genotype served as negative controls. Tetramer+ CD4+ T cells were column enriched 

using anti-PE beads (Miltenyi, Cat# 130-048-801). Cells were stained for viability marker 

(Aquavivid, Thermofisher, Cat# L34957), CXCR5 (45 min, 37 °C), surface markers (30 min, 4 °C) 

and fixed with 2% PFA before acquisition at the flow cytometer (LSRIIB, BD). 

2.8. Quantification of total and integrated HIV DNA 

Total and integrated HIV DNA were measured in CD4+ T cells isolated from PBMCs by magnetic 

bead-based negative selection (Stem Cell Technologies, Cat# 19052) by real time nested 

polymerase chain reaction (PCR) as described previously [23]. 

2.9. Detection of translation-competent reservoir by RNA flow-FISH 

CD4+ T cells harbouring latent translation-competent reservoir were identified using the HIVRNA/Gag 

assay as previously described [24,25]. Briefly, CD4+ T cells were isolated by magnetic bead 

negative selection (StemCell, Cat# 19052) from PBMCs from ART-treated individuals, rested for 

3 h and stimulated with PMA (50 ng/ml, Sigma-Aldrich, Cat# P1585) and Ionomycin (0.5 μg/ml, 

Sigma-Aldrich, Cat# I9657) for 12 h. Unstimulated cells and cells from HIV-uninfected individuals 

served as controls. Cells were stained with surface markers, anti-Gag KC57 (Beckman Coulter) 

by intracellular staining and labeled for HIV gag RNA with Alexa Fluor 750-coupled probes 

(ThermoFisher) using the PrimeFlow RNA Assay (ThermoFisher, Cat# 88-18005-210) (see Table 

S4 for antibodies). Translation-competent CD4+ T cells were identified as cells expressing both 

HIV Gag protein and gag RNA after PMA/Ionomycin stimulation. 
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2.10. Detection of p24-specific antibodies by ELISA 

96 well plates (Thermo Scientific Nunc, FluoroNunc/LumiNunc, MaxiSorp Surface) were coated 

with 0.1 μg/ml of recombinant p24 (NIH AIDS Research and Reference Reagent Program, Cat# 

12028) or bovine serum albumin (BSA) (Bioshop, Cat# ALB001.1) in PBS overnight at 4 °C. Plates 

were blocked for 90 min at RT with blocking buffer (TBS, Tween 0.1%, BSA 2%) and then washed 

4 times with washing buffer (TBS, Tween 0.1%). Dilutions of human sera (1:3000) or rabbit anti-

HIV p24 antiserum (NIH AIDS Reagent Program, Cat# 4250) in washing buffer containing 0.1% 

of BSA were incubated for 2 h at RT. Plates were washed 4 times with washing buffer before 

incubation for 90 min at RT with HRP-conjugated secondary Abs goat anti-human IgG HRP 

(Thermo Fisher Scientific Cat# 31410, RRID:AB_228269) or anti IgG rabbit HRP (Thermo Fisher 

Scientific Cat# 65-6120, RRID: AB_2533967). Plates were then washed 4 times with washing 

buffer before revealing with standard ECL (Perkin Elmer) with a TriStar luminometer (LB 941, 

Berthold Technologies). 

2.11. Detection of gp120-specific antibodies 

Gp120-specific antibodies were detected in plasma samples using a flow cytometry-based assay 

as described previously [26]. Briefly, CEM.NKr cells were coated with recombinant HIV-1YU2 

gp120 (100 ng/ml) for 30 min at 37 °C and incubated with human plasma from HIV-infected ART-

treated donors or uninfected controls (1:10,000 dilution) for 30 min at 37 °C. Cells were washed 

with PBS and stained with 1 μg/ml goat anti-human Alexa Fluor 647 (Thermo Fisher Scientific, 

Cat# A-21445, RRID: AB_2535862) secondary antibody for 15 min in PBS at room temperature. 

Cells were washed and fixed using 2% PFA before acquisition at the flow cytometer. The 

geometric mean of the Alexa Fluor 647 signal was used to express plasma gp120-antibody levels. 

2.12. Statistics 

Statistical analyses were done using GraphPad Prism version 8 using non-parametric tests. Two-

group comparisons were performed using the Mann-Whitney and pairwise comparisons were 

performed using the Wilcoxon matched pair test. For comparisons between three or more groups, 

Kruskal–Wallis (for unpaired samples or when values were missing in paired samples) or 

Friedman one-way ANOVA (for paired samples) with Dunn's post-test was used. Permutation test 

(10,000 permutations) was applied for pie-chart comparison using the SPICE software. For 

correlations, Spearman's R correlation coefficient was applied. Statistical tests were two-sided 

and p < 0.05 was considered significant. 
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2.13. Ethic statement 

Leukaphereses were obtained from study participants at the McGill University Health Centre, 

Montreal, Canada, and at the Centre Hospitalier de l'Université de Montréal (CHUM) in Montreal, 

Canada. The study was approved by the respective IRBs, written informed consent obtained from 

all participants prior to enrolment. 

2.14. Data availability 

Raw experimental data associated with the figures presented in the manuscript are available from 

the corresponding author upon reasonable request. 
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3. Results 

3.1. AIM assay identifies HIV-specific CD4+ responses with cTfh expansion in ART-treated 
individuals 

To study Ag-specific CD4+ T cells with diverse differentiation and functionality in HIV-infected ART-

treated people, we used an approach based on the concurrent detection of activation-induced 

markers (AIM) on the cell surface after cognate Ag stimulation, as previously described [4,19,20]. 

PBMCs from a cohort of 27 HIV-infected individuals on ART (Participant characteristics: Table S1 

(ART1-27)) were stimulated for 9 h with overlapping peptide pools spanning the sequence of the 

immunodominant HIV structural protein Gag (Fig. S1a). HIV Gag-specific T cells were identified 

by concurrent surface expression of AIM CD69 and CD40L (AIM+ cells) (Fig. 1a, S1b). In addition, 

we examined within the same individual CD4+ T cells specific for other Ags (CMV and HBV) to 

delineate characteristics that differentiate HIV-specific CD4+ T cells. AIM+ HIV Gag-specific 

responses were readily detectable in all ART-treated subjects examined, with low background in 

the absence of exogenous Ag (Fig. 1b, S1c) (responses were considered as positive when more 

than 2-fold over unstimulated condition). CMV-specific CD4+ T cell responses were detectable in 

all individuals with positive CMV serology and absent for the 4 CMV-seronegative participants, 

demonstrating the high specificity of the assay (Fig. 1b, Table S1). Due to the low number of 

donors with a detectable HBV-specific CD4+ T cell response (6 individuals of the 27 examined; 2 

resolved infection, 4 vaccinated) (Fig. 1b, Table S1), we pooled responses elicited by infection or 

vaccination for further analysis, given the similarities of their profile. 

The AIM assay identified significantly higher frequencies of virus-specific CD4+ T cells compared 

to IFNγ intra-cellular staining (ICS) (Fig. S1d-e), demonstrating that ICS underestimates the 

frequency of Ag-specific CD4+ T cell responses. This is particularly striking for HIV and HBV, but 

also apparent for known Th1-skewed responses such as CMV. 

Ag-specific cTfh show limited cytokine production and are more likely to be missed by standard 

ICS, but are detectable by AIM assays [19,27]. Here, we broadly identified cTfh cells as memory 

(CD45RA−) CD4+ T cells expressing CXCR5 (Fig. S2a, 1c) to avoid the potential confounding 

factor of PD-1 upregulation in chronic infection [28,29]. Phenotypic analysis was only performed 

for donors with detectable AIM responses. Compared to CMV- and HBV-specific CD4+ T cells, 

HIV-specific CD4+ responses were characterized by a significantly higher proportion of CXCR5+ 

memory cells (Fig. 1d) with comparable CXCR5 MFI for all specificities (Fig. S2b). This skewing 

was not due to in vitro stimulation, as a similar frequency was observed by staining with MHC 
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Class II tetramers loaded with an immunodominant HIV Gag epitope (Fig. S2c-e). To test whether 

the enrichment of cTfh cells was a general feature of HIV-specific CD4+ T cell responses, we 

analyzed responses against the HIV envelope glycoprotein Env and the accessory protein Nef, 

which showed a lower magnitude compared to HIV Gag as described previously (Fig. 1e) [22]. 

Despite these lower frequencies, responses were detectable in 13/27 participants for Env and 

18/27 participants for Nef. HIV Env- and Nef-specific CD4+ T cell responses were characterized 

by a similar frequency of CXCR5+ memory cells when compared to Gag-specific CD4+ responses 

(Fig. 1f). Accordingly, due to the higher magnitude of HIV Gag-specific CD4+ responses, HIV Gag-

specific cTfh were more prevalent in the total CD4+ populations compared to HIV Nef or Env (Fig. 

1g). In conclusion, our results demonstrate the expansion of cTfh cells within HIV-specific CD4+ T 

cell responses compared to other specificities in ART-treated individuals. 

3.2. HIV-specific cTfh and non-cTfh cells express multiple co-inhibitory receptors despite 
viral suppression 

IRs are key modulators of T cell signaling for both the regulation of physiologic responses to Ag 

stimulation and in the context of diseases characterized by persistent Ag exposure. Consistent 

with a requirement for tight functional control, Tfh cells frequently express IRs such as PD-1, TIGIT 

and CD200 [30,31]. On the other hand, upregulation of multiple IRs on CD8+ and CD4+ T cells 

also occurs in cancer or chronic infections including HIV and contribute to exhaustion (reviewed 

in [32]). Given this dual role of IRs, we next analyzed IR expression on Ag-specific CD4+ responses 

in the context of the massive reduction in HIV Ag load due to viral suppression during ART. 

HIV Gag-specific cTfh from ART-treated individuals were characterized by a significantly higher 

frequency of cells expressing the IRs TIGIT and CD200 compared to non-cTfh cells, while the 

frequency of PD-1+ cells was similar between both subsets (Fig. S3a). When we compared cTfh 

IR expression between Ags, we observed a high frequency of TIGIT+ for HIV-specific cTfh cells 

compared to CMV- and HBV-specific cTfh (Fig. 2a–b). In addition, high levels of CD200 and PD-

1 characterized HIV- and HBV-specific cTfh cells (Fig. 2b). The frequency of cTfh cells specific for 

HIV co-expressing TIGIT, PD-1 and CD200 was significantly higher compared to CMV or HBV 

(Fig. 2c-d). The differences in IR expression observed for Ag-specific non-cTfh reflected those 

seen on cTfh, albeit at lower levels (Fig. S3b-c). 

IR expression can be transiently induced by activation [33], and may thus be impacted by the 9 h 

stimulation required for the AIM assay. Therefore, we used MHC Class II tetramers to phenotype 

HIV-specific cTfh cells in 3 ART-treated donors (Fig. S2b). We detected similar frequencies of 
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TIGIT+ and PD-1+ cells on tetramer+ as on AIM+ Gag-specific cTfh cells, which were increased 

when compared to the total cTfh population (Fig. S3d). In contrast, more HIV Gag-specific cTfh 

cells expressed CD200 when the AIM assay was used. These findings show that a high frequency 

of HIV-specific cTfh cells in ART-treated donors pre-express multiple IRs, such as PD-1 and 

TIGIT, before stimulation with the cognate Ag. On the other hand, while a fraction of HIV-specific 

cTfh cells pre-expresses CD200, this molecule is further rapidly upregulated during stimulation, 

as shown previously [34]. Therefore, a higher capacity to upregulate CD200 after stimulation might 

contribute to its increased expression on HIV- vs HBV- and CMV-specific CD4+ T cells. 

In summary, our results demonstrate that despite viral suppression on ART, HIV-specific cTfh and 

non-cTfh CD4+ T cells are characterized by a high frequency of cells expressing multiple IRs. 

3.3. HIV-specific cTfh cells produce higher levels of Tfh cytokines than CMV-specific cTfh 

To elucidate whether high expression of IRs on HIV-specific cTfh influences Tfh function, we 

assessed the production of the canonical Tfh-related cytokines CXCL13 and IL-21. IL-21 is an 

important cytokine for B cell help [7], and decreased IL-21 expression has been reported in HIV-

specific CD4+ T cells of HIV+ individuals on and off ART [35,36]. Detection of CXCL13 and IL-21 

at the protein level is challenging due to their limited expression upon Ag stimulation and 

unspecific background staining. To overcome this hurdle, we used a modified ICS assay (“delayed 

ICS”), which included an extended (9 h) stimulation prior to addition of Brefeldin A, thus allowing 

for upregulation of AIM markers on the cell surface before the phase of intracellular protein 

trapping (Fig. 3a). We analyzed cytokine expression by a sequential gating strategy: pre-gating 

on CD69+CD40L+ cTfh cells increased specificity for CXCL13 and IL-21 and enabled robust 

detection of rare cytokine-expressing cells (Fig. 3b). We detected a significantly higher frequency 

of CXCL13- and IL-21-producing cells in HIV-specific compared to CMV-specific cTfh cells (Fig. 

3c-d). Consistent with the known role of IRs for Tfh function [37], Tfh-cytokine production was 

highest in cTfh cells expressing multiple IRs (Fig. 3e-f). Therefore, HIV-specific cTfh cells 

expressing multiple IRs demonstrate robust expression of Tfh-related functions. 

3.4. HIV-specific cTfh cells show preferential Th1-like phenotype and function 

Co-expression patterns of the chemokine receptors CXCR3 and CCR6 have been associated with 

T helper cell differentiation and function [38,39], and can also provide an indication of cTfh 

polarization and of their capacity to provide help to B cells [40]. We thus next examined CXCR3 

and CCR6 expression on AIM+ Ag-specific cTfh cells in ART-treated individuals (Fig. 4a). HIV- 

and CMV-specific cTfh predominantly had a Th1-like (CXCR3+CCR6−) phenotype, while HBV-
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specific cTfh responses showed a mixed cTfh profile with Th2-like (CXCR3−CCR6−) and Th1-like 

polarizations (Fig. 4a, S4a). HIV-specific cTfh cells expressed in addition higher levels of Eomes 

and/or T-bet, whereas RORγt or GATA3 was rarely detected (Fig. S4bc), confirming their 

preferential Th1-like polarization. Importantly, the frequency of Th1-polarized cTfh was 

significantly higher for HIV than for both CMV and HBV (Fig. 4b). 

In contrast, the proportion of CXCR3+CCR6− Th1-like cells within the HIV-specific non-cTfh subset 

was comparable to CMV and HBV (Fig. S4d). In addition, HIV-specific non-cTfh cells included a 

high frequency of CCR6+ Th1Th17-like (CCR6+CXCR3+) and Th17-like (CCR6+CXCR3−) (Fig. 

S4d). Accordingly, we identified subsets of HIV-specific non-cTfh cells characterized by Eomes/T-

bet and RORγt expression (Fig. S4e). Eomes and/or T-bet expression was significantly lower in 

HIV-specific cTfh than non-cTfh (Fig. S4f). These data suggest that the distinctive Th1-like 

phenotype skewing of HIV-specific cTfh compared to other specificities might correspond to a 

mixed differentiation pattern that does not reach the full acquisition of all Th1-related features seen 

in non-cTfh cells. 

We next investigated whether the phenotypic polarization of HIV-specific cTfh correlated with 

function. We analyzed expression of classical Th1-cytokines in HIV- or CMV-specific cTfh cells 

(Fig. 4c). We detected a significantly higher frequency of IFNγ, TNFα and IL-2-expressing cells in 

HIV- vs CMV-specific cTfh (Fig. 4c-d). This profile of elevated Th1-cytokine expression was not 

seen for non-cTfh cells; indeed, IFNγ secretion was significantly reduced in HIV-specific non-cTfh 

compared to CMV-specific, while IL-2 production was increased (Fig. S4g). Consistent with 

previous findings at the bulk cTfh level [30], CXCR3+ HIV-specific cTfh populations 

(CXCR3+CCR6- Th1-like, and to a lesser extent CXCR3+CCR6+ Th1/Th17-like) produced IFNγ 

following stimulation (Fig. 4e). However, a large fraction of Ag-specific CXCR3+ cTfh cells also 

produced the Tfh-cytokines CXCL13 and IL-21. Thus, co-expression analyses revealed increased 

CXCL13 and IL-21 single-positive in addition to Tfh-cytokines/IFNγ co-expressing HIV-specific 

cTfh cells, compared to their CMV-specific counterparts (Fig. 4f). 

We next compared the frequency of cytokine+ cells within Th1-like Ag-specific cTfh and found 

comparable levels for IFNγ but a significantly higher CXCL13 and IL-21 expression in HIV vs CMV 

(Fig. S4h). These findings suggest that the elevated production of Th1-cytokines in HIV-specific 

cTfh cells may be related to their predominant Th1-like polarization compared to CMV, but that 

polarization alone is not responsible for the elevated production of Tfh cytokines. 
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In contrast and as shown previously [41], cTfh cells, independent of their specificity, rarely 

expressed cytolytic markers such as CD107A, granzyme B or perforin (Fig. S5ab). These 

functions were, however, detectable in Ag-specific non-cTfh cells, especially for CMV (Fig. S5ab). 

Collectively, these observations demonstrate a preferential Th1-associated phenotype and 

function of HIV-specific cTfh cells in ART-treated individuals, contrasting with lack of cytotoxic 

molecule expression. 

3.5. Suppression of HIV viremia by ART does not reverse the phenotype of HIV-specific 
cTfh cells 

Having identified several distinct features of HIV-specific CD4+ T cell responses in ART-treated 

individuals, we next investigated whether these characteristics were present prior to ART initiation, 

and if they were modulated by therapeutic control of Ag load. For this, we examined samples from 

7 HIV-infected donors obtained during the chronic phase of untreated infection before ART 

initiation and after 1 to 3.2 years of therapy (Participant characteristics: Table S2). We first 

determined the magnitude of HIV-specific CD4+ T cell responses and detected little change after 

starting therapy using the AIM assay, contrasting with a clear contraction of the HIV-specific CD4+ 

T cell response when the IFNγ+ ICS was used (Fig. 5a). 

In a transcriptional analysis of HIV-specific CD4+ T cells, we recently demonstrated that ART 

decreased the Tfh gene signature present in viremic individuals off therapy [4]. As this analysis 

was performed at the RNA level on total AIM+ HIV-specific CD4+ cells, we next investigated 

whether HIV-specific cTfh and non-cTfh were affected differentially at the phenotypic level by ART. 

Although the frequency of cTfh cells within the total memory CD4+ T cell pool did not change 

following ART initiation, we observed an increase in the frequency of cTfh cells within the HIV-

specific CD4+ T cell population (Fig. 5b). We detected a significant decrease in ICOS+ HIV-specific 

cTfh and non-cTfh cells (Fig. 5c), consistent with a general reduction of activation of HIV-specific 

CD4+ T cells. In addition, we detected a significant decrease in the frequencies of PD-1+, CD200+ 

and PD-1+TIGIT+CD200+ HIV-specific non-cTfh cells (Fig. 5d). In contrast, viral suppression on 

ART had a limited impact on expression and co-expression of IRs on HIV-specific cTfh cells (Fig. 

5d). Similar to IR expression, we did not detect changes in the CXCR3/CCR6 phenotype of HIV-

specific cTfh cells following ART initiation (Fig. 5e), contrasting with a significant decrease in Th1-

polarization of HIV-specific non-cTfh cells. 
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In summary, our results demonstrate that the phenotype of cTfh, characterized by a preferential 

Th1-profile and high expression of multiple IRs, is established during chronic HIV infection and 

maintained despite suppressed viremia, this at least for the first three years after ART initiation. 

3.6. Persistent levels of plasma HIV-specific antibodies in ART-treated individuals correlate 
with HIV-specific cTfh 

Untreated HIV infection is associated with GC Tfh expansion and hypergammaglobulinemia [11]. 

Although HIV-specific Ab plasma levels decrease after ART initiation, they are detectable in the 

plasma of long-term treated individuals [42]. It has been suggested that ongoing Ag stimulation in 

lymphoid tissue may contribute to elevated HIV-specific plasma concentrations [43]. 

We therefore next assessed plasma levels of p24- and gp120-specific antibodies in our cohort of 

ART-treated individuals and how they relate to persistent Tfh responses. Despite their decrease 

after viral suppression on ART (Fig. 6a), HIV-specific Ab levels were detectable in nearly all ART-

treated participants (Fig. 6b) and remained stable over time during ART (Fig. 6c). In addition, 

levels of p24- and gp120-specific Abs in plasma of ART-treated individuals were directly correlated 

(Fig. 6d). There was no association between total HIV-specific CD4+ T cell or HIV-specific non-

cTfh responses and HIV-specific Abs (Fig. 6e-f). However, we detected a significant correlation 

between HIV-specific cTfh and persistent plasma HIV-specific Ab levels in ART-treated donors 

(Fig. 6g). Thus, our results suggest ongoing stimulation of HIV-specific B and T cells, which is 

associated with augmented Ab responses in ART-treated people in vivo. 

3.7. The translation-competent HIV reservoir correlates with Th1-like phenotype and 
function of HIV-specific cTfh 

As the phenotypic profiles of HIV-specific cTfh cells during untreated infection and during ART 

were similar, we next explored possible links between these maintained features detected in our 

analyses and markers of HIV persistence during ART. We assessed the size of the HIV reservoir 

in CD4+ T cells using PCR for total viral DNA (vDNA), PCR for integrated vDNA and by measuring 

the inducible translation-competent reservoir by an RNA flow cytometric fluorescent in situ 

hybridization (RNA flow-FISH) assay. With this method, the translation-competent reservoir is 

defined as CD4+ T cells capable of co-expressing HIV gag RNA and Gag protein after in vitro 

stimulation (Fig. 7a) [24,25]. Translation-competent HIVRNA+/Gag+ CD4+ cells were undetectable in 

most ART-treated individuals in the absence of stimulation and in HIV-uninfected controls (Fig. 

7b, Table S3), but could be identified in ART-treated donors after stimulation with PMA/Ionomycin 

with varying frequencies (Fig. 7b). DNA PCR-based methods detect defective viral genomes or 
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proviruses unable to express viral proteins, and as expected the two PCR assays gave much 

larger estimates than the RNA flow-FISH method (Fig S6a). As low Ag persistence might 

contribute to maintain the pool of virus-specific T cells on ART, we examined the relationship 

between reservoir size and magnitude of HIV-specific CD4+ T cell responses. We observed no 

significant association between the frequency of HIV-specific CD4+ T cells or cTfh responses and 

vDNA reservoir measurements but a non-significant correlation between the magnitude of the 

HIV-specific CD4+ T cell response and the translation-competent reservoir (Fig. S6b). 

We next explored potential relationships between the size of the total or integrated vDNA reservoir 

and phenotypic or functional features of HIV-specific cTfh or non-cTfh responses and found no 

significant association (Fig. 7c). In contrast, the size of the translation-competent HIV reservoir 

during ART was significantly positively associated with TIGIT, ICOS expression and the Th1-like 

phenotype and -function of HIV-specific cTfh (Fig. 7c, S6c-d). Of note, no association was 

detected between the size of the translation-competent reservoir and the phenotype or function of 

HIV-specific non-cTfh in ART-treated individuals (Fig. 7c). Therefore, our results indicate that the 

expression of IRs and Th1 functions of HIV Gag-specific cTfh cells correlate with a marker of the 

functional viral reservoir in individuals on ART. This suggests that the low but continuous levels of 

HIV Ag production may contribute to the maintenance of this population after prolonged therapy. 

4. Discussion 

Tfh cells are of high interest in HIV infection: at the total subset level, they serve as important sites 

of viral replication pre-ART [12] and reservoirs post-ART [13]. Studies of the total cTfh 

compartment show positive associations between memory Tfh cells and generation of HIV-

specific broadly neutralizing antibodies (bNAbs) [30,44,45], but investigations of HIV-specific cTfh 

have been hampered by the lack of sensitive tools to assess them. It remained unclear whether 

frequencies of HIV-specific Tfh cells, and/or altered functions, set them apart from Tfh specific for 

other viruses. Here, we used cytokine-independent AIM assays, alone or in combination with 

functional readouts, to characterize HIV-specific cTfh. We found that compared to their CMV- and 

HBV-specific counterparts in the same donors, HIV-specific cTfh, defined as CXCR5+ memory 

cells, were more abundant and that this difference was exacerbated after ART initiation. On 

suppressive therapy, HIV-specific cTfh maintained a distinct phenotype with high expression of 

IRs, high production of cytokines, and a Th1-like skewing. Positive correlations between the 

magnitude, phenotype and function of HIV-specific cTfh responses with HIV-specific antibody 

levels and with the size of the translation-competent reservoir suggest that persistent exposure to 
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viral products contribute to ongoing stimulation of HIV-specific Tfh despite undetectable HIV 

viremia on ART. 

Our experimental approach gives a different picture of the impact of ART on HIV-specific CD4+ T 

cell responses compared to traditional assays such as IFNγ ICS. HIV-specific CD4+ T cell 

responses were detectable in all ART-treated individuals examined by the AIM assay, in contrast 

to IFNγ ICS. Matched samples obtained before and after ART initiation demonstrated a clear 

contraction of IFNγ+ HIV-specific CD4+ T cell responses, whereas AIM+ responses were 

maintained. Therefore, the impact of ART on the magnitude of HIV-specific CD4+ T cells may have 

been overestimated in previous reports using IFNγ as a readout [46]. Rather than massive attrition, 

smaller changes in frequency associated with more dramatic changes in polarization, 

differentiation and function of HIV-specific CD4+ T cells occur after viral suppression. 

Many studies suggest that Tfh cells and GC play a critical role in the ability of the immune system 

to generate bNAbs, which are uncommon, leading to the hypothesis that rarity and/or qualitative 

defects of HIV-specific Tfh could be limiting factors in the bNAb generation in infected humans 

[47]. Here, we demonstrate that, surprisingly, the median fraction of cTfh within the HIV-specific 

CD4+ T cell population in ART-treated people is large, 3.7-fold greater than in CMV-specific and 

2.8-fold greater than in HBV-specific CD4+ T cells. The frequencies of HIV-specific cTfh observed 

by AIM assay were similar to the frequencies measured by tetramer staining in our experiments 

and to those reported by another group [18]. These results also confirm the capacity of the 

CD69/CD40L AIM assay to sensitively detect cTfh to chronic pathogens, besides its capacity to 

detect acute cTfh responses, as has been recently shown for the flu vaccine [20]. As these 

comparisons were made on an intra-individual basis, they control for the frequent persistence of 

an inflammatory environment despite suppressive ART and potential for bystander changes in T 

cell responses, therefore demonstrating actual virus-specific differences in cTfh responses. These 

expanded HIV-specific cTfh also present distinct phenotypic and functional features: they express 

higher levels of the IRs PD-1, TIGIT and CD200 compared to their CMV- and HBV-specific 

counterparts yet produce more cytokines. This augmented production includes not only the Tfh-

cytokines CXCL13 and IL-21, but also the Th1 cytokines IFNγ, TNFα, and IL-2, consistent with 

the Th1-like phenotype of high CXCR3 expression. The production of Tfh-associated cytokines 

CXCL13 and IL-21 was highest in Ag-specific cTfh cells expressing multiple IRs. Previous studied 

demonstrated the importance of PD-1 for optimal Tfh cell positioning and function including IL-21 

production in vivo [37]. 
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In this manuscript, we compare our findings related to HIV-specific CD4+ T cells to responses 

specific to CMV, which also causes a chronic infection albeit with some differences. The length of 

CMV infection in our cohort is likely greater when compared to HIV. However, CMV viral loads are 

usually undetectable in ART-treated non-immunocompromised individuals [48]. Life-long CMV Ag 

exposure can induce a particularly large T cell response, which is characterized by high Th1-

related cytokine expression including cytolytic markers and expansion of senescent cells [49]. 

However, we detected these functions only in the CMV-specific non-cTfh population. No cTfh 

expansion nor preferential IR upregulation in CMV-specific CD4+ T cell responses was detected 

in our cohort, similar to HBV-specific responses induced by vaccination or resolved infections. In 

contrast, other studies observed a Tfh expansion and Th1-phenotype in other chronic infections 

that share some features with HIV, such as LCMV clone 13 in mice [5], SIV in non-human primates 

[50], HCV [6], and malaria [51], in humans. The underlying mechanisms are poorly understood, 

but several studies suggested that increased duration of Ag exposure, high levels of Ag and 

inflammatory cytokines, common for these infections, favor this polarization (reviewed in [52]). 

Two non-mutually exclusive mechanisms may be responsible for maintaining the characteristics 

of virus-specific CD4+ T cell responses during viral suppression on ART. First, persistent low-level 

HIV Ag expression could continuously stimulate Tfh responses on ART and maintain HIV-specific 

cTfh phenotype and function. Importantly, such a mechanism does not imply residual replication 

of the full virus, as abortive expression of some viral genes or trapped Ag, for example on follicular 

DCs, may have similar consequences [53]. HIV Ags can be detected in lymphoid tissue of ART-

treated donors [54,55]. In support of this hypothesis, we detected a significant correlation between 

the size of the translation-competent reservoir and expression of TIGIT, ICOS and Th1-like 

phenotype and function of HIV-specific cTfh but not non-cTfh cells. In contrast, HIV DNA 

measurements, which include a large fraction of defective genomes unable to produce viral Ags 

[56], were not associated. One possible explanation to our observations is that occasional 

reactivation of persistently infected cells leads to stochastic production of viral proteins within the 

GCs of lymphoid tissues and stimulation of HIV-specific Tfh cells. These cells eventually exit the 

GC when the burst of HIV products resolves, and subsequently become cTfh cells. A second 

possibility of persistent characteristics of HIV-specific CD4+ T cells is permanent epigenetic 

programming. Previous studies demonstrated that during chronic viral exposure, virus-specific 

CD8+ T cells in mice and humans are epigenetically altered so that PD-1 expression was 

persistently elevated even after Ag withdrawal [57–60]. Thus, maintenance of certain phenotypic 

profiles in HIV-specific cTfh cells during ART could be related to an epigenetic reprogramming 

due to high levels of chronic Ag exposure during untreated infection. 
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We recently showed that HIV-specific CD4+ T cells in untreated HIV infection are characterized 

by an atypical Tfh signature in CXCR5− cells [4]. Longitudinal samples analyzed before and after 

ART initiation demonstrated a decrease of a Tfh transcriptional signature and a reduction of 

phenotypic markers including PD-1, TIGIT, CD200 and CXCR3 in HIV-specific CD4+ T cells at the 

RNA level [4]. Here, we demonstrate that the proportion of CXCR5+ cTfh cells within HIV-specific 

CD4+ responses not only remains expanded, but increases on therapy. While the phenotype of 

HIV-specific cTfh cells does not change with ART, non-cTfh cells experience a decline in cells co-

expressing multiple IRs and Th1-like phenotype. Taken together, these data suggest that some 

CXCR5− HIV-specific CD4+ T cells with Tfh-like properties identified in viremic infection [61], might 

gain (or recover) the ability to express CXCR5; and that the previously observed reduction of Tfh-

related gene expression and phenotypic markers in HIV-specific CD4+ T cells on ART [4], is not 

due to a reduction of cTfh cells, but related to partial normalization of cTfh markers in HIV-specific 

non-cTfh responses. 

This work raises questions that will need to be addressed in further studies. Our report focuses 

on the characterization of cTfh responses and the blood HIV reservoir. Studies on secondary 

lymphoid tissues could provide critical information regarding Ag persistence and its impact on HIV-

specific Tfh alterations. Of note, HIV Gag-specific Tfh cells expressing Th1-like cytokines have 

been detected in lymphoid tissues of HIV-infected individuals [11,12,41], suggesting that some of 

the features we identified may be shared between the peripheral blood and secondary lymphoid 

tissue compartments. As these are very challenging to conduct in humans, investigations in non-

human primates could prove powerful alternatives. Further detailed analyses on pre- vs post-ART 

samples will be essential to better understand subset-related changes in HIV-specific CD4+ T cells 

and their ontogeny. Taking into account our observations into the advanced immunomonitoring of 

interventional studies will allow addressing a key question: what are the immunological 

consequences of the distinct characteristics of HIV-specific cTfh on ART? Our results show a 

direct correlation of these responses with anti-p24 and anti-gp120 Ab titers, whereas there is no 

such association between Ab levels and magnitude of non-cTfh HIV-specific CD4+ T cell 

responses. This suggests that ongoing HIV Ag stimulation in lymphoid tissues leads to persistent 

induction and/or maintenance of HIV-specific B cell, Ab and cTfh expansion. As therapeutic 

vaccination to complement ART is an important strategy considered to achieve HIV cure, future 

studies should address how such pre-existing, expanded HIV-specific Tfh would impact 

development of new Thelper and/or B cell responses. Animal models suggest that overabundant 

Ag-specific Tfh, especially if qualitatively impaired, may be detrimental, leading to low affinity 

responses [62,63]. Such studies should address whether priming of new, effective Tfh responses 
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may be hampered by competition from the boosting of large pre-existing cell populations. Finally, 

the presence of marked quantitative and qualitative differences in the cTfh specific for different 

viruses has likely relevance beyond HIV vaccine development and therapy and may be important 

for other pathogens for which the human system frequently fails to develop high-quality immune 

responses. 
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Figures 

 

 
Figure 1 – HIV-specific cTfh are expanded compared to CMV- and HBV-specific cTfh in ART-treated donors.  

PBMCs were stimulated for 9 h with peptide pools for HIV Gag, CMV pp65, HBV HBsAg or left unstimulated. Ag-specific 
CD4+ T cells were identified by the concurrent upregulation of CD40L and CD69 (AIM+ cells). (a) Example plots showing 
gating for CD69+CD40L+ for one representative donor (pre-gated on CD4+). (b) Net frequency of AIM+ Ag-specific CD4+ 
T cells. Responses greater than 2-fold over background are shown as black bordered circles, responses below this 
threshold are shown as gray-bordered symbols. Median values shown were calculated using responses greater than 2-
fold over background only. Below each bar, numbers of individuals with positive responses for each antigen are shown. 
(c) Example plot showing gating of cTfh as memory CD4+ T cells expressing CXCR5. Left hand panel shows gating on 
total memory CD4+ (black). Ag-specific memory CD4+ T cells are shown as colored plots. (d) Quantification of results 
in (c). (e) Net frequency of HIV-specific CD4+ T cell responses identified using AIM assay. (f) Frequency of cTfh 
(CXCR5+) within HIV-specific CD4+ T cells (g) Frequency of HIV-specific cTfh of total CD4+ T cells. n = 27 for (b), (e) 
and (g); for (d): HIV Gag: n = 27, CMV pp65: n = 23, HBV HBsAg n = 6; for (f): HIV Gag: n = 27, Env: n = 13, Nef: n = 
19. Bars represent median values. Only significant p-values are shown and were calculated by Kruskal–Wallis test with 
Dunn's post test. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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Figure 2 – HIV-specific cTfh express multiple IRs despite viral suppression. 

cTfh specific for HIV, CMV and HBV were analyzed by flow cytometry for expression of the co-inhibitory receptors TIGIT, 
PD-1 and CD200. (a) Example plots showing expression of TIGIT, PD-1 or CD200 on unstimulated (black) or HIV-
specific cTfh (red) from one representative donor. FMO controls are shown as dotted lines. (b) Frequency of TIGIT-, 
PD-1- or CD200-expressing Ag-specific cTfh. (c) Analysis of co-expression of TIGIT, PD-1 and CD200 on Ag-specific 
cTfh. (d) Comparison of frequency of TIGIT+CD200+PD-1+ Ag-specific cTfh. n = 27 (HIV), n = 23 (CMV) or n = 6 (HBV) 
for (b-d). Significant p-values are shown in figure and were calculated by Kruskal–Wallis test with Dunn's post test (b,d) 
or permutation test (c). (For interpretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.) 
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Figure 3 – HIV-specific cTfh produce higher levels of Tfh cytokines than CMV-specific cTfh. 

Ag-specific cTfh responses were analyzed by flow cytometry for expression of CXCL13 and IL-21 using a delayed ICS 
assay. (a) Schematic representation of the delayed ICS assay. (b) Example plot showing CXCL13 expression in 
unstimulated or HIV-stimulated CD4+ cells after gating on either total CD4+ or CD69+CD40L+ Ag-specific CD4+. Plots 
shown are from the same sample. (c) Example plot showing CXCL13 or IL-21 expression in CD69+CD40L+ cTfh. (d) 
Comparison of cytokine+ HIV-specific vs CMV-specific cTfh. (e) Example plot showing phenotype of total cTfh cells 
(black) or HIV-specific CXCL13+ or IL-21+ cTfh (shown in red) based on PD-1 and TIGIT expression. (f) Frequency of 
cytokine+ cells in cTfh subsets based on TIGIT/PD-1 expression. n = 9. Significant p-values shown were calculated by 
Wilcoxon test (d) or Friedman test with Dunn's post test (f). (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
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Figure 4 – HIV-specific cTfh are predominantly Th1-polarized. 

(a) Example plot showing CXCR3/CCR6 expression on HIV-specific cTfh. (b) Comparison of Ag-specific cTfh subsets 
based on CXCR3/CCR6 coexpression. (c) Example plots showing expression of IFNγ in HIV- and CMV-specific cTfh. 
(d) Frequency of Th1-cytokine+ HIV- vs CMV-specific cTfh. (e) Frequency of HIV Gag-specific cTfh subsets expressing 
IFNγ, CXCL13 or IL-21. (f) Co-expression analysis of Ag-specific cTfh cells based on CXCL13, IFNγ and IL-21 
expression. n = 27 (HIV), n = 23 (CMV) or n = 6 (HBV) for (b); n = 12 for (d), n = 9 for (e,f). P-values shown in figure 
were calculated by Kruskal–Wallis test with Dunn's post test (b), Wilcoxon test (d, f) or Friedman test with Dunn's post 
test (e). 
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Figure 5 – HIV-specific cTfh responses increase with initiation of ART and maintain expression of co-inhibitory 
receptors and a Th1-like phenotype. 

HIV-specific CD4+ responses were analyzed longitudinally using matched PBMCs samples obtained during chronic HIV 
infection (Before ART) or after 1.0–3.2 years of ART (On ART). (a) Net frequency of Ag-specific CD4+ responses 
identified by CD69/CD40L AIM assay or standard IFNγ ICS. (b) Frequency of total (left) or Ag-specific cells with cTfh 
phenotype (right), defined as CXCR5+ memory CD4+ T cells. (c) Frequency of Ag-specific CD4+ subsets expressing 
ICOS. (d) Single or co-expression analysis of IRs TIGIT, PD-1 or CD200 on HIV-specific cTfh or non-cTfh before vs 
after ART initiation. (e) Phenotypic analysis of HIV-specific cTfh (left) or non-cTfh (right) based on the expression of 
CXCR3 and CCR6 before and after ART initiation. n = 7 longitudinal pairs of untreated/treated HIV-infected donors. 
Significant p-values are shown in figure and were calculated by Wilcoxon test. 
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Figure 6 – HIV-specific cTfh responses correlate with p24- and gp120-specific antibody levels in ART-treated 
donors. 

Plasma samples from HIV+ donors were analyzed for HIV-specific Abs by ELISA (p24-Abs) or flow cytometry (gp120-
Abs). (a) Longitudinal analysis of p24-specific Ab levels using matched plasma samples obtained during chronic 
untreated infection or during ART. (b) Level of p24- or gp120-specific Abs in ART-treated vs uninfected control (UC) 
donors. Dotted line represents limit of detection. (c) Longitudinal analysis of gp120-specific Abs using matched plasma 
samples from 2 different time points of long-term ART-treated subjects. (d) Correlation between p24- and gp120-specific 
Ab plasma levels. (e-g) Correlation between total HIV-specific CD4+ T cells (e), HIV-specific non-cTfh (f) or HIV-specific 
cTfh (g) and levels of p24- or gp120-specific Abs, respectively. n = 7 for (a); p24-Abs: n = 4 UC and n = 27 ART, gp120-
Abs: n = 12 UC and n =  18 ART for (b); n = 5 for (c); n = 18 for (d); p24-Abs: n = 27, gp120-Abs: n = 18 for (e-g). Gray-
bordered symbols represent values below limit of detection. P values were calculated by Wilcoxon test (a) or Spearman 
correlation (d-g). 
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Figure 7 – Th1-like phenotype and function of HIV-specific cTfh correlates with size of the translation-competent 
reservoir.  

(a) Example plot showing CD4+ T cells from one representative ART-treated donor expressing HIV gag mRNA and HIV 
Gag protein after resting or stimulation with PMA/Ionomycin. (b) Frequency of HIVRNA+/Gag+ CD4+ T cells in uninfected 
control (UC) or ART-treated individuals in resting CD4+ or after PMA/Ionomycin stimulation. Gray-bordered symbols are 
below limit of detection (dotted line). Lines represent median values. (c) Heatmap showing associations between 
phenotype and function of HIV-specific cTfh (left graph) or HIV-specific non-cTfh (right graph) with total HIV DNA, 
integrated HIV DNA and translation-competent reservoir. Color represents R value for each association calculated and 
*p < 0.05 indicates significant correlations (Spearman correlation). n = 3 UC (uninfected control donors), n = 11 ART for 
(b); n = 23 ART for correlations with total or integrated HIV DNA, n = 11 for correlations with translation-competent 
reservoir (c). (For interpretation of the references to color in this figure legend, the reader is referred to the web version 
of this article.) 
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Supplementary Figures 
Fig. S1. CD69/CD40L assay identifies higher frequency of Ag-specific CD4+ T cells compared to 

IFNγ ICS 

Fig. S2. Tetramer staining confirms frequency of CXCR5+ within HIV Gag-specific CD4+ T cells 

Fig. S3. Elevated frequency of IR+ cells in HIV-specific compared to CMV- or HBV-specific non-

cTfh cells. 

Fig. S4. HIV-specific non-cTfh cells do not show preferential Th1-like polarization and function 

compared to CMV-specific non-cTfh cells. 

Fig. S5. Ag-specific cTfh cells rarely express cytolytic markers 
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Figure S1 – CD69/CD40L assay identifies higher frequency of Ag-specific CD4+ T cells compared to IFNγ ICS. 
 
(a) Protocol for AIM assay using peptide pool stimulation. (b) Gating strategy to identify CD4+ T cells after 9h antigen 
stimulation. Due to CD3 downregulation on stimulated T cells, CD3-CD40L+ cells were included for analysis. (c) 
Frequency of CD4+ T cell co-expressing CD69 and CD40L without stimulation (Unstim) or after Ag-stimulation. (d) 
Example plots showing CD4+ T cells co-expressing CD69 and IFNγ without stimulation or after Ag-stimulation. (e) Paired 
comparison between Ag-specific CD4+ T cell frequencies detected using the CD69/CD40L AIM assay or IFNγ ICS. n=27 
for (c), n=23 for (e). Significant p values are shown in graph and were calculated by Wilcoxon test. 
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Figure S2 – Tetramer staining confirms frequency of CXCR5+ within HIV Gag-specific CD4+ T cells. 
 
(a) Example plot showing gating strategy for identification of memory CD45RA- cells within Ag-specific CD69+CD40L+ 
CD4+ T cells. (b) Comparison of CXCR5 MFI on Ag-specific cTfh cells. (c) Example tetramer staining showing 
identification of HIV Gag-specific CD4+ T cells using tetramer DV16 DRB1*0101. Left: CLIP control staining. (d) Example 
staining showing frequency of CXCR5+ in total memory CD4+ (mCD4) (left, black) or HIV-specific mCD4+ (right, red) 
identified by tetramer staining. (e) Comparison of frequency of cTfh cells in total mCD4 or HIV Gag-specific mCD4+ 
identified by either AIM assay or tetramer staining. Different symbols represent the three different individuals. n=27 
(HIV), n=23 (CMV), n=6 (HBV) for (b), n=3 for (e). 
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Figure S3 – Elevated frequency of IR+ cells in HIV-specific compared to CMV- or HBV-specific non-cTfh cells. 
 
(a) Frequency of TIGIT, PD-1 and CD200-expressing cells or triple-positive HIV-specific cTfh vs non-cTfh. (b) 
Comparison of frequency of TIGIT+, PD-1+, CD200+ or TIGIT+PD-1+CD200+ on Ag-specific non-cTfh. (c) Coexpression 
analysis of TIGIT, PD-1 and CD200 on Ag-specific non-cTfh cells. (d) Comparison of frequency of IR+ cells in total 
(white) or HIV Gag-specific cTfh (red) identified by either AIM assay or tetramer staining. Different symbols represent 
the three different individuals. n=27 (HIV), n=23 (CMV), n=6 (HBV) except for (d) (n=3). Significant p values are shown 
in graphs and were calculated by Wilcoxon test (a), Kruskal-Wallis test with Dunn's multiple comparison post-test (b) or 
permutation test (c). 
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Figure S4 – HIV-specific non-cTfh cells do not show preferential Th1-like polarization and function compared to 
CMV-specific non-cTfh cells. 
 
(a) Polarization profile of Ag-specific cTfh based on CXCR3/CCR6 expression. (b) Example plots showing the 
expression of Eomes and T-bet (left) or Rorγt and GATA3 (right) in total CD4+ (black graphs) or HIV-specific cTfh cells 
(red graphs). (c) Frequency of HIV-specific cTfh cells expressing Eomes and/or T-bet (Eomes/Tbet) or Rorγt or GATA3. 
(d) Comparison of frequency of non-cTfh subsets identified by CXCR3 and CCR6 coexpression patterns. (e) Frequency 
of HIV-specific non-cTfh cells expressing Eomes and/or T-bet (Eomes/Tbet) or Rorγt or GATA3. (f) Comparison of 
frequency of Eomes+ and/or T-bet+ HIV-specific cTfh versus non-cTfh. (g) Comparison of cytokine+ cells in HIV- vs 
CMV-specific non-cTfh responses. (h) Frequency of Ag-specific Th1-like cTfh expressing IFNγ, CXCL13 or IL-21. n=27 
(HIV), n=23 (CMV), n=6 (HBV) for (a,d), n=6 for (c,e,f), n=12 for (g), n=9 for (h). Significant p values are shown in 
graphs and were calculated by Friedman test with Dunn’s post test (a,c,e), Kruskal-Wallis test with Dunn’s post test (d) 
or Wilcoxon test (f,g,h). 
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Figure S5 – Ag-specific cTfh cells rarely express cytolytic markers 
 
Ag-specific CD4+ responses were analyzed by flow cytometry for expression of CD107A, granzyme B (GzmB) or perforin 
using standard ICS. (a) Example plot showing CD107A, GzmB or perforin expression in unstimulated, HIV- or CMV-
stimulated CD4+ cells after gating on CD69+CD40L+ CD4+. Plots shown are from the same sample. (b) Frequency of 
cytokine+ cells in HIV- or CMV-specific cTfh or non-cTfh. n=6. Significant p-values shown were calculated by Wilcoxon 
test (b). 
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Figure S6 – Associations between HIV reservoir measurements and HIV-specific CD4+ T cell responses. 
 
(a) Comparison of HIV reservoir measured by different techniques; total HIV DNA PCR (Total DNA), integrated HIV 
DNA PCR (int. DNA) and HIVRNA/Gag assay with PMA/iono stimulation. Individuals measured with all 3 techniques are 
color-coded. (b) Associations between size of the HIV reservoir measured by different techniques and frequency of HIV-
specific CD4+ T cell or HIV-specific cTfh responses. Red symbols represent individuals measured with all 3 techniques. 
For associations with total and int. HIV DNA: Black RS and p values were calculated using all individuals, red values 
were calculated using the 11 individuals measured by HIVRNA/Gag assay. (c-d) Association between the translation-
competent reservoir (HIVRNA+/Gag+ CD4+ T cells) and phenotypic (c) or Th1-associated functional markers (d) of HIV-
specific cTfh cells. n=23 for total and int. HIV DNA (a-b); n=11 for HIVRNA/Gag assay (a-d). P values shown in graphs 
were calculated by Kruskal-Wallis test with Dunn’s post test (a), RS and p values shown in (b-d) were calculated using 
Spearman correlation. 
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Table S1 – Clinical data ART-treated individuals 

Donor 
ID Age Sex 

Time on 
ART 

(months) 

Plasma 
HIV 
RNA 

(copies/
ml) 

CD4 
count 

CD8 
count 

CD4/CD8 
ratio 

CMV 
IgG 

CMV 
IgM HBsAg HBS 

(IU/L) HBC 

ART1 51 M 181 < 40 533 416 1.28 123.5 
POS 

0.06 
NEG Neg 0.57 Neg 

ART2 28 M 15 < 40 694 585 1.20 176.5
POS 

0.21 
NEG Neg 1.57 Pos 

ART3 52 M 303 < 40 194 729 0.27 > 250 
POS 

0.18 
NEG Neg 333.3 Pos 

ART4 23 M 28 < 40 762 255 2.99 0 
NEG 

0.05 
NEG Neg 5 Neg 

ART5 44 M 30 < 40 403 915 0.44 227.2 
POS 

0.37 
NEG Neg 14.28 Pos 

ART6 61 M 41 < 40 499 255 1.96 0 
NEG 

0.41 
NEG Neg 55.03 Neg 

ART7 48 M 120 < 40 101 191 0.53 249 
POS 

0.05 
NEG Neg 28.67 Pos 

ART8 50 M 15 < 40 700 872 0.80 198.1
POS 

0.06 
NEG Neg 36.09 Pos 

ART9 43 M 12 < 40 482 788 0.6 182.6
POS 

0.10 
NEG Neg 5.04 Neg 

ART10 43 M 53 < 40 793 570 1.4 > 250 
POS 

0.15 
NEG Neg 48.2 pos 

ART11 19 M 121 < 40 708 700 1.01 145.7 
POS 

0.13 
NEG Neg 55.31 Neg 

ART12 58 M 106 < 40 619 553 1.12 127.3
POS 

0.70 
NEG Neg 131.33 Neg 

ART13 51 M 86 <40 630 560 1.14 > 250 
POS 

0.42 
NEG Neg 3.09 Neg 

ART14 51 M 130 < 40 941 576 1.63 > 250 
POS 

0.08 
NEG Neg 5.02 Neg 

ART15 56 M 114 < 40 677 504 1.34 170.8
POS 

0.11 
NEG Neg 6.75 Pos 

ART16 38 M 15 < 40 1091 462 2.4 > 250 
POS 

0.89 
NEG Neg 1.01 Neg 

ART17 58 M 84 <40 278 493 0.61 > 250 
POS 

0.44 
NEG Neg 20.02 Neg 

ART18 23 M 15 < 40 738 642 1.2 135.9
POS 

0.10 
NEG Neg >1000 Neg 

ART19 36 M 14 < 40 729 5663 0.13 > 250 
POS 

1.04 
POS Neg 0 Neg 

ART20 55 M 190 74 398 1301 0.31 1.3 
NEG 

0.11 
NEG Neg 49.39 Pos 

ART21 59 M 238 < 40 843 398 2.12 197.6 
POS 

0.41 
NEG Neg 94.5 Pos 

ART22 52 M 297 < 40 333 1018 0.33 > 250 
POS 

0.60 
NEG Neg 137.28 Pos 

ART23 24 M 19 < 40 394 725 0.54 110.6 
POS 

0.82 
NEG Neg > 

1000 Neg 

ART24 58 M 20 < 40 728 202 3.6 0.1 
NEG 

0.07 
NEG Neg 0.04 Neg 

ART25 47 M 52 < 40 356 807 0.44 101.6 
POS 

0.28 
NEG Neg 973.08 Pos 

ART26 40 M 17 < 40 940 804 1.20 > 250 
POS NA Neg 0 Neg 

ART27 70 M 210 < 40 381 953 0.4 > 250 
POS 

0.18 
NEG Neg 227.02 Pos 

ART28 40 M 14 < 40 616 1245 0.49 180.4 
POS 

0.15 
NEG Neg 39.51 Neg 
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Table S2 – Clinical data untreated chronic HIV-infected individuals for longitudinal pre-/post-ART analysis 
 

Donor 
ID 

Corresponding 
treated donor ID Age Sex 

Plasma HIV 
RNA 

(copies/ml) 
CD4 

count 
CD8 

count 
CD4/CD8 

ratio 

UNT1 ART2 26 M 2700 597 539 1.11 

UNT2 ART8 48 M 15250 416 1198 0.35 

UNT3 ART9 41 M 6671 406 914 0.44 

UNT4 ART18 22 M 35859 597 1920 0.3 

UNT5 ART19 34 M 1000000 300 4372 0.07 

UNT6 ART26 38 M 6235 1036 1162 0.9 

UNT7 ART28 38 M 132886 320 1372 0.23 
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Table S3 – Clinical data HIV-uninfected control individuals 

Donor ID Age Sex CD4 count CD8 count CD4/CD8 ratio 

UC1 37 F 705 441 1.56 

UC2 50 M 1758 426 4.10 

UC3 64 M 552 310 1.78 

UC4 39 F 717 349 2.05 

UC5 70 M 771 451 1.71 

UC6 66 M 599 171 3.50 

UC7 39 M 1400 678 2.06 

UC8 60 F 670 460 1.46 

UC9 44 F 754 319 2.36 

UC10 55 M 518 245 2.11 

UC11 43 M 1053 353 2.98 

UC12 59 M 882 257 3.43 

UC13 51 M 922 322 2.86 

UC14 62 M 482 466 1.03 

UC15 45 M 550 113 4.80 
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Table S4 – Antibodies, tetramer and RNA probe used for flow cytometry staining. 
Target Fluorochrome Clone Supplier Detection Catalogue number RRID 
CCR6 APC-R700 11A9 BD Biosciences In culture 565173 AB_2739092 
CCR6 BUV737 11A9 BD Biosciences In culture 564377 AB_2738778 
CD14 V500 M5E2 BD Biosciences Surface 562693 AB_2737727 
CD14 BV510 M5E2 Biolegend Surface 367124 AB_2716229 
CD16 BV510 3G8 BD Biosciences Surface 302048 AB_2562085 
CD19 V500 H1B19 BD Biosciences Surface 561121 AB_10562391 
CD19 BV510 H1B19 Biolegend Surface 302241 AB_2561381 

CD200 PerCP-eFluor710 OX-104 ThermoFisher Surface 46-5200-82 AB_10598213 
CD3 BUV395 UCHT1 BD Biosciences Surface 563548 AB_2744387 
CD3 BV650 UCHT1 BD Biosciences Surface 563852 AB_2744391 
CD3 APC-Fire750 UCHT1 Biolegend Surface 300470 AB_2629689 
CD3 BB700 HIT1a BD Biosciences Surface 742207 - 
CD4 BUV496 SK3 BD Biosciences Surface 564652 AB_2744422 
CD4 BV605 RPA-T4 BD Biosciences Surface 562658 AB_2744420 

CD40L PE TRAP1 BD Biosciences Surface/intracellular 555700 AB_396050 
CD40L BV421 TRAP1 BD Biosciences Surface 563886 AB_2738466 
CD40L BV711 24-31 Biolegend Surface 310838 AB_2563845 

CD45RA BUV737 HI100 BD Biosciences Surface 564442 AB_2738810 
CD45RA PE-Dazzle594 HI100 Biolegend Surface 304145 AB_2564078 

CD56 BV510 NCAM16.2 BD Biosciences Surface 563041 AB_2732786 
CD69 BV650 FN50 Biolegend Surface 310934 AB_2563158 
CD69 PerCP-eFluor710 FN50 ThermoFisher Intracellular 46-0699-42 AB_2573694 
CD69 BUV395 FN50 BD Biosciences Surface 564364 AB_2738770 
CD8 V500 RPA-T8 BD Biosciences Surface 561617 AB_10896281 
CD8 APC-Fire750 SK1 Biolegend Surface 344745 AB_2572094 
CD8 BV510 SK1 Biolegend Surface 344732 AB_2564624 

CD107A BV785 H4A3 Biolegend In culture 328644 AB_2565968 
CXCL13 PE 53610 R&D Intracellular IC801P AB_2086047 
CXCR3 BV605 G025H7 Biolegend In culture 353728 AB_2563157 
CXCR5 BB515 RF8B2 BD Biosciences In culture 564624 AB_2738871 
CXCR5 BV421 J252D8 Biolegend In culture 356920 AB_2562303 
CXCR5 BV605 J252D4 Biolegend In culture 356929 AB_2566226 
EOMES PE WD1928 ThermoFisher Intranuclear 12-4877-41 AB_2572614 
GATA3 PE-Cy7 TWAJ ThermoFisher Intranuclear 25-9966-41 AB_2573567 

Granzyme B APC QA16A02 Biolegend Intracellular 372203 AB_2687027 
HIV Gag RD1 KC57 Beckman Coulter Intracellular 6604667 AB_1575989 

HIV Gag RNA Alexa Fluor 750 - ThermoFisher Intracellular VF6-6000975 - 
ICOS PE-Cy7 ISA-3 ThermoFisher Surface 25-9948-41 AB_1518755 
IFNγ PE-Cy7 B27 BD Biosciences Intracellular 557643 AB_396760 
IFNγ PE B27 Biolegend Intracellular 506506 AB_315439 
IL-2 Alexa Fluor 488 MQ1-17H12 Biolegend Intracellular 500314 AB_493368 

IL-21 eFluor660 eBio3A3-n2 ThermoFisher Intracellular 50-7219-42 AB_10598202 
PD-1 BV421 EH12.2H7 Biolegend Surface 329920 AB_10960742 
PD-1 BV711 EH12.2H7 Biolegend Surface 329928 AB_2562911 

Perforin FITC B-D48 Biolegend Intracellular 353310 AB_2571967 
RORγt Alexa Fluor 647 Q21-559 BD Biosciences Intranuclear 563620 AB_2738324 

T-bet BV421 O4-46 BD Biosciences Intranuclear 563318 AB_2687543 

Tetramer PE - 
NIH Tetramer Core 

Facility-Emory 
University 

Surface - - 

TIGIT APC MBSA43 ThermoFisher Surface 17-9500-41 AB_2573305 
TIGIT PerCP-eFluor710 MBSA43 ThermoFisher Surface 46-9500-42 AB_10853679 
TIGIT PE-Cy7 MBSA43 ThermoFisher Surface 25-9500-41 AB_2573547 
TNFα APC MAb11 BD Biosciences Intracellular 562084 AB_10893226 
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Abstract 

Combination antiretroviral therapy (ART) is highly effective in controlling human immunodeficiency 

virus (HIV)-1 but requires lifelong medication due to the existence of a latent viral reservoir1,2. 

Potent broadly neutralizing antibodies (bNAbs) represent a potential alternative or adjuvant to 

ART. In addition to suppressing viremia, bNAbs may have T cell immunomodulatory effects as 

seen for other forms of immunotherapy3. However, this has not been established in individuals 

who are infected with HIV-1. Here, we document increased HIV-1 Gag-specific CD8+ T cell 

responses in the peripheral blood of all nine study participants who were infected with HIV-1 with 

suppressed blood viremia, while receiving bNAb therapy during ART interruption4. Increased CD4+ 

T cell responses were detected in eight individuals. The increased T cell responses were due both 

to newly detectable reactivity to HIV-1 Gag epitopes and the expansion of pre-existing measurable 

responses. These data demonstrate that bNAb therapy during ART interruption is associated with 

enhanced HIV-1-specific T cell responses. Whether these augmented T cell responses can 

contribute to bNAb-mediated viral control remains to be determined. 
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HIV-1 infection is characterized by high initial levels of plasma viremia that are variably controlled 

by virus-specific CD8+ T cell responses5,6. Individuals who fail to control viremia, rapidly develop 

immunodeficiency. In contrast, strong, broad HIV-specific CD8+ and CD4+ T cell responses have 

been associated with spontaneous viral control (that is, elite controllers, viral load <50 copies per 

ml) and delayed progression to AIDS7–9. ART is highly effective in maintaining viral suppression 

but does not boost host antiviral immunity because it limits antigen availability. In contrast, 

antibodies do not prevent virus replication or production and, unlike small molecule drugs, they 

have dual functionality; variable domains neutralize the virus and constant domains (Fc) engage 

the host immune system3. In humanized mice, Fc interactions lead to accelerated clearance of 

viruses and infected cells10. bNAb administration to macaques infected with chimeric simian and 

human immunodeficiency viruses (SHIV) is associated with CD8+ T cell-dependent lasting control 

in a fraction of the treated animals11. In humans, bNAb monotherapy was associated with 

increased T cell responses in 9 of 12 individuals; however, this occurred after rebound viremia in 

all but 3 individuals12. Whether bNAb therapy has a positive impact on HIV-1-specific T cell 

immune responses in infected humans with prolonged suppression during ART interruption has 

not been determined. In a phase 1b clinical trial, individuals who were infected with HIV-1 and on 

ART were infused with a combination of two bNAbs, 3BNC117 and 10-1074, at 0, 3 and 6 weeks 

(Fig. 1a)4. ART was interrupted 2 d after the first antibody infusion. Nine bNAb-infused individuals 

harboring viruses sensitive to both bNAbs maintained viral suppression for at least 15 weeks 

following analytical treatment interruption (ATI) (Extended Data Fig. 1a,b)4. Individuals who were 

infected with HIV-1 and on ART show stable or decreasing levels of HIV-1-specific CD8+ and CD4+ 

T cell responses over time13–15. To determine whether the combination of bNAb treatment and ATI 

was associated with alterations of CD8+ and CD4+ T cell responses to HIV-1, we analyzed the 

peripheral blood of the nine individuals on bNAb+ATI at baseline (week −2) and during bNAb-

mediated suppression (weeks 6/7, 12 and 18; Extended Data Fig. 1b; week 18 samples were 

limited to seven individuals). Peripheral blood mononuclear cells (PBMCs) were stimulated with 

an HIV-1 Consensus B Gag peptide pool. CD8+ T cells were analyzed for expression of interferon 

(IFN)-γ, tumor necrosis factor (TNF)-α, macrophage inflammatory protein (MIP)1-β and the 

degranulation marker CD107A; CD4+ T cells were analyzed for expression of IFN-γ, TNF-α, 

interleukin (IL)-2 and CD40L (Supplementary Table 1 and Supplementary Fig. 1a–c). In line with 

previous reports13–15, anti-HIV-1 T cell responses in individuals on long-term viral suppression by 

ART alone remained stable over time (Extended Data Fig. 2a,b). In contrast, the frequency of 

antigen-specific CD8+ T cells expressing IFN-γ, TNF-α, MIP1-β and/or CD107A increased 

significantly in all nine individuals receiving bNAbs during ATI after 6/7 weeks (Fig. 1b and 
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Extended Data Fig. 3a). Of note, bNAb plasma levels were highest at this time point4 (Extended 

Data Fig. 1b). CD8+ T cell responses decreased by week 12 in six individuals but remained 

significantly elevated for IFN-γ, TNF-α and MIP1-β when compared to baseline. At week 18, when 

antibody levels were 2–3 orders of magnitude below the week 6/7 peak, CD8+ T cell responses 

were similar to week 12, but interpretation of these data was limited by the small sample size (Fig. 

1b). CD4+ T cells expressing IFN-γ, CD40L, TNF-α and/or IL-2 in response to Gag also increased 

significantly between baseline and week 6/7 in eight bNAb+ATI individuals (Fig. 1c). When 

measured individually, only CD40L and TNF-α remained significantly elevated at week 12 and no 

responses were significantly elevated at week 18. However, the total frequency of cytokine+ CD4+ 

T cells (percentage of cells positive for one or more cytokines or functional markers) was above 

baseline at all time points tested (Fig. 1c). In contrast, cytomegalovirus (CMV) pp65-specific T cell 

responses remained unchanged (Extended Data Fig. 4a,b), suggesting that the increased T cell 

immunity in bNAb+ATI individuals was specific to HIV-1. In summary, CD8+ and CD4+ T cell 

responses to Gag were most prominent at week 6/7 but remained elevated for weeks after the 

last antibody dose in individuals who remained suppressed while receiving bNAbs during ATI. 

Two additional individuals recruited to the study harbored antibody-resistant viruses and showed 

early rebound after ATI (9245 and 9251, Extended Data Fig. 5a,b)4. Gag-specific T cell responses 

in both participants were analyzed at baseline, week 6/7 and week 11 or 12 after reinitiation of 

ART. Where the frequency of cytokine+ cells for CD8+ and CD4+ increased for individual 9245, the 

responses decreased for 9251 (Extended Data Fig. 5c), consistently with rebound viremia being 

sufficient to increase CD8+ T cell responses in some individuals16. Polyfunctional HIV-1-specific 

CD8+ T cells have been associated with enhanced HIV-1 control9,17, whereas other studies 

reported superior antiviral functions of MIP1-β monofunctional cells18. To examine Gag-specific T 

cells in bNAb+ATI individuals for poly-functional responses, we performed coexpression analysis 

using Boolean gating. Gag-specific CD8+ T cells coexpressing IFN-γ, TNF-α, MIP1-β and CD107A 

were significantly increased at weeks 6/7 and 12 after receiving bNAb therapy (Fig. 2a). However, 

the greatest absolute increase in CD8+ T cell responses to Gag was associated with expansion of 

MIP1-β+ single-positive cells (Fig. 2a). In addition, the frequency of CD4+ T cells expressing IFN-

γ or CD40L alone or in combination with other functions and IL-2/TNF-α-double positive cells was 

also increased (Fig. 2b). Thus, several subsets of Gag-specific mono- or polyfunctional CD8+ and 

CD4+ T cells were augmented at weeks 6/7 and 12 compared to baseline for bNAb-treated 

individuals (Fig. 2a,b). 
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Activation-induced marker (AIM) assays give a broader overview of the total peptide-reactive T 

cell response and identify cells without cytokine expression or expressing cytokines that are 

challenging to detect by intracellular cytokine staining (ICS)19,20. We therefore used the AIM assay 

as an alternative, cytokine-independent method to confirm our findings obtained by ICS. CD4+ or 

CD8+AIM+ cells were identified as CD69+ programmed death ligand (PD-L)1+ or CD69+4-1BB+ or 

PD-L1+4-1BB+ after Gag peptide pool stimulation (Supplementary Fig. 2 and Supplementary Table 

2). Similarly to ICS, we found increased Gag-specific T cell responses in seven (CD8+) or six 

(CD4+) out of nine bNAb+ATI individuals at week 12 compared to baseline (Fig. 3a,b). As 

expected19, the frequency of Gag-specific CD4+ and CD8+ T cells was higher in the AIM assay but 

correlated with ICS (Fig. 3c,d, r = 0.64). We did not detect changes in human leukocyte antigen 

(HLA)-DR+CD38+ or programmed cell death (PD)-1+ cells within AIM+ Gag-specific T cell 

responses at week 12 versus baseline (Extended Data Fig. 6). We further used the AIM assay to 

investigate responses to less immunodominant HIV-1 antigens with expected lower frequencies 

than Gag. In contrast to Gag, we did not find a significant increase in HIV-1-specific T cell 

responses directed against HIV-1 Pol, Nef, gp120 or gp41 at the cohort level (Fig. 3e). 

Nevertheless, enhanced CD8+ and/or CD4+ T cell responses to these HIV-1 proteins were noted 

in several individuals at week 12 compared to week −2, including against gp120 and gp41 

(Extended Data Fig. 7a,b). Specifically, the two individuals with controlled viremia beyond 30 

weeks showed increased CD8+ and CD4+ responses to nearly all HIV-1 antigens tested at week 

12 (Extended Data Fig. 7a–c, participants 9254 and 9255). This was not seen in individuals who 

rebounded before week 26 after ATI (Extended Data Fig. 7a–c, participants 9241, 9242, 9243, 

9244, 9246, 9247 and 9252). However, the association between prolonged control and breadth in 

these two individuals is anecdotal. Larger studies will be required to understand the precise 

relationship between prolonged control, bNAb therapy and enhanced breadth of T cell immunity. 

To determine whether the increased HIV-1 Gag-specific T cell responses were directed against 

pre-existing or new peptide epitopes, we stimulated PBMCs with a peptide library spanning the 

entire HIV Gag protein Consensus B sequence (Supplementary Table 3) and compared IFN-γ 

responses before and after ATI for the nine bNAb+ATI individuals. IFN-γ ELISpot responses were 

detectable for six study participants (Fig. 4a–d, Extended Data Fig. 8 and Supplementary Table 

4). Four individuals from these six (9244, 9246, 9252 and 9255) broadened the IFN-γ ELISpot 

response to Gag during ATI (Fig. 4a–d and Extended Data Fig. 8f). Overall, 41% (9 of 22) of the 

detectable responses in these six individuals at week 12 were directed against Gag epitopes that 

did not induce a detectable response at baseline (new responses: red dots and section, Fig. 4e,f). 

In contrast, none of the Gag responses detected at baseline were lost by week 12. Finally, several 
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individuals with detectable responses at week 12 had IFN-γ ELISpot responses against the major 

homology region (peptide 69-76, Gag285-304; Fig. 4g), a highly conserved motif in the gag gene 

of all retroviruses21. Thus, the increased IFN-γ responses that developed during bNAb therapy 

result from increased breadth and magnitude of detectable peptide-specific responses. 

To determine whether the increased HIV-1-specific T cell response could eliminate HIV-1-infected 

cells in vitro, we performed HIV-1 viral inhibition assays22. CD4+ T cells from participants 9246 and 

9252 at baseline were infected with HIV-1BaL and cultured either alone or in the presence of CD8+ 

T cells isolated from the same individuals before and after ATI (Extended Data Fig. 9a and 

Supplementary Table 5). Participant 9252 showed increased suppression of HIV-1BaL in vitro at 

week 12 compared to baseline (Extended Data Fig. 9b). However, 9246 was uninformative with 

no detectable impact on HIV-1BaL outgrowth at baseline or week 12 (Extended Data Fig. 9b). Given 

the importance of HIV-1-specific CD8+ T cells in controlling viral replication, we also examined 

rebound viruses for mutations in HIV-1 gag in the seven individuals who rebounded before week 

30. When compared to week −2 or 12, HIV-1 gag DNA from rebound plasma showed no consistent 

evidence for cytotoxic lymphocyte escape (Extended Data Fig. 10). 

HIV-1-specific T cell responses likely play a key role in spontaneous control of HIV-1 viremia in 

elite controllers7–9. However, most individuals exhibit partial control of viral replication as 

evidenced by suppression of initial peak viremia by 1–2 orders of magnitude for prolonged periods 

of time before developing AIDS-defining clinical complications23. ART is highly effective in further 

suppressing viremia but fails to enhance virus-specific immunity possibly because of decreased 

viral antigen availability. In contrast, bNAb therapy in SHIV-infected rhesus macaques induces 

long-lasting CD8+ T cell-mediated viral suppression in a subset of the animals11,24. Our data 

indicate that individuals who are infected with HIV-1, receiving bNAb therapy during ATI, show 

increased T cell immunity to HIV-1, including reactivity to Gag epitopes that were undetectable 

before bNAb administration. Specifically, we identified increased frequencies of MIP1-β-

expressing CD8+ T cells, which have been associated with control of viremia18. However, notably, 

the observational nature of this trial does not allow the determination of whether the observed 

expansion of HIV-1-specific T cell responses in bNAb-treated humans contributes to viral control. 

Previous clinical trials in individuals who are infected with HIV-1, who underwent ATI in the 

absence of immune intervention, showed increased HIV-1-specific T cell responses that coincided 

with plasma viral rebound, suggesting that this boost in antiviral immunity was induced by 

increased viral replication16,25. The increased T cell responses in individual 9245 are consistent 

with these observations (Extended Data Fig. 5). In contrast, our results demonstrate increased 
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HIV-1 Gag-specific CD8+ and CD4+ T cell immunity in bNAb+ATI individuals at a time when bNAbs 

maintained viral suppression. At least two mechanisms could account for the association of bNAb 

treatment with increased T cell responses. One possibility is that ART interruption in the presence 

of antibodies results in production of bNAb-HIV-1 immune complexes that activate antigen-

presenting dendritic cells and enhance their antigen-presenting and cross-presenting capabilities 

to produce a vaccinal effect3,26. A second nonexclusive possibility is that the augmented CD8+ T 

cell response is driven by increased low-grade viral replication and antigen availability in tissues 

that we have not been able to assay during overt viremia suppression by bNAbs. While the 

underlying mechanism of the observed increased T cell immunity remains to be determined, a 

potentially important advantage of bNAb+ATI treatment compared to ATI alone, standard ART or 

T cell vaccination is that the immune system is stimulated with the individual’s own virus while 

circulating viremia is suppressed. Whether the same effects will be seen in individuals who receive 

bNAbs during ART and whether the increased T cell responses are sufficient to help control 

infection remains to be determined. 
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Methods 

All information regarding material and methods can be found in the Life Sciences Reporting 

Summary. 

Study design and participants.  

BNAb study participants were enrolled in an open-label phase 1b clinical trial at the Rockefeller 

University and University of Cologne and received three infusions with a combination of two 

bNAbs, 3BNC117 and 10-1074. ART was interrupted at day 2 after the first antibody infusion4 

(ClinicalTrials.gov identifier: NCT02825797). Viral load was assessed every 1–2 weeks and ART 

was reinitiated when two consecutive measurements showed viral load of >200 copies per ml. All 

individuals were infected with clade B HIV-1(ref. 4). Clinical data of all participants are shown in 

Extended Data Figs. 1a and 5a. Individuals on continuous ART were enrolled in an observational 

study at the Rockefeller University. Clinical data of all ART individuals are shown in Extended Data 

Fig. 2a. The studies were approved by the Rockefeller University and the University of Cologne 

Institutional Review Boards and written informed consent was obtained from all participants before 

study enrollment. Secondary use of samples was approved by the University of Montréal Hospital 

Institutional Review Board. 

Intracellular cytokine staining. 

PBMCs were thawed and rested for 2 h in RPMI 1640 medium (Gibco by Life Technologies) 

supplemented with 10% FBS (Seradigm), penicillin and streptomycin (Gibco by Life Technologies) 

and HEPES (Gibco by Life Technologies) and stimulated with a HIV-1 Consensus B Gag peptide 

pool (0.5 μg ml−1 per peptide; NIH AIDS Reagent Program) or CMV pp65 peptide pool (0.5 μg 

ml−1 per peptide; JPT Peptide Technologies) for 6 h in the presence of anti-CD107A-BV786 (BD 

Biosciences), Brefeldin A (BD Biosciences) and monensin (BD Biosciences) at 37 °C and 5% 

CO2. DMSO-treated cells served as a negative control. Cells were stained for aquavivid viability 

marker (Life Technologies) 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 (eBioscience) 

according to the manufacturer’s protocol before acquisition at an LSRFortessa flow cytometer (BD 

Biosciences) (see Supplementary Table 1 for antibody staining panel). 

Activation-induced marker assay. 

PBMCs were thawed, washed and cultured in 24-well plates at a concentration of 10 × 106 cells 

per ml in RPMI 1640 supplemented with HEPES, penicillin and streptomycin and 10% human 
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serum (Sigma). Cells were rested for 3 h and stimulated with 0.5 μg ml−1 per peptide of HIV-1 

Consensus B peptide pools spanning the entire protein for Gag, Nef, Pol, gp120 or gp41 (NIH 

AIDS Reagent Program) for 18 h at 37 °C and 5% CO2. Pools for gp120 and gp41 were obtained 

by combining single Env peptides 1–123 (gp120) and 124–211 (gp41) (HIV-1 Consensus B Env 

Peptide Set). A DMSO-treated condition served as a negative control. Cells were stained for 

viability dye (aquavivid, Life Technologies) and surface markers (30 min, 4 °C) and cells were 

fixed using 2% paraformaldehyde before acquisition at a LSRII flow cytometer (BD Biosciences) 

(see Supplementary Table 2 for antibody staining panel). DMSO-treated cells served as negative 

controls and were used together with fluorescence minus one controls to set gates for analysis. 

IFN-γ ELISpot. 

HIV Gag-specific IFN-γ responses were measured using an IFN-γ ELISpot assay as previously 

described27. The 96-well hydrophobic polyvinylidene difluoride membrane-backed plates 

(Millipore) were pre-wetted with 35% ethanol for 45 s, washed with PBS and coated overnight at 

4 °C with anti-IFN-γ capture antibody (3 μg ml−1 in PBS, clone NIB42, BD Biosciences). PBMCs 

were thawed, rested for 2 h and seeded into plates at 1–2 × 105 PBMCs per well in RPMI with 

10% FBS supplemented with HEPES and penicillin and streptomycin. Cells were stimulated with 

123 peptides spanning the entire HIV-1 Consensus B Gag protein (10 μg ml−1, NIH AIDS Reagent 

Program; see Supplementary Table 3 for all sequences) for 20 h at 37 °C and 5% CO2. Plates 

were washed with PBS-T (PBS and 0.05% Tween-20) and incubated with biotinylated anti-IFN-γ 

antibody (0.5 μg ml−1 in PBS and 0.5% BSA, clone 4S.B3; BD Biosciences) for 2 h at room 

temperature. Plates were washed with PBS-T and incubated with streptavidin-alkaline-

phosphatase conjugate (Bio-Rad Laboratories) (1:1,000 dilution in PBS and 0.5% BSA) for 1 h at 

room temperature. Spots were developed using an alkaline phosphatase conjugate substrate kit 

(Bio-Rad Laboratories) for 4 min and the reaction was stopped with tap water. Spots were counted 

using an Immunospot Analyzer Instrument (Cellular Technology). PBMCs incubated with medium 

alone served as negative controls and staphylococcal enterotoxin B-stimulated PBMCs (0.5 μg 

ml−1) as a positive control. The s.f.u. were calculated as number of spots in test wells minus the 

mean number of spots in medium control wells and normalized to s.f.u. per 106 PBMCs. A 

response was considered positive if greater than 50 s.f.u. per 106 PBMCs. Week −2 and week 12 

samples from the same individual were assayed together in the same experiment. 
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In vitro viral inhibition assay. 

The capacity of CD8+ T cells to suppress HIV-1 infection of autologous CD4+ T cells was evaluated 

using a previously described HIV-1 suppression assay22 with minor modifications. CD4+ T cells 

were isolated using negative magnetic bead selection (StemCell Technologies) from PBMCs, 

rested for 2 h and cultured in RPMI and 10% FBS supplemented with PHA-L (2 μg ml−1; Sigma-

Aldrich) and IL-2 (100 U ml−1; StemCell Technologies) for 72 h. After 72 h, CD8+ T cells were 

isolated from PBMCs using negative magnetic bead selection (StemCell Technologies), counted 

and rested for 2 h at 37 °C. Meanwhile, cultured CD4+ T cells were washed, counted and plated 

in U-bottom 96-well plates for infection with HIV-1BaL (NIH AIDS Reagent Program) using a 

multiplicity of infection of 0.015: plates were first centrifuged at 1,200g for 1 h at 22 °C and then 

incubated for an additional hour at 37 °C. After infection, CD4+ T cells from different wells were 

pooled, washed three times and plated in U-bottom 96-well plates (50,000 cells per well) with 

CD8+ T cells at a 1:1 ratio in RPMI with 10% FBS supplemented with IL-2 (100 U ml−1). Uninfected 

CD4+ T cells were included as negative controls and infected CD4+ T cells cultured without CD8+ 

T cells served as 100% infectivity controls. At days 3, 5 and 7 after infection, cells were stained 

with a viability dye (aquavivid, Life Technologies) and surface markers (30 min, 4 °C), followed by 

intracellular detection of HIV-1 Gag (Beckman Coulter) using the IC Fixation/Permeabilization kit 

(eBioscience) according to the manufacturer’s protocol (see Supplementary Table 5 for the 

antibody staining panel). All experiments were performed in duplicate or triplicate, depending on 

cell availability. 

Sequencing and phylogenetic analysis. 

Gag sequences from latent reservoir viruses were obtained from CD4+ T cell genomic DNA by 

near-full length HIV-1 sequencing as previously described28. Gag sequences from rebound 

plasma were obtained by HIV-1 RNA extraction and single-genome amplification as previously 

described29. In brief, HIV-1 RNA was extracted from plasma samples using the MinElute Virus 

Spin kit (Qiagen) followed by first-strand cDNA synthesis using SuperScript III reverse 

transcriptase (Invitrogen). The cDNA synthesis for plasma-derived HIV-1 RNA was performed 

using the antisense primer B5R2 5′-CAATCATCACCTGCCATCTGTTTTCCATA-3′. Gag was then 

amplified using the primer Gag5out 5′-TTGACTAGCGGAGGCTAGAAGG-3′ and Gag3out 5′-

GATAAAACCTCCAATTCCCCCTATC-3′ in the first round and in the second round with nested 

primers Gag5in 5′-GAGAGATGGGTGCGAGAGCGTC-3′ and Gag3in 5′-

CTGCTCCTGTATCTAATAGAGC-3′. PCRs were performed using High Fidelity Platinum Taq 

(Invitrogen) and run at 94 °C for 2 min; 35 cycles of 94 °C for 15 s, 58 °C for 30 s and 68 °C for 3 
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min; and 68 °C for 15 min. Second-round PCR was performed with 1 μl of the PCR product from 

the first round as a template and High Fidelity Platinum Taq at 94 °C for 2 min; 45 cycles of 94 °C 

for 15 s, 58 °C for 30 s and 68 °C for 3 min; and 68 °C for 15 min. Amino acid alignments of intact 

gag sequences were obtained by using ClustalW v.2.1 (ref. 30) under the BLOSUM cost matrix. 

Sequences with premature stop codons were excluded from all analyses. Maximum likelihood 

phylogenetic trees were then generated from these alignments using RAxML v.8.2.9 (ref. 31) under 

the GTRGAMMA model with 1,000 bootstraps. To analyze changes between reservoir and 

rebound viruses, gag sequences were aligned at the amino-acid-level to a HXB2 reference using 

ClustalW v.2.1. 

Data analysis. 

Flow cytometric data were analyzed using FlowJo v.10.5.0 for Mac. Statistical analyses were 

performed using GraphPad Prism v.8.0.1 for Mac using nonparametric tests. Pairwise 

comparisons were performed using the two-sided Wilcoxon matched-pairs signed rank test. 

Reporting Summary. 

Further information on research design is available in the Nature Research Reporting Summary 

linked to this article.  

 

Data availability 
Sequences from all isolated viruses are available in GenBank, accession numbers MN750027 to 

MN750174. Other raw experimental data associated with the figures presented in the manuscript 

are available from the corresponding authors upon reasonable request. Study participant-related 

data not included in the paper may be subject to confidentiality obligations. 
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Figures 

 

Figure 1 – Increased frequency of Gag-specific T cells during ATI in bNAb-treated individuals 

a, Study design. b,c, Net frequency of cytokine+ CD8+ (b) or CD4+ cells (c) after Gag stimulation at weeks −2, 6/7, 12 
and 18. Total cytokine+ cells include cells that express at least one cytokine and effector function upon Gag stimulation 
(CD107A, IFN-γ, MIP1-β and/or TNF-α for CD8+; CD40L, IFN-γ, IL-2 and/or TNF-α for CD4+). Net value was calculated 
by subtracting the frequency of cytokine+ cells detected in a DMSO control. Bars show median values. Symbols 
represent biologically independent samples from n = 9 (weeks –2, 6/7 and 12) and n = 7 (week 18) bNAb-treated 
individuals with suppressed viral load during ATI (week 18 sample was not available for individual 9244 and individual 
9242 reinitiated ART after viral rebound at week 15). Lines connect data from the same donor. P values comparing 
responses at week 6/7, 12 or 18 versus baseline (week –2) were calculated using a paired two-tailed Wilcoxon test. 
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Figure 2 – Polyfunctionality of Gag-specific T cells 

T cell cytokine coexpression after HIV-1 Gag peptide pool stimulation was evaluated in bNAb+ATI individuals by ICS 
and analyzed using combination gates. a, Coexpression of CD107A, IFN-γ, MIP1-β and TNF-α in CD8+ T cells. b, 
Coexpression of CD40L, IFN-γ, IL-2 and TNF-α in CD4+ T cells. Box-and-whisker plots show median values (line), 25th 
to 75th percentiles (box outline) and minimum and maximum values (whiskers); n = 9 (weeks −2, 6/7 and 12) and n = 
7 (week 18) biologically independent samples from bNAb-treated individuals with suppressed viral load during ATI. P 
values comparing responses at week 6/7, 12 or 18 versus baseline (week −2) were calculated using a paired two-tailed 
Wilcoxon test. 
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Figure 3 – AIM assay evaluation of T cell responses to multiple HIV-1 antigens. 
AIM+ T cells include cells that were PD-L1+CD69+ or 4-1BB+CD69+ or PD-L1+4-1BB+. a, Net frequency of HIV-1 Gag-
specific AIM+CD8+ (left, red) and CD4+ T cells (right, blue) for each bNAb+ATI individual. Net frequency of the Gag-
stimulated condition was calculated by subtracting the frequency detected in a DMSO control. b, Comparison of net 
frequency HIV-1 Gag-specific AIM+CD8+ (left, blue) and CD4+ T cells (right, red) at week −2 and week 12. Symbols 
represent biologically independent samples from n = 9 bNAb+ATI individuals. Lines connect data from the same donor. 
Bars show median values. c, Comparison of the frequency of Gag-specific CD8+ or CD4+ T cells identified by AIM assay 
or ICS. The or-gate strategy was used for both assays. Symbols represent biologically independent samples from n = 
9 bNAb+ATI individuals (samples obtained at week −2 and 12 for each individual were included for comparison). Lines 
connect data from the same donor and time point. d, Relationship between the frequency of Gag-specific CD8+ and 
CD4+ T cell responses identified either by AIM assay or ICS. Symbols represent biologically independent samples from 
n = 9 bNAb+ATI individuals (samples obtained at week −2 and 12 for each individual were included for comparison). 
Association was determined by Spearman correlation. e, Net frequency of HIV-1 Pol, Nef, gp120 or gp41-specific CD8+ 
(upper graphs) or CD4+ T cells (lower graphs) identified by AIM assay in bNAb+ATI individuals at week −2 and week 
12. Symbols represent biologically independent samples from n = 9 bNAb+ATI individuals. Lines connect data from the 
same donor. Median values are shown as bars. P values indicated in b,c,e were calculated by a paired two-tailed 
Wilcoxon test. 
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Figure 4 – Responses to HIV-1 Gag epitopes. 

PBMCs obtained at week −2 and 12 were evaluated for IFN-γ ELISpot responses to 123 peptides spanning the entire 
HIV-1 Gag protein (Consensus Clade B sequence). a–d, Plots showing PBMC IFN-γ ELISpot response calculated as 
spot-forming units (s.f.u.) per 106 PBMCs for individuals with broadened IFN-γ ELISpot response at week 12 (dark gray 
bars) compared to week −2 (white bars): 9244, 9246, 9252 and 9255. e, PBMC IFN-γ ELISpot responses at week −2 
were plotted against week 12 responses for all nine individuals in the bNAb+ATI group. White symbols represent 
responses that were below the limit of detection (LOD) for both time points. Responses were considered as new (red 
symbols) if responses were undetectable for week −2 and detectable for week 12. Responses were considered as 
unchanged (light gray symbols) if number of spots did not differ by more than twofold between both time points. 
Responses were considered as increased (blue symbols) if number of spots for week −2 were increased by more than 
twofold for week 12 versus week −2. f, Doughnut chart depicting proportion of new, increased or unchanged IFN-γ 
ELISpot responses within all detectable responses (n = 22) of the nine individuals at week 12. g, Summary of detectable 
IFN-γ ELISpot responses at week 12 for all nine bNAb study participants. The LOD of 50 s.f.u. per 106 PBMCs is 
indicated as a dashed line in a–e. 
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Additional information 

 

Extended Data Figure 1 – Study participant clinical characteristics 

(a) Study participant demographics and baseline clinical data4. Amer Indian: American Indian; Hisp: Hispanic; cobi: 
cobicistat; DTG: dolutegravir; EFV: efavirenz; EVG: elvitegravir; FTC: emtricitabine; RPV: rilpivirine; TAF: tenofovir 
alafenamide fumarate; TDF: tenofovir disoproxil fumarate. NNRTI-based regimens were switched four weeks before 
ART interruption due to longer half-lives of NNRTIs. All participants harbored clade B viruses. Viral load <20D: plasma 
HIV-1 RNA detected but not quantifiable by clinical assays. d0: day 0; dx: diagnosis; Scr: screening. (b) Levels of plasma 
HIV-1 RNA (black; left y axis) and serum concentration of 3BNC117 (red) and 10-1074 (blue, right y axis) in the 9 
participants enrolled in the bNAb+ATI trial4. 
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Extended Data Figure 2 – Frequency of Gag-specific CD4+ and CD8+ unchanged in ART-treated individuals over 
time 

T cell cytokine co-expression after 6h HIV-1 Gag peptide pool stimulation was evaluated by intracellular cytokine 
staining (ICS) in individuals on continuous ART. (a) Demographics and clinical data of ART-treated individuals. 3TC: 
lamivudine; ABC: abacavir; cobi: cobicistat; DRV: darunavir; DTG: dolutegravir; EFV: efavirenz; EVG: elvitegravir; FTC: 
emtricitabine; RAL: raltegravir; rit: ritonavir; RPV: rilpivirine; SQV: saquinavir; TAF: tenofovir alafenamide fumarate; 
TDF: tenofovir disoproxil fumarate. Viral load <20D: plasma HIV-1 RNA detected but not quantifiable by clinical assays. 
n.d.: not determined. (b) Cytokine analysis of CD8+ and CD4+ after HIV-1 Gag peptide pool stimulation at week 0 and 
12. Symbols represent biologically independent samples from n=13 individuals on continuous ART. Lines connect data 
from the same donor. Bars show median values. P values were calculated by paired two-tailed Wilcoxon test. 
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B536 34 M White 8 4 4 EVG/cobi/TAF/FTC 750 1,022 n.d. <20 <20 
B539 29 M White 4 4 4 EVG/cobi/TAF/FTC 500 741 n.d. <20 <20 
B544 36 M White 12 11 11 DTG/ABC/3TC 350 504 n.d. <20 <20 
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Extended Data Figure 3 – Individual Gag-specific T cell responses measured by ICS 

(ab) Net frequency of total cytokine+ CD8+ (a) or CD4+ cells (b) after Gag stimulation for each individual study participant. 
Total cytokine+ cells include cells that express at least one cytokine/effector function upon Gag stimulation (CD107A, 
IFNγ, MIP1β and/or TNFα for CD8+; CD40L, IFNγ, IL-2 and/or TNFα for CD4+). Net value was calculated by subtracting 
frequency of total cytokine+ cells detected in DMSO control. ND: Week 18 sample was not available for individual 9244. 
*9242 week 18 on ART after viral rebound at week 15. 
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Extended Data Figure 4 – Unchanged frequency of CMV-specific effector T cells detected by intracellular 
cytokine staining 

PBMCs were stimulated with CMV pp65 peptide pools for 6h and cytokine production was evaluated by ICS in 
bNAb+ATI individuals at week -2 and week 12. (ab) Cytokine analysis of CD8+ (a) or CD4+ T cells (b) at week -2 and 
week 12 after CMV pp65 stimulation. Net frequency of stimulated condition was calculated by subtracting frequency 
detected in DMSO control. Symbols represent biologically independent samples from n=9 bNAb+ATI individuals. Lines 
connect data from the same donor. Bars show median values. P values are indicated in graphs and were calculated by 
paired two-tailed Wilcoxon test. 
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Extended Data Figure 5 – HIV-1 Gag-specific T cell responses in early rebounders with bNAb-resistant reservoir 

(a) Study participant demographics and baseline clinical data4. Hisp: Hispanic; cobi: cobicistat; EVG: elvitegravir; FTC: 
emtricitabine; TAF: tenofovir alafenamide fumarate; TDF: tenofovir disoproxil fumarate. All participants harboured clade 
B viruses. d0: day 0; dx: diagnosis; Scr: screening. (b) Levels of plasma HIV-1 RNA (black; left y axis) and serum 
concentration of 3BNC117 (red) and 10-1074 (blue, right y axis) in the 2 participants enrolled in the bNAb+ATI trial with 
early rebound due to bNAb-resistant reservoir4. (c) Net frequency of total cytokine+ CD8+ or CD4+ T cells after HIV-1 
Gag stimulation in both individuals at weeks -2, 7 and 11 (9245), or weeks -2, 6 and 12 (9251). 
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Extended Data Figure 6 – No change in HLA-DR/CD38 and PD-1 expression of HIV-1-specific T cell responses 

HIV-1-specific T cell responses identified by PD-L1/CD69/4-1BB AIM assay were analyzed for surface expression of 
HLA-DR/CD38 and PD-1. (a) Representative plot showing expression of HLA-DR/CD38 and PD-1 on AIM+ HIV-1-
specific CD8+ (upper graphs) and CD4+ T cells (lower graphs). Flow panels are representative of n=6 (CD8+) or n=8 
(CD4+) biologically independent bNAb+ATI individuals. (b) Frequency of HLA-DR+CD38+ or PD-1+ of HIV-1-specific 
CD8+ and CD4+ T cell responses at week -2 or week 12. Symbols represent biologically independent samples from n=6 
(CD8+) and n=8 (CD4+) bNAb+ATI individuals. Only samples with AIM-responses that are at least 2-fold over DMSO-
stimulated control condition were analyzed for phenotype to limit the contribution of background events. Lines connect 
data from the same donor. Bars show median values. P values are indicated in graphs and were calculated by paired 
two-tailed Wilcoxon test. 
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Extended Data Figure 7 – Dynamics of T cell responses to multiple HIV-1 antigens in bNAb+ATI individuals 

(ab) Frequency of CD8+ (a) and CD4+ T cells (b) specific to HIV-1 Pol, Nef, gp120 or gp41 were evaluated by CD69/PD-
L1/4-1BB AIM assay at weeks -2 and 12. Individuals with viral suppression >30 weeks (9254, 9255) are marked with 
an asterisk (*). (c) Number of increased HIV-specific CD4+ and CD8+ T cell responses in n=7 biologically independent 
individuals with 15-26 weeks of viral control after ATI (15-26 weeks: 9241, 9242, 9243, 9244, 9246, 9247, 9252) versus 
n=2 biologically independent individuals with viral control beyond 30 weeks after ATI (>30 weeks: 9254 and 9255). 
Number of increased HIV-specific T cell responses was calculated as the sum of single HIV antigens (Gag, Pol, Nef, 
gp120, gp41) for which we observed an increase at week 12 versus week -2. Bars represent median values with IQR. 
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Extended Data Figure 8 – PBMC IFNγ ELISpot responses were undetectable/not changed in 5 individuals 

PBMCs were evaluated for IFNγ ELISpot responses to 123 HIV-1 Gag peptides spanning the entire Gag protein. Spot 
forming units (SFU) were calculated as number of spots in test wells subtracted by mean number of spots in media 
control wells and normalized to SFU/106 PBMCs. A response was considered positive if greater than 50 SFU/106 
PBMCs (=limit of detection, LOD, dashed line). (a-e) Graph representing IFNγ ELISpot responses for individuals with 
either undetectable (9242 (b), 9243 (c), 9254 (e)) or unchanged response (9241 (a), 9247 (d)) at week -2 (left axis, 
white bars) and week 12 (right axis, grey bars). (f) Number of responses above LOD for n=9 biologically independent 
bNAb+ATI individuals at week -2 and week 12. Lines connect data from the same donors, bars represent median values. 
P value was calculated by paired two-tailed Wilcoxon test. 
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Extended Data Figure 9 – In vitro HIV-1 inhibition assay for individuals 9252 and 9246 

PHA-activated CD4+ T cells were infected in vitro with HIV-1BaL, cultured alone or in presence with autologous CD8+ T 
cells for 3, 5 and 7 days, and analyzed for infection using flow cytometry. (a) Example plot showing the frequency of 
infected CD4+ T cells (HIV-1 Gag+ cells with down-regulated surface CD4) for bNAb+ATI individual 9252. Flow panels 
are representative of n=3 technical replicates. (b) Fraction of residual HIV-1 Gag+CD4- T cells after 3, 5 or 7 days of co-
culture with CD8+ T cells obtained at week -2 or week 12 for n=2 biologically independent individuals (9252 and 9246) 
normalized to infected CD4+ T cells cultured without CD8+ T cells. (c) Fraction of residual HIV-1 Gag+CD4- T cells after 
3, 5 or 7 days of co-culture with autologous CD8+ T cells for one HIV-1-uninfected control individual. Each condition 
was done in technical duplicates or triplicates depending on cell availability and mean values are shown. 
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Extended Data Figure 10 – Comparison of the circulating latent reservoir and rebound viruses 

Maximum likelihood phylogenetic trees of full-length gag sequences isolated from CD4+ T cell genomic near-full length 
(NFL) HIV-1 sequencing and rebound plasma SGA from participants 9241, 9242, 9243, 9244, 9246, 9247 and 9252. 
Open and closed black rectangles indicate NFL-derived viruses from pre-infusion (week -2) and week 12, respectively. 
Viruses obtained at the time of rebound are indicated by red rectangles (plasma SGA). Asterisks indicate individuals 
where there is at least one identical match between a gag sequence from the latent reservoir and the rebound viruses. 
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Supplementary Figure 1 – Gating strategy for intracellular detection of cytokines in T cells after Gag peptide 
stimulation 

PBMCs were stimulated with HIV-1 Gag peptide pools for 6h and cytokine production was evaluated by ICS. (a) Gating 
strategy for identification of CD8+ and CD4+ T cells. For CD8+ T cells, CD8+CD3-CD56+ NK cells were excluded from 
analysis. CD3-CD56- cells were included due to CD3 downregulation on T cells after stimulation. (bc) Representative 
plots showing respective cytokine staining in DMSO control or Gag-stimulated CD8+ (b) or CD4+ T cells (c). Flow panels 
in (a-c) are representative of n=24 biologically independent individuals analyzed (n=9 bNAb+ATI individuals with 
prolonged viral suppression, n=2 bNAb+ATI individuals with early rebound, and n=13 individuals on continuous ART). 

  



  139 

 

a

5

SS
C

-A

FS
C

-H

SS
C

-H

FSC-A FSC-W SSC-W

Lymphocytes Single cells Single cells

SS
C

-A

C
D

8-
AP

C
-F

ire
75

0

C
D

3-
BV

60
5

Aquavivid/CD14-/CD19-V500 CD4-BUV496 CD56-BUV737

Exclusion of CD14+,CD19+, 
dead cells

CD4 or CD8 NK exclusion (for CD8)

66.3

0 50K 100K 150K 200K 250K

0

50K

100K

150K

200K

250K

99.6

0 50K 100K 150K 200K 250K

0

50K

100K

150K

200K

250K

99.4

0 50K 100K 150K 200K 250K

0

50K

100K

150K

200K

250K

89.0

0-10 3 10 3 10 4 10 5
0

50K

100K

150K

200K

250K

57.0

33.4

0-10 3 10 3 10 4 10 5

0

-10 3

10 3

10 4

10 5
95.7

0 10 4 10

0

-10 3

10 3

10 4

10 5

b

C
D

69
 B

U
V3

95

PD-L1 BV421

C
D

69
 B

U
V3

95

4-1BB PE-Cy7

PD
-L

1 
BV

42
1

4-1BB PE-Cy7

DM
SO

 c
on

tro
l

G
ag

CD
4

0.029

0-10 3 10 3 10 4 10 5

0

-10 3

10 3

10 4

10 50.10

0-10 3 10 3 10 4 10 5

0

-10 3

10 3

10 4

10 5

0-10 10 10 10

0.025

3 3 4 5

0

-10 3

10 3

10 4

10 5

0

-10

10

10

10 0.18

0-10 3 10 3 10 4 10 5

3

3

4

51.58

0-10 3 10 3 10 4 10 5

0

-10 3

10 3

10 4

10 5

0.35

0-10 3 10 3 10 4 10 5

0

-10 3

10 3

10 4

10 5

PD-L1 BV421 4-1BB PE-Cy7 4-1BB PE-Cy7
0-10 3 10 3 10 4 10 50-10 3 10 3 10 4 10 5 0-10 3 10 3 10 4 10 5

C
D

69
 B

U
V3

95

C
D

69
 B

U
V3

95

PD
-L

1 
BV

42
1

DM
SO

 c
on

tro
l

G
ag

CD
8

CD69/PD-L1 CD69/4-1BB PD-L1/4-1BB

0.086

0-10 3 10 3 10 4 10 5

0

-10 3

10 3

10 4

10 5 0.063

0-10 3 10 3 10 4 10 5

0

-10 3

10 3

10 4

10 5

0.017

0-10 3 10 3 10 4 10 5

0

-10 3

10 3

10 4

10 5

0

-10 3

10

10

10 0.29

3

4

50.39

0

-10 3

10 3

10 4

10 5

0.17

0

-10 3

10 3

10 4

10 5



  140 

Supplementary Figure 2 – Gating strategy for identification of HIV-1-specific T cell responses by AIM assay 

PBMCs were stimulated with HIV-1 peptide pools for 18h and surface expression of AIM molecules were analyzed on 
CD8+ and CD4+ T cells. DMSO-treated PBMCs served as negative control. (a) Gating strategy for identification of CD8+ 
and CD4+ T cells. For CD8+ T cells, CD8+CD3-CD56+ NK cells were excluded from analysis. CD3-CD56- cells were 
included due to CD3 downregulation on T cells after stimulation. (b) Representative plot showing co-expression of PD-
L1/CD69, 4-1BB/CD69 and PD-L1/4-1BB for CD8+ (upper graphs) and CD4+ T cells (lower graphs) after DMSO 
treatment or HIV-1 Gag stimulation. Flow panels in (a-b) are representative of n=9 biologically independent bNAb+ATI 
individuals. 
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Supplementary Table 1 – Flow cytometry antibody staining panel for intracellular cytokine detection 

Target Fluorochrome Clone Supplier Detection Catalog 
number 

Lot 
number 

Volume 
per test 
(μl)* 

CD3 BUV395 UCHT1 BD 
Biosciences Surface 563548 6343984 3 

CD4 BUV496 SK3 BD 
Biosciences Surface 564651 9080989 4 

CD8 APC-Fire750 SK1 Biolegend Surface 344745 B237278 0.5 
CD14 BV510 M5E2 Biolegend Surface 301842 B250901 3 
CD19 BV510 H1B19 Biolegend Surface 302242 B239285 3 

CD40L BV421 TRAP1 BD 
Biosciences Intracellular 563886 6280762 5 

CD56 BUV737 NCM16.2 BD 
Biosciences Surface 564448 8288818 2.5 

CD69 PerCP-eFluor710 FN50 eBioscience Intracellular 46-0699-
42 1920361 4 

CD107A BV786 H4A3 BD 
Biosciences 

Staining 
during 
culture 

563869 8144866 5 

IFNγ PE-Cy7 B27 BD 
Biosciences Intracellular 557643 7202642 4 

IL-2 PE-Dazzle594 MQ1-
17H12 Biolegend Intracellular 500344 B245312 3.5 

MIP-1β PE D21-
1351 

BD 
Biosciences Intracellular 550078 8176503 1 

TNFα APC MAb11 BD 
Biosciences Intracellular 562084 7163931 1.5 

 

*One test: 2M PBMCs in 100μl staining buffer for surface and intracellular detection or 2M PBMCs 

in 500μl of media for staining during culture. 
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Supplementary Table 2 – Flow cytometry antibody staining panel for PD-L1/CD69/4-1BB AIM assay 

Target Fluorochrome Clone Supplier Catalog 
number 

Lot 
number 

Volume 
per test 
(ul)* 

CD3 PerCP-
eFluor710 SK7 eBioscience 46-0036 1941534 3 

CD4 BUV496 SK3 BD Biosciences 564651 9080989 4 
CD8 BV711 RPA-T8 Biolegend 301044 B237121 2 
CD14 BV510 M5E2 Biolegend 301842 B250901 3 
CD19 BV510 H1B19 Biolegend 302242 B239285 3 
CD38 PE HB7 BD Biosicences 342371 8234511 10 
CD56 BUV737 NCM16.2 BD Biosciences 564448 8288818 2.5 
CD69 BUV395 FN50 BD Biosciences 564364 8242749 5 
CD137  
(4-1BB) PE-Cy7 4B4-1 Biolegend 309818 B258325 5 

HLA-DR APC-eFluor780 LN3 eBioscience 47-9956 4312829 2.5 

PD-1 Alexa Fluor 647 
EH12.2H
7 
 

Biolegend 329910 B241533 2.5 

PD-L1 BV421 29E2A3 Biolegend 329714 B258010 5 
 

*One test: 5M PBMCs in 100μl staining buffer. 
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Supplementary Table 3 – 123 peptides covering entire consensus B Gag protein used for ELISpot epitope 
mapping 
 

Peptide # Sequence  Peptide # Sequence 
1 MGARASVLSGGELDR  35 NLQGQMVHQAISPRT 
2 ASVLSGGELDRWEKI  36 QMVHQAISPRTLNAW 
3 SGGELDRWEKIRLRP  37 QAISPRTLNAWVKVV 
4 LDRWEKIRLRPGGKK  38 PRTLNAWVKVVEEKA 
5 EKIRLRPGGKKKYKL  39 NAWVKVVEEKAFSPE 
6 LRPGGKKKYKLKHIV  40 KVVEEKAFSPEVIPM 
7 GKKKYKLKHIVWASR  41 EKAFSPEVIPMFSAL 
8 YKLKHIVWASRELER  42 SPEVIPMFSALSEGA 
9 HIVWASRELERFAVN  43 IPMFSALSEGATPQD 
10 ASRELERFAVNPGLL  44 SALSEGATPQDLNTM 
11 LERFAVNPGLLETSE  45 EGATPQDLNTMLNTV 
12 AVNPGLLETSEGCRQ  46 PQDLNTMLNTVGGHQ 
13 GLLETSEGCRQILGQ  47 NTMLNTVGGHQAAMQ 
14 TSEGCRQILGQLQPS  48 NTVGGHQAAMQMLKE 
15 CRQILGQLQPSLQTG  49 GHQAAMQMLKETINE 
16 LGQLQPSLQTGSEEL  50 AMQMLKETINEEAAE 
17 QPSLQTGSEELRSLY  51 LKETINEEAAEWDRL 
18 QTGSEELRSLYNTVA  52 INEEAAEWDRLHPVH 
19 EELRSLYNTVATLYC  53 AAEWDRLHPVHAGPI 
20 SLYNTVATLYCVHQR  54 DRLHPVHAGPIAPGQ 
21 TVATLYCVHQRIEVK  55 PVHAGPIAPGQMREP 
22 LYCVHQRIEVKDTKE  56 GPIAPGQMREPRGSD 
23 HQRIEVKDTKEALEK  57 PGQMREPRGSDIAGT 
24 EVKDTKEALEKIEEE  58 REPRGSDIAGTTSTL 
25 TKEALEKIEEEQNKS  59 GSDIAGTTSTLQEQI 
26 LEKIEEEQNKSKKKA  60 AGTTSTLQEQIGWMT 
27 EEEQNKSKKKAQQAA  61 STLQEQIGWMTNNPP 
28 NKSKKKAQQAAADTG  62 EQIGWMTNNPPIPVG 
29 KKAQQAAADTGNSSQ  63 WMTNNPPIPVGEIYK 
30 QAAADTGNSSQVSQN  64 NPPIPVGEIYKRWII 
31 DTGNSSQVSQNYPIV  65 PVGEIYKRWIILGLN 
32 SSQVSQNYPIVQNLQ  66 IYKRWIILGLNKIVR 
33 SQNYPIVQNLQGQMV  67 WIILGLNKIVRMYSP 
34 PIVQNLQGQMVHQAI  68 GLNKIVRMYSPTSIL 
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Peptide # Sequence  Peptide # Sequence 
69 IVRMYSPTSILDIRQ  103 RKKGCWKCGKEGHQM 
70 YSPTSILDIRQGPKE  104 CWKCGKEGHQMKDCT 
71 SILDIRQGPKEPFRD  105 GKEGHQMKDCTERQA 
72 IRQGPKEPFRDYVDR  106 HQMKDCTERQANFLG 
73 PKEPFRDYVDRFYKT  107 DCTERQANFLGKIWP 
74 FRDYVDRFYKTLRAE  108 RQANFLGKIWPSHKG 
75 VDRFYKTLRAEQASQ  109 FLGKIWPSHKGRPGN 
76 YKTLRAEQASQEVKN  110 IWPSHKGRPGNFLQS 
77 RAEQASQEVKNWMTE  111 HKGRPGNFLQSRPEP 
78 ASQEVKNWMTETLLV  112 PGNFLQSRPEPTAPP 
79 VKNWMTETLLVQNAN  113 LQSRPEPTAPPEESF 
80 MTETLLVQNANPDCK  114 PEPTAPPEESFRFGE 
81 LLVQNANPDCKTILK  115 APPEESFRFGEETTT 
82 NANPDCKTILKALGP  116 ESFRFGEETTTPSQK 
83 DCKTILKALGPAATL  117 FGEETTTPSQKQEPI 
84 ILKALGPAATLEEMM  118 TTTPSQKQEPIDKEL 
85 LGPAATLEEMMTACQ  119 SQKQEPIDKELYPLA 
86 ATLEEMMTACQGVGG  120 EPIDKELYPLASLRS 
87 EMMTACQGVGGPGHK  121 KELYPLASLRSLFGN 
88 ACQGVGGPGHKARVL  122 PLASLRSLFGNDPSS 
89 VGGPGHKARVLAEAM  123 LRSLFGNDPSSQ 
90 GHKARVLAEAMSQVT    

91 RVLAEAMSQVTNSAT    

92 EAMSQVTNSATIMMQ    

93 QVTNSATIMMQRGNF    

94 SATIMMQRGNFRNQR    

95 MMQRGNFRNQRKTVK    

96 GNFRNQRKTVKCFNC    

97 NQRKTVKCFNCGKEG    

98 TVKCFNCGKEGHIAK    

99 FNCGKEGHIAKNCRA    

100 KEGHIAKNCRAPRKK    

101 IAKNCRAPRKKGCWK    

102 CRAPRKKGCWKCGKE    
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Supplementary Table 4 – HIV Gag sequence targeted at week 12 

 

 

  

ID 
HIV Gag epitope targeted at week 12 

Peptide 
# Sequence Position in Consensus B 

sequence 

9241 

61 STLQEQIGWMTNNPP Gag(241-255) 
74 FRDYVDRFYKTLRAE Gag(293-307) 
75 VDRFYKTLRAEQASQ Gag(297-311) 
79 VKNWMTETLLVQNAN Gag(313-327) 

9244 5 EKIRLRPGGKKKYKL Gag(17-31) 
77 RAEQASQEVKNWMTE Gag(305-319) 

9246 
45 EGATPQDLNTMLNTV Gag(177-191) 
61 STLQEQIGWMTNNPP Gag(241-255) 
80 MTETLLVQNANPDCK Gag(317-331) 

9247 
77 RAEQASQEVKNWMTE Gag(305-319) 
99 FNCGKEGHIAKNCRA Gag(393-407) 

100 KEGHIAKNCRAPRKK Gag(397-411) 

9252 

11 LERFAVNPGLLETSE Gag(41-55) 
16 LGQLQPSLQTGSEEL Gag(61-75) 
20 SLYNTVATLYCVHQR Gag(77-91) 
40 KVVEEKAFSPEVIPM Gag(157-171) 
45 EGATPQDLNTMLNTV Gag(177-191) 
67 WIILGLNKIVRMYSP Gag(265-279) 
75 VDRFYKTLRAEQASQ Gag(297-311) 
76 YKTLRAEQASQEVKN Gag(301-315) 
92 EAMSQVTNSATIMMQ Gag(365-379) 

9255 5 EKIRLRPGGKKKYKL Gag(17-31) 
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Supplementary Table 5 – Flow cytometry antibody staining panel for HIV-1 suppression assay 

Target Fluorochrome Clone Supplier Detection Catalog 
number 

Lot 
number 

Volume 
per test 
(μl)* 

CD3 PerCP-
eFluor710 SK7 eBioscience Surface 460036 1941534 3 

CD4 PE-Cy7 RPA-
T4 BD Biosciences Surface 560649 9086795 4 

CD8 BV711 RPA-
T8 Biolegend Surface 301044 B237121 2 

CD14 BUV737 M5E2 BD Biosciences Surface 564444 7150893 3 

CD19 BUV737 SJ25C
1 BD Biosciences Surface 564303 5100759 3 

HIV-1 
Gag RD-1/PE KC57 Beckman 

Coulter Intracellular 6604667 7433072 1 

 

*One test: 50,000-100,000 PBMCs in 100μl staining buffer. 
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Data collection DIVA 8.0.1 (cytometer), Immunospot 5.0 (ELISpot), MiSeq Control Software 2.6 2.1 (sequencing)

Data analysis Flow cytometry data were analyzed with Flowjo v10 (Treestar) and statistical analyses were performed with Prism v8 for Mac (Graphpad 
Software Inc). Amino acid alignments of intact gag sequences were obtained by using ClustalW v.2.1 under the BLOSUM cost matrix. 
Sequences with premature stop codons were excluded from all analyses. Maximum likelihood phylogenetic trees were then generated 
from these alignments using RAxML v.8.2.9 under the GTRGAMMA model with 1,000 bootstraps. To analyze changes between reservoir 
and rebound viruses, gag sequences were aligned at the amino acid level to a HXB2 reference using ClustalW v.2.1.
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Sequences from all isolated viruses are available in GenBank, accession numbers MN750027 - MN750174. Additional datasets that support the findings of this study 
are available from the corresponding authors on reasonable request.



  148 

2

nature research  |  reporting sum
m

ary
O

ctober 2018

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size No sample size calculation was performed.  
Results obtained from the bNAb+ATI clinical trial (NCT02825797) have been previously published in Mendoza et al., Nature 561, 479–484 
(2018). Nine of the 15 study participants who fulfilled the study eligibility criteria harbored latent reservoir that was sensitive to both bNAbs 
(10-1074 and 3BNC117) and maintained viral suppression for 15 to >30 weeks after ART discontinuation.  
We analyzed all available study participants (n=9) with prolonged viral suppression for this manuscript. 
In addition, two study participants who harbored latent reservoir that was resistant to one of the two bNAbs and who rebounded early after 
ATI (week 5 or 7) were analyzed (Extended Data Figure 5). 
 
The number of individuals included in the historical comparison group of people on continuous ART (n=13) was chosen to approximately 
match the number of participants enrolled into the Phase Ib trial. 

Data exclusions No participant fulfilling the criteria mentioned above was excluded from the analyses.

Replication Samples analyzed in this study were obtained from participants of a clinical trial (bNAb+ATI) or an observational study (ART) and samples were 
analyzed on individual study participants. Experiments did not include replicates as all participants and data points are unique.

Randomization The bNAb+ATI clinical trial was single arm.

Blinding The bNAb+ATI clinical trial was open label.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Clinical data

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used 3BNC117 and 10-1074 are investigational anti-HIV-1 neutralizing antibodies manufactured for clinical use. They are being 

investigated under US FDA INDs 118225 and 123713. 
 
All antibodies used for flow cytometry are listed in supplementary tables 1, 2 and 5, which describe the specific panels used. 
1. CD3 BUV395, UCHT1, BD Biosciences 563548, lot #6343984, 3 l/test 
2. CD4 BUV496, SK3, BD Biosciences 564651, lot #9080989, 4 l/test  
3. CD8 APC-Fire750 SK1, Biolegend 344745, lot#B237278, 0.5 l/test  
4.CD14 BV510 M5E2, Biolegend 301842, lot#B250901, 3 l/test 
5.CD19 BV510, M1B19, Biolegend 302242, lot#B239285, 3 l/test  
6. CD40L BV421, TRAP1, BD Biosciences 563886, lot#6280762, 5 l/test  
7. CD56 BUV737, NCM16.2, BD Biosciences 564448, lot#8288818, 2.5 l/test 
8. CD69 PerCP-eFluor710, FN50, eBioscience 46-0699-42, lot#1920361, 4 l/test 
9. CD107A BV786, H4A3, BD Biosciences 563869, lot#8144866, 5 l/test 
10. IFN  PE-Cy7, B27, BD Biosciences 557643, lot#7202642, 4 l/test 
11. IL-2 PE-Dazzle594, MQ1-17H12, Biolegend 500344, lot#B245312, 3.5 l/test 
12. MIP1  PE, D21-1351, BD Biosciences 550078, lot#8176503, 1 l/test 
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13. TNF  APC, Mab11, BD Biosciences 562084, lot#7163931, 1.5 l/test 
14. CD3 PerCP-eFluor710, SK7, eBioscience 46-0036, lot#1941534, 3 l/test 
15. CD8 BV711, RPA-T8, Biolegend 301044, lot#B237121, 2 l/test 
16. CD69 BUV395, FN50, BD Biosciences 564364, lot#8242749, 5 l/test 
17. CD137 (4-1BB) PE-Cy7, 4B4-1, Biolegend 309818, lot#B258325, 5 l/test 
18. PD-L1 BV421, 29E2A3, Biolegend 329714, lot#B258010, 5 l/test 
19. HLA-DR APC-eFluor780, LN3, eBioscience 47-9956, lot#4312829, 2.5 l/test 
20. CD38 PE, HB7, BD Biosciences 342371, lot# 8234511, 10 l/test 
21. PD-1 Alexa Fluor 647, EH12.2H7, Biolegend 329910, lot# B241533, 2.5 l/test 
22. CD4 PE-Cy7, RPA-T4, BD Biosciences 560649, lot#9086795, 4 l/test 
23. CD14 BUV737, M5E2, BD Biosciences 564444, lot# 7150893, 2 l/test 
24. CD19 BUV737, SJ25C1, BD Biosciences 564303, lot#5100759, 3 l/test 
25. HIV-1 Gag PE, KC57, Beckman Coulter 6604667, lot#7433072, 1 l/test

Validation 3BNC117 and 10-1074 that were administered to the participants were manufactured by Celldex Therapeutics under Good 
Manufacturing Practice and have been fully characterized in terms of biophysical properties and potency (INDs 118225 and 
123713). Both drug products are under long term stability monitoring. 
 
3BNC117 and 10-1074 are investigational anti-HIV-1 neutralizing antibodies manufactured for clinical use. They are being 
investigated under US FDA INDs 118225 and 123713. 
 
All antibodies used for flow cytometry were commercially available. Clones and companies are listed in the supplementary tables 
1, 2 and 5. 
1. CD3 BUV395, reactivity: human (QC testing, BD Biosciences), application: flow cytometry (routinely tested, BD Biosciences) 
2. CD4 BUV496, reactivity: human (QC testing, BD Biosciences), application: flow cytometry (routinely tested, BD Biosciences) 
3. CD8 APC-Fire750, reactivity: human (Biolegend), application: flow cytometry (quality tested, Biolegend) 
4.CD14 BV510, reactivity: human (Biolegend), application: flow cytometry (quality tested, Biolegend) 
5.CD19 BV510, reactivity: human (Biolegend), application: flow cytometry (quality tested, Biolegend) 
6. CD40L BV421, reactivity: human (QC testing, BD Biosciences), application: flow cytometry (routinely tested, BD Biosciences) 
7. CD56 BUV737, reactivity: human (QC testing, BD Biosciences), application: flow cytometry (routinely tested, BD Biosciences) 
8. CD69 PerCP-eFluor710, reactivity: human (ThermoFisher), tested applications: flow cytometry (Thermofisher) 
9. CD107A BV786, reactivity: human (QC testing, BD Biosciences), application: flow cytometry (routinely tested, BD Biosciences) 
10. IFN  PE-Cy7, reactivity: human (QC testing, BD Biosciences), application: flow cytometry (routinely tested, BD Biosciences) 
11. IL-2 PE-Dazzle594, reactivity: human (Biolegend), application: flow cytometry (quality tested, Biolegend) 
12. MIP1  PE, reactivity: human (QC testing, BD Biosciences), application: flow cytometry (routinely tested, BD Biosciences) 
13. TNF  APC, reactivity: human (QC testing, BD Biosciences), application: flow cytometry (routinely tested, BD Biosciences) 
14. CD3 PerCP-eFluor710, reactivity: human (ThermoFisher), tested applications: flow cytometry (Thermofisher) 
15. CD8 BV711, reactivity: human (Biolegend), application: flow cytometry (quality tested, Biolegend) 
16. CD69 BUV395, reactivity: human (QC testing, BD Biosciences), application: flow cytometry (routinely tested, BD Biosciences) 
17. CD137 (4-1BB) PE-Cy7, reactivity: human (Biolegend), application: flow cytometry (quality tested, Biolegend) 
18. PD-L1 BV421, reactivity: human (Biolegend), application: flow cytometry (quality tested, Biolegend) 
19. HLA-DR APC-eFluor780, reactivity: human (ThermoFisher), tested applications: flow cytometry (Thermofisher) 
20. CD38 PE, reactivity: human (QC testing, BD Biosciences), application: flow cytometry (routinely tested, BD Biosciences) 
21. PD-1 Alexa Fluor 647, reactivity: human (Biolegend), application: flow cytometry (quality tested, Biolegend) 
22. CD4 PE-Cy7, reactivity: human (QC testing, BD Biosciences), application: flow cytometry (routinely tested, BD Biosciences) 
23. CD14 BUV737, reactivity: human (QC testing, BD Biosciences), application: flow cytometry (routinely tested, BD Biosciences) 
24. CD19 BUV737, reactivity: human (QC testing, BD Biosciences), application: flow cytometry (routinely tested, BD Biosciences) 
25. HIV-1 Gag PE, reactivity: HIV-1 core antigen (Beckman Coulter), listed under flow cytometry reagents (Beckman Coulter)

Human research participants
Policy information about studies involving human research participants

Population characteristics Eligible participants for the bNAb clinical trial were adults aged 18-65 years, HIV-1-infected, on ART for a minimum of 24 months, 
with plasma HIV-1 RNA levels of 50 copies/ml for at least 18 months (one viral blip of >50 but <500 copies/ml during this 18-
month period was allowed), plasma HIV-1 RNA levels of <20 copies/ml at the screening visit, and a current CD4+ T cell count 
>500 cells/ l. Clinical data are summarized in extended data figure 1 and 5. 
 
To study HIV-specific T cell responses during ART suppression, individuals were recruited at Rockefeller University, that were on 
ART for at least 4 years. Clinical data for these individuals are shown in extended data figure 2.  
 
 
 
 
 

Recruitment Participants of the bNAb+ATI trial were pre-screened for sensitivity of latent proviruses against 3BNC117 and 10-1074 antibodies 
by bulk PBMC viral outgrowth. Sensitivity was defined as an IC50 < 2 g/ml for both antibodies against outgrowth virus. 
Participants harboring sensitive viruses were invited for screening and were enrolled in the study sequentially. Participants were 
enrolled at the two clinical sites at the Rockefeller University (New York, USA) and Cologne University Hospital (Germany). 
 
HIV-infected individuals on continuous ART were recruited at the Rockefeller University (New York, USA). 
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No potential self-selection bias or other bias are known.  

Ethics oversight The clinical trial protocol was approved by the Federal Drug Administration in the USA, the Paul-Ehrlich-Institute in Germany, and 
the Institutional Review Boards (IRBs) at the Rockefeller University and the University of Cologne. The protocol for collection of 
samples from ART-suppressed participants was approved by the Rockefeller University IRB.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data
Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration NCT02825797

Study protocol https://clinicaltrials.gov/ct2/show/NCT02825797

Data collection Results concerning this clinical trial have been previously published in Mendoza et al., Nature, 561, 479–484 (2018).  
For this study, we used PBMC samples collected at Rockefeller University or University of Cologne from enrolled HIV-infected 
trial participants at week -2, 6/7, 12 and 18 (see Extended Data Figures 1 and 5) for analysis.

Outcomes All primary and secondary outcomes of the trial are described under https://clinicaltrials.gov/ct2/show/NCT02825797.  For the 
immunological exploratory substudy presented here, we pre-selected participants with a specific outcome (maintained viral 
suppression for >12 weeks after analytical treatment interruption).

Flow Cytometry
Plots

Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Cryopreserved PBMCs were thawed, rested, stimulated, fixed, permeabilized and stained according to the demands on each 
experiment. All details are mentioned in the Methods section.

Instrument LSRII (BD Biosciences) and LSR Fortessa (BD) for standard flow cytometry.

Software Flow cytometry data were collected by DIVA 8.0.1 and analyzed with Flowjo v10 (Treestar).

Cell population abundance For Flow Cytometry, we collected 0.1-15M events depending on the experiment. FMO controls and DMSO-treated controls were 
used as controls.

Gating strategy The generic gating strategy is explained in supplementary figures 1&2 and extended data figures 6& 9.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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5.1 General conclusion 
Despite the emergence of virus-specific T cell responses during HIV infection, the virus cannot be 

cleared, and virus replication remains detectable in the majority of individuals. Only a small fraction 

of people living with HIV are able to suppress HIV viremia to undetectable levels in the blood. This 

elite controller (EC) phenotype is frequently associated with very broad and potent HIV-specific T 

cell responses. In most cases, the HIV-specific T cell response becomes exhausted or 

dysfunctional. Most individuals rely on ART to suppress HIV replication, which does not restore 

effective HIV-specific immunity on its own. In addition, several attempts to improve it through 

therapeutic interventions have thus far failed. 

Here, we studied the HIV-specific CD4+ T cell response in individuals treated with standard ART 

to better understand its modulation (Manuscript 1). In addition, we analyzed changes in the HIV-

specific CD8+ and CD4+ T cell responses in participants of a clinical trial that received a 

combination anti-HIV antibody therapy and performed an analytical interruption of ART 

(Manuscript 2). 

In Manuscript 1, we examined a cohort of 27 ART-treated individuals recruited in Montreal to study 

HIV-specific CD4+ T cell responses. We compared phenotype and functions to CD4+ T cell 

responses specific to another chronic viral infection that is controlled by the immune system (CMV) 

and to an acute viral infection or vaccine response (HBV) within the same individual. We 

demonstrated that HIV-specific T cell responses show a persistent expansion of cTfh cells during 

ART, which were characterized by elevated IR expression, cytokine secretion and preferential 

Th1-like phenotype and function. These features were induced during chronic untreated HIV 

infection and persisted despite viral suppression by ART contrasting with a partial recovery of the 

non-cTfh response. Some persistent features of HIV-specific cTfh cell responses correlated with 

the translation-competent HIV reservoir suggesting that these might be maintained by continuous 

antigen stimulation during ART. However, in addition it is likely that other signs of dysfunction are 

maintained through epigenetic remodelling of T cell functions during chronic stimulation as can be 

seen for CD8+ T cells in LCMV and cancer.  

For Manuscript 2, we collaborated with the groups of Dr. Michel C. Nussenzweig at Rockefeller 

University, New York, USA and Dr. Florian Klein at the University of Cologne, Germany. They 

conducted a phase 1b clinical trial, during which recruited HIV-infected ART-treated study 

participants received repeated infusions with a combination of the anti-HIV bNAbs 10-1074 and 

3BNC117 [316]. The study participants subsequently stopped ART and were able to suppress the 



  153 

virus for at least 15 weeks. We demonstrated that during this period of viral suppression, the HIV-

specific CD8+ and CD4+ T cell responses increased, which was not the case in individuals who 

maintained viral suppression with continuous ART. These increased responses peaked at week 

six after ATI, subsequently decreased but remained elevated even at later time points when 

compared to pre-infusion levels. Single epitope analyses revealed that the increased responses 

were due to both expansion of pre-existing responses and emergence of responses against new 

epitopes. Although the number of study participants was too small to associate changes in the 

HIV-specific T cell response with prolonged viral suppression, it provides a proof of concept that 

bNAb treatment and ATI allows the boosting of the HIV-specific immunity in a setting where CD4+ 

T cells are protected from infection. 

Together our results contribute to a better understanding of the modulation of HIV-specific T cell 

responses during standard ART and after immunotherapeutic intervention. They demonstrate that 

some features of HIV-specific CD4+ T cell responses that were induced during untreated infection 

remain persistent after ART initiation. During continuous ART, this HIV-specific CD4+ T cell 

response remained quite stable and did not change in magnitude. However, it could be modulated 

by immunotherapeutic bNAb treatment and ART interruption. Future studies will decipher whether 

this pre-existing pool of HIV-specific responses competes with the generation of new protective T 

cell responses after therapeutic vaccination, how HIV-specific responses can be further modulated 

using different bNAb-treatment strategies, and whether larger studies will find correlates of 

protective responses and sustained inhibition of HIV replication after the treatment. 

5.2 Use of AIM assays to study antigen-specific T cells 
In both studies presented, we used cytokine-independent AIM assays as one of the approaches 

to identify Ag-specific T cell responses. AIM assays identify a larger population of HIV-specific T 

cell responses when compared to cytokine-based assays as they include T cells that do not 

produce cytokines or that express functions that are difficult to detect by flow cytometry [21, 22]. 

Furthermore, AIM assays techniques are not restricted to defined epitopes or HLA types. 

In the first manuscript, we used the combination of CD40L and CD69 to identify CD4+ T cell 

responses after a 9h peptide pool stimulation as previously described by our group for the analysis 

of virus-specific T cell responses and described by others for the analysis of vaccine-specific T 

cell responses [23, 75, 222]. However, we detected a low expression of CD40L on activated CD8+ 

T cells after peptide stimulation (not shown); it was therefore necessary to optimize an alternative 

AIM assay for the second manuscript to perform the concurrent analysis of HIV-specific CD8+ and 
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CD4+ T cell responses. After validation of several AIM molecules, we selected CD69, 4-1BB and 

PD-L1 that are expressed on the surface of antigen-specific cells of both antigen-specific CD4+ 

and CD8+ T cell responses. We considered T cells as antigen-specific when they expressed at 

least two of these molecules after peptide stimulation. While CD40L and CD69 are upregulated 

early after activation on CD4+ T cells, 4-1BB and PD-L1 expression requires a longer stimulation 

period. Although both AIM strategies identify a larger population compared to standard IFN-γ ICS 

assay ([222] and Manuscript 1 and 2), they likely do not capture all virus-specific T cell responses. 

Depending on the combination used, AIM assays might in addition preferentially identify cells with 

certain functions or phenotypes. However, in Manuscript 1, we used the same AIM assay 

throughout the study and performed matched comparisons between HIV, CMV and HBV-specific 

responses. Furthermore, while there are some differences in the populations identified by different 

AIM markers, there is also a quite sizable overlap [23]. Therefore, it is highly likely that the 

difference regarding for example cTfh cell frequency between CMV, HBV and HIV-specific CD4+ 

T cell responses would still be preserved using alternative techniques. As Manuscript 2 used an 

or-gate strategy and combined various combinations of AIM molecules, this strategy likely includes 

antigen-specific T cell responses of diverse polarizations and functions. 

5.3 Magnitude of HIV-specific T cell responses 
In both presented manuscripts, we analyzed the magnitude of HIV-specific T cell responses over 

time. In Manuscript 1, we detected a decrease of the HIV-specific CD4+ T cell response with 

initiation of ART when the IFN-γ ICS assay was used as previously reported [325], whereas the 

responses remained stable when measured with the cytokine-independent AIM assay (Manuscript 

1, Figure 5). This suggests that rather than a massive decline, responses undergo changes in 

polarization, differentiation and function after suppression of viremia, consistent with another study 

from our group [222]. Using the ICS assay, we did not detect changes in the HIV-specific CD4+ 

and CD8+ T cell responses over time in HIV-suppressed individuals on continuous ART 

(Manuscript 2, Extended Data Figure 4), suggesting that once established after ART initiation, the 

functional profile of these responses is maintained. In both studies, it was evident that HIV-specific 

T cell responses remain detectable in all HIV-infected individuals included in the studies even after 

long-term treatment. 

In Manuscript 2, we analyzed HIV-specific T cell responses in individuals with suppressed viremia 

after combination bNAb-treatment and detected increased HIV Gag-specific CD4+ and CD8+ T 

cell responses after ATI compared to the baseline time point before the immunotherapeutic 

intervention using ICS and AIM assay. This demonstrates that the magnitude of virus-specific T 
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cell responses can be boosted after ATI when no viral load is detectable in the blood. Increased 

HIV Gag-specific T cell responses can also be detected in ART-treated individuals that received 

therapeutic T cell vaccinations [295, 296] or immune checkpoint blockade therapy [302, 303]. In 

previous studies that attempted ART interruption in the absence of adjuvant intervention, 

increased T cell responses against Gag did show no or modest effect on the timing and magnitude 

of the viral load after rebound [296]. Similarly, in the study presented in Manuscript 2, increased 

HIV-specific T cell responses did not protect from viral rebound in seven individuals. Furthermore, 

the two individuals with viral suppression after ART interruption beyond 30 weeks (9254, 9255) 

did not have the highest frequency of HIV Gag-specific T cell responses nor the biggest increase 

after the treatment. Together, these results suggest that determining magnitude of HIV Gag-

specific T cell responses alone does not represent a reliable predictive marker of HIV control after 

treatment interruption.  

5.4 Persistent expansion and maintained profile of HIV-
specific cTfh responses during ART 

5.4.1 Persistent cTfh expansion during ART 
When we analyzed antigen-specific CD4+ T cell responses in our cohort of ART-treated 

individuals, we detected a higher frequency of cTfh cells defined by CXCR5 expression that were 

specific for HIV when compared to CMV or HBV. This expansion of cTfh cells was not only 

detectable for HIV Gag but also for HIV Env and Nef, demonstrating a specific feature of HIV-

specific compared to non-HIV-specific CD4+ T cell responses. A high frequency of cTfh cells within 

HIV-specific CD4+ T cell responses could already be detected in chronic untreated HIV infection 

(Manuscript 1, Figure 5 and [222]) and has also been observed in other setting of chronic antigen 

exposure and high levels of inflammation such as LCMV in mice or malaria or HCV infection in 

humans [240, 241, 326]. The generation of Tfh cells during chronic viral infection likely plays an 

important role in supporting humoral and CD8+ T cell responses through IL-21 [327, 328]. Indeed, 

Tfh cell-dependent antibody responses are required for the eventual control of chronic LCMV 

infection in mice [240], but fail to control HIV due to escape mutations. In addition, abundant Tfh 

responses might have a detrimental effect on HIV-specific humoral responses by the selection of 

low affinity B cells [56]. Although the mechanism is unclear, preferential Tfh polarization has been 

associated with increased duration of antigen exposure and high levels of antigen and 

inflammatory cytokines (reviewed in [19]). 
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Interestingly, we detected an increase in CXCR5 expression upon initiation of therapy when we 

analyzed longitudinal HIV-specific CD4+ T cell responses before and after starting ART 

(Manuscript 1, Figure 5). We recently detected an atypical Tfh signature in HIV-specific CD4+ T 

cells lacking CXCR5 in the peripheral blood of viremic HIV-infected individuals [222]. This 

population can also be found in the LN and demonstrates a B cell helper capacity in vitro [242]. 

The increase of CXCR5 expression on HIV-specific CD4+ T cells with initiation of antiviral therapy 

might therefore reflect a gain or recovery of the atypical cTfh cells to re-express CXCR5. An 

increase of cTfh cells can also be observed in HCV-specific CD4+ T cell responses in the 

circulation after initiation of antiviral therapy [329]. In this study by Smits et al., the authors 

concluded that this might represent an egress of Tfh responses from lymphoid or non-lymphoid 

tissues into the blood after viral clearance and decline of the GC activity [329], however analysis 

of matched tissue and blood samples would be necessary to confirm this. 

Recently, studies in mice identified a subset of long-lived Tfh cells, that demonstrated a unique 

glycolytic signature, maintained stemness and a self-renewal gene expression profile [330]. In 

contrast to TCM cells, long-lived Tfh cells were able to survive long-term in lymphoid tissues after 

clearance of an acute LCMV infection. Whether this population also exists in humans and whether 

long-lived Tfh cells contribute to the persistence of HIV-specific cTfh during ART remains to be 

determined. 

Persistently expanded cTfh responses in ART-treated individuals might not only serve as a marker 

of a persistently modulated HIV-specific CD4+ T cell response but could have important 

implications for therapeutic vaccination strategies. Generation of effective HIV-neutralizing 

antibodies require high level of maturation in the GC of LNs. Tfh help has to be limited in this 

context to allow the selection of high-affinity B cell responses. Overabundant pre-existing HIV-

specific Tfh cells may therefore hamper the development of a protective B cell immunity. 

5.4.2 Persistent cTfh profile during ART 
Our results show that HIV-specific cTfh responses exhibited a predominant Th1-like phenotype 

and function during viremic infection that persisted during viral suppression with ART. This profile 

could also be observed in other chronic inflammatory infections or diseases including HCV, 

malaria and lupus [241, 326, 331]. Studies in mouse models demonstrated that during acute viral 

infection, this Th1-like phenotype of Tfh is induced via IL-12-dependent signal transducers and 

activators of transcription (STAT)4-signalling, which promotes expression of Bcl6 and T-bet and 

the generation of Th1-like Tfh cells that produce both IFN-γ and IL-21 [332]. IL-12 is necessary for 
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Tfh generation in humans [333, 334], and high levels can be detected in the LN of HIV-infected 

individuals [335]. In vitro culture of human CD4+ with IL-12 induced the differentiation of Tfh cells 

with Th1-like phenotype and function [331]. Th1-like functions can be maintained in Tfh cells even 

in the absence of T-bet because a transient T-bet expression is sufficient to imprint the locus of 

Th1-functions epigenetically [336]. In lupus-prone mice and lupus patients, type I IFN and IL-12-

dependent activation of STAT4 maintained this Th1-like phenotype of Tfh independent of T-bet 

expression (personal communication with Dr. Jason Weinstein). Indeed, we only detected a small 

fraction of T-bet+ HIV-specific cTfh in ART-treated individuals despite the high frequency of cells 

expressing CXCR3 and Th1-associated cytokines (Manuscript 1, Figure S4 and 4).  

A higher frequency of HIV-specific cTfh cells expressed multiple IRs when compared to other 

specificities during HIV infection, which was maintained during ART (Manuscript 1, Figure 2). IR 

expression on CD8+ T cells is associated with a decreased proliferative capacity and effector 

functions [234], but IRs play an important role for Tfh cells. For example, PD-1 mediated Tfh 

positioning in the GC, secretion of IL-21 and proper B cell interaction in mouse models [60, 61]. 

In addition, IRs might regulate Tfh expansion and function in the GC, an environment with chronic 

antigen exposure [37]. However, despite viral suppression via ART, the frequency of IR+ HIV-

specific cTfh cells remained constantly high in our cohort, whereas it decreased for non-cTfh 

responses. 

How the Th1-like phenotype and IR expression in HIV-specific cTfh during ART persists remains 

unknown. We speculated that constant antigen exposure in lymphoid tissues might maintain these 

features. Indeed, the frequency of TIGIT+ and Th1-like phenotype and function of HIV-specific 

cTfh correlated with the size of the translation-competent HIV reservoir, whereas a correlation was 

absent with HIV-specific non-cTfh (Manuscript 1, Figure 7). Stochastic production of HIV antigens 

in lymphoid tissues or trapped antigen on FDCs might activate HIV-specific Tfh cells, which could 

eventually enter the blood circulation to become cTfh cells. In support of this hypothesis, HIV RNA 

and protein was detected in lymphoid tissues of successfully ART-treated individuals [175, 176]. 

A maintained frequency of PD-1 and TIGIT could also be observed in HCV-specific CD4+ T cell 

responses in individuals that were treated and cleared the infection when compared to chronic 

infection [329]. However, despite the clearance of the virus with the antiviral treatment, HCV RNA 

can persist for years in treated individuals [337]. Further analyses are necessary to decipher 

whether persistent activation of virus-specific T cells possibly in the tissue during treated HIV or 

HCV infection maintains the dysfunctional response in the infected individuals. 
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An alternative non-exclusive explanation for the maintained profile of HIV-specific cTfh cell 

responses during ART might be its epigenetic imprinting during untreated infection with high levels 

of antigen and inflammation. CD8+ T cells that undergo chronic antigen exposure during chronic 

viral infections or in the tumor environment do not differentiate into memory cells after the effector 

phase but become exhausted [234]. This state is characterized by the loss of effector functions 

and the expression of multiple IRs and limits their immunopathologic effects [234]. In addition, 

these exhausted CD8+ T cells acquire a unique epigenetic state when compared to other CD8+ T 

cell subsets that maintains a greater chromatic accessibility in exhaustion-specific regions, which 

is not reservable by immune-checkpoint blockade [338]. Recently, the HMG-box transcription 

factor TOX has been identified as a major regulator of CD8+ T cell exhaustion as it induces and 

maintains the transcriptional and epigenetic programming of exhausted cells [339]. Whether 

epigenetic reprogramming plays a role in chronically stimulated CD4+ T cells is less well 

understood. Complex analysis of assay for transposase-accessible chromatin using sequencing 

(ATAC-seq) data on primary tumor biopsies from patients that received anti-PD-1 immunotherapy 

revealed a shared program of Tfh and exhausted CD8+ T cells [340]. In addition, TOX and TOX2 

regulate chromatic accessibility of Tfh-associated sites and promote Tfh cell differentiation [341]. 

Therefore, overlapping programs, possibly regulated by TOX, might be responsible for the 

generation of exhausted cells for the CD8+ T cell lineage and Tfh for the CD4+ T cell lineage during 

chronic antigen stimulation in mice and humans, which could be maintained by the same 

mechanism once the antigen is removed. This finding has major implications for the field of 

therapeutic HIV vaccinations because it suggests that priming of new, effective CD8+ and CD4+ T 

cell responses instead of boosting pre-existing responses with an epigenetically imprinted profile 

may be necessary to generate a protective immunity in HIV-infected individuals. 

5.5 Possible implications of HIV-specific cTfh profile for 
B cell immunity 

GC responses have to be strictly regulated to allow competition of B cells for limited Tfh help for 

the selection of high-affinity clones against invading pathogens. This is ensured by keeping Tfh 

cells a minor population in the GC by limiting their proliferation and function. Regulatory 

mechanisms of the Tfh population include high expression of multiple IRs and by suppressor 

functions mediated via Tfr cells [59, 62, 68]. In Manuscript 1, we detected an expansion of cTfh 

cells within HIV-specific CD4+ T cell responses that were able to express high levels of Tfh- and 

Th1-related cytokines upon in vitro re-stimulation. Tfh expansion and elevated production of 

effector molecules might therefore contribute to the dysregulated B cell response in HIV-infected 
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individuals by selecting low-affinity B cell clones for proliferation and differentiation. Indeed, 

stochastic models suggested that enhanced GC Tfh cell numbers leads to increased antibody 

responses, which were, however, of lower affinity [342]. This could be confirmed in vivo using 

mouse models [56, 57]. While these antibody responses seem to be beneficial against some 

viruses [240], HIV has the capacity to escape the humoral immune response. 

In addition to expansion, we detected a preferential Th1-like phenotype and function of HIV-

specific cTfh cells. Th1 cytokines play an important role during a functional GC response. IL-2 

signalling in human cycling B cells induces a PC differentiation-committed transcriptional program 

[343, 344]. In addition, IL-2 inhibits Tfh differentiation [345]. In mice, IFN-γ is important for the 

induction of T-bet+ B cells that are able to switch to IgG2a and contribute to viral clearance [346]. 

This population also increases in the blood of humans after vaccination or acute viral infections 

and is associated with IgG1 responses [347]. However, this B cell subset has also been associated 

with various inflammatory immunopathologies. Excessive IFN-γ expression induced T-bet+ B cells 

in systemic lupus erythematosus and malaria patients, which demonstrate abnormal humoral 

responses [326, 348]. During untreated HIV-infection, T-bet+ B cell frequency increased in the 

blood, remained persistently high and almost all Env-specific B cell responses presented this 

phenotype [347]. A recent study by Austin et al. reported a low BCR mutation frequency of T-bet+ 

B cells and their localization outside the GC in LN samples from HIV-infected individuals, 

suggesting low affinity maturation [349]. Although Tfh cells were not examined in this study, in 

vitro stimulation of B cells from uninfected tonsil samples with CD40L and IL-21 and especially 

with IFN-γ induced differentiation into T-bet+ B cells that closely resembled the population 

observed in tissues of HIV+ individuals [349]. Therefore, the expansion of HIV-specific Tfh cells 

with preferential Th1-like functions might contribute to the differentiation of dysfunctional B cell 

responses in HIV-infected individuals, but this requires further investigation. 

5.6 Possible mechanisms of increased T cell responses 
after bNAb treatment and ATI 

In Manuscript 2, we detected increased HIV-specific T cell responses in bNAb-treated individuals 

while viral load was suppressed at undetectable levels after ART interruption, whereas responses 

remained stable in individuals on continuous ART. This could be due to the different modes of 

action of ART and bNAbs. Both were effective in suppressing viremia in the studied individuals. 

However, in contrast to ART, bNAbs do not block the generation of viral particles but inhibit new 

infections by neutralizing the virus. Increased HIV-specific T cell responses during maintained viral 
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suppression after bNAb-treatment could therefore be related to at least two mechanisms (Figure 

15). First, bNAbs could form immune complexes with HIV antigens that activate APCs such as 

DCs to stimulate their antigen-presenting and cross-presenting activities [350, 351]. This so-called 

“vaccinal effect” has been observed in other settings; previous studies reported the development 

of anti-tumor adaptive T cell responses after tumor-specific monoclonal antibody-treatment in 

animals and humans [352]. The vaccinal effect was dependent on antigen release from dying 

tumor cells and antigen-antibody complex binding to FcyR-expressing DCs to induce maturation, 

antigen presentation and cross-presentation [352]. FcR-dependent induction of virus-specific 

CD8+ and CD4+ T cells via antigen-antibody complexes has also been reported in the context of 

SIV infection [353, 354]. 

An alternative non-exclusive explanation for increased T cell responses is that low-grade viral 

replication and antigen release, possibly in tissues, stimulates antiviral immunity while overt 

viremia is suppressed by bNAbs. Although in all individuals used for this study, plasma viral load 

was below the limit of detection using standard assays at this time point, tissues were not analyzed 

during this study. Indeed, in a study by Nishimura et al., early combination bNAb treatment of 

SHIVAD8-infected rhesus macaques induced a long-lasting viral suppression that was dependent 

on CD8+ T cell responses [323]. Despite undetectable plasma viral load using standard assays, 

ultrasensitive techniques revealed low level replication in bNAb-treated animals [323]. 
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Figure 15 – Model for mechanism of increased HIV-specific T cell responses in bNAb-treated individuals during 
ATI 

During analytical treatment interruption, HIV reactivates sporadically from infected CD4+ T cells. The broadly neutralizing 
antibodies 10-1074 and 3BNC117 (yellow) neutralize reactivated viral particles (pink) and inhibits new infections. 
Antibody-HIV antigen immune complexes might bind FcRs (orange) expressed on antigen-presenting dendritic cells via 
their Fc portion. This leads to their activation and induces presentation and cross-presentation to generate HIV-specific 
CD8+ and CD4+ T cell responses. Alternatively, increased HIV availability of antigen in tissues might induce CD8+ T cell 
responses. Ab: antibodies, DC: dendritic cell. 

 

Longitudinal sampling at multiple time points after ATI revealed that the HIV-specific T cell 

responses were highest at week 6, decreased for the later time points of week 12 and 18, but 

remained elevated compared to baseline. Out of all time points analyzed, bNAb-concentrations 

were highest at week 6 in all study participants. Therefore, bNAb stimulation of T cell responses 

via FcR-dependent activation of APCs might be more pronounced at this time point. Alternatively, 

T cell responses might peak transiently in blood early after stimulation but could be sustained in 

tissues. T cells responding to blockade of the PD-1 immune-checkpoint in cancer therapy declined 

after an initial increase at week 3 and 6 post-treatment in the blood, contrasting with a long-lasting 

reset of the tumor/immune response equilibrium in tissues [355]. Similarly, vaccine-specific CD4+ 

T cell reflective of GC responses may only be transiently detected in blood [52]. Thus, longitudinal 

analyses are necessary to capture dynamic changes in the HIV-specific T cell responses after 

immunotherapeutic intervention. 
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5.7 Emergence of T cell responses against new epitopes 
in bNAb+ATI individuals 

As mentioned above, the priming of new HIV-specific T cell responses might be important to 

generate a protective antiviral immunity as during ART, a dysfunctional profile of HIV-specific 

CD8+ and CD4+ T cell responses persists. In support of the generation of new T cell responses in 

bNAb-treated individuals, single Gag epitope mapping by IFN-γ ELISpot assay demonstrated an 

increased breadth in some individuals and the appearance of T cell responses directed against 

previously untargeted peptides, while epitope recognition patterns remained stable in other 

subjects (Manuscript 2, Figure 4 & Extended Data Figure 8). We did not observe a clear 

immunodominance pattern of the new or increased immune responses, although the major 

homology region of p24 was targeted in several study participants. The IFN-γ ELISpot assay 

might, however, underestimate changes in the dynamics of HIV Gag-specific T cell responses: 

increased responses were not limited to IFN-γ-producing cells, as shown by the ICS and AIM 

results, and we used peptide sets based on consensus clade B sequences 

(http://www.hiv.lanl.gov/). Therefore, new T cell responses generated against autologous 

sequences and/or escape variants may have been missed by this approach and would require 

further analysis, especially as each individual’s immune system was stimulated with the 

autologous virus. 

5.8 Capacity to suppress HIV in vitro in bNAb-treated 
individuals 

To test whether the increase in HIV-specific CD8+ T cell responses in bNAb-treated individuals 

correlated with an increased capacity of these cells to block HIV infection, we performed an in 

vitro HIV suppression assay. The greatest absolute increase in the HIV-specific CD8+ T cell 

responses in the study participants was associated with an expansion of MIP1-β single-positive 

cells. MIP1-β expression represents one mechanism of CD8+ T cells to inhibit HIV infection 

because it binds to its receptor CCR5 causing its internalization or blocking its binding to HIV Env 

[221]. Based on these results, we decided to use the laboratory-adapted CCR5-tropic HIVBaL strain 

for CD4+ T cell infection for this experiment. While we detected an increased ability of CD8+ T cells 

isolated from PBMCs obtained after bNAb+ATI treatment compared to baseline for one donor 

(9252), there was no detectable impact of CD8+ T cells on HIV outgrowth for both time points for 

the other individual tested (9246). Although these results suggest that the improvement of CD8+ 
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T cells to suppress HIV infection after bNAb treatment might be donor-dependent, they might also 

underestimate the suppressive capacity of CD8+ T cells against the patient’s virus: In a study 

published by Saez-Cirion et al., CD8-mediated viral suppression in vitro was higher against 

autologous versus laboratory-adapted viral strains in some individuals [356]. Viral suppression 

studies with each individual’s autologous strain obtained by primary culture might therefore be a 

better estimate of CD8+ T cell function but requires a large number of cells. 

5.9 Two individuals with long-term viral suppression 
after bNAb treatment 

Two individuals maintained long-term HIV control for more than 30 weeks after ATI (9254, 9255), 

even when bNAb antibody levels became undetectable in plasma [316]. Neither individual carried 

the B*27 and B*57 HLA Class I alleles, which are associated with HIV control [215, 216]. Although 

potent Gag-specific CD8+ T cells have been linked to control of HIV replication [219], we did not 

find stronger Gag-specific responses in the long-term controllers compared to individuals who 

rebounded after the decrease of plasma bNAb concentration. However, we noticed an increase 

in virus-specific CD8+ and CD4+ responses to nearly all HIV antigens tested, which could not be 

observed in individuals who rebounded earlier. Although these findings have to be evaluated 

carefully due to the small sample size and will require assessment in larger trials, they suggest 

that rather than magnitude, qualitative characteristics might delineate protective versus inefficient 

HIV-specific T cell responses and/or facilitate long-term responses to bNAb therapy. This finding 

is consistent with previous therapeutic vaccine studies, which demonstrated that the induction of 

HIV-specific T cell responses against multiple HIV proteins led to a better control of the viral load 

when compared to the induction of responses against HIV Gag alone [297]. However, our results 

are based on a relatively small cohort. Evaluating the modulation of HIV-specific T cell responses 

in follow-up trials over time with a larger number of study participants will be of great interest to 

decipher, whether T cell responses can be further modulated in overall size and quality, whether 

these responses can be maintained long-term, and whether there are T cell immune correlates of 

prolonged viral suppression in absence of ART. 
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Chapter 6 Limitations and perspectives 
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6.1 Blood versus tissue 
Both studies described here are based on the analysis of antigen-specific T cell responses in the 

peripheral blood. In Manuscript 1, we mainly focused on antigen-specific cTfh responses. Several 

studies highlighted the connection between cTfh cells detected in the peripheral blood and Tfh or 

GC Tfh responses in lymphoid tissue in humans: Activated cTfh from the blood were clonally 

related to GC Tfh after vaccination [52], and Tfh cells that demonstrate an intermediate population 

of GC Tfh in lymphoid tissues and cTfh in blood can be found in the thoracic duct lymph connecting 

the lymph to the blood system [357]. Therefore, the analysis of blood cTfh responses likely 

represents an estimate of Tfh responses in lymphoid tissues. Based on the correlation between 

the size of the translation-competent HIV reservoir and the maintained profile of HIV-specific cTfh 

responses during ART (Manuscript 1, Figure 7), we suspected a persistent HIV antigen stimulation 

of Tfh responses in lymphoid tissues. To confirm this assumption, studies would have to be 

performed on matched blood and tissue samples, which are difficult to obtain in humans. Similarly, 

in Manuscript 2, tissue studies on HIV antigen expression after ATI and kinetics of HIV-specific T 

cell responses, which might be different when compared to blood as described above, may be 

necessary to better understand the effect of bNAb-treatment on the HIV-specific immune system. 

As an alternative to surgical LN biopsies, fine needle aspirates (FNA) represent a minimally 

method to sample lymphoid tissues in humans. This technique, which was described around 100 

years ago, is currently frequently used in the clinic to assess tumor metastasis, but can be applied 

to study GC Tfh responses in HIV-infected individuals [358]. Importantly, FNAs isolate a 

representative fraction of total LN immune cells and the same LN can be targeted repeatedly for 

longitudinal analyses [358]. To study certain LN resident immune populations, such as FDCs for 

example, or cell/antigen localization in the LN, excisional biopsies are indispensable and may be 

required to be done in NHP studies. 

6.2 Bystander effect on non-HIV-specific T cell 
responses 

In Manuscript 1, we compared HIV-specific CD4+ T cell responses to control antigens CMV and 

HBV. However, HIV-infected individuals show a dysregulation of non-HIV-specific T cell immune 

responses that are only partially restored with ART. For example, IRs are highly upregulated on 

total CD4+ and CD8+ T cells in viremic HIV-infected individuals and remain higher during ART 

when compared to uninfected controls [204]. HIV-infected individuals are less likely to respond to 

vaccination compared to HIV- individuals [359]. This suggests a general modulation of the adaptive 



  166 

immune system that cannot be explained by a direct persistent HIV antigen stimulation. IRs and 

activation marker expression can be induced in an antigen-independent manner by common γ-

chain cytokines that are generally elevated during HIV infection [204, 206]. Similarly, Tfh cell 

development and/or function against non-HIV antigens could be altered by the inflammatory milieu 

in HIV-infected LNs even during ART [359]. Future in-depth studies comparing CMV-, HBV- or 

other non-HIV-specific T cell responses in groups of HIV-infected individuals to uninfected controls 

will be important to decipher this mechanism of bystander T cell dysregulation during HIV infection. 

6.3 Delineating increase in number and functional 
change of HIV-specific T cells after bNAb therapy 

The increased HIV-specific CD8+ and CD4+ T cell responses in bNAb-treated individuals were 

evident by both ICS and AIM assay, although the fold change was less pronounced when the size 

of HIV-specific T cell responses was measured by AIM assay (Manuscript 2, Figure 1 & 3). Similar 

to what we observed in Manuscript 1, where ART initiation caused a contraction of the HIV-specific 

CD4+ T cell response by ICS but not AIM assay, the increased responses measured by ICS in 

Manuscript 2 could be related to both an increase in number and a change in the T cell polarization 

and/or function. To delineate both, tetramer staining, which identifies antigen-specific T cells 

independent of their functional state, would be necessary to confirm an increased number of HIV-

specific CD8+ and CD4+ T cell responses with bNAb treatment during ATI. 

6.4 Tracing lineages of HIV-specific T cell responses 
longitudinally 

The longitudinal profiling of the HIV-specific CD8+ and CD4+ T cell responses in both studies 

presented was done at the bulk level measuring the average magnitude and phenotype/function 

of the antigen-specific cell population. For example, although we detected no change in the overall 

frequency of the HIV-specific CD4+ T cell response in HIV-infected individuals who started ART 

and over time in individuals on continuous ART, we cannot exclude that certain T cell lineages 

wax and wane dynamically with ART initiation. Therefore, tracing T cell lineages at the single-cell 

level using TCR sequencing techniques would allow a deeper understanding of HIV-specific T cell 

dynamics over time. This will be of specific importance to confirm the expansion of pre-treatment 

T cell responses or development of new responses in the bNAb-study participants study 

participants. 
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6.5 Mechanism of increased HIV-specific T cell 
responses in bNAb-treated individuals 

Deciphering the mechanism of increased HIV-specific T cell immunity in bNAb-treated individuals 

during ATI is likely not possible in humans. Instead, NHP models could represent a good 

alternative. The FcR-dependent aspect of DC activation and T cell stimulation could be studied 

using bNAbs lacking the Fc portion or conversely using bNAbs with Fc portions that have a higher 

binding affinity to FcR [317]. This would, however, also interfere with NK-dependent antibody-

dependent viral inhibition mechanisms.  

6.6 Contribution of CD8+ T cells to viral suppression 
during ATI in bNAb-treated individuals 

Whether CD8+ T cell responses contribute to HIV suppression during ATI in the bNAb-treated 

individuals remains known. Analysis of the HIV gag sequence from rebound plasma did not show 

any evidence for CTL escape in the seven individuals who rebounded between weeks 15 and 26 

after ATI. However, as the viral rebound in these individuals was associated with clearance of the 

infused bNAbs from the body and/or occurrence of bNAb-resistance mutations, it is likely that viral 

suppression was mainly mediated by the antibodies. However, similar to studies in NHPs, where 

bNAb-treatment induced an effective CD8+ T cell response that was able to control HIV even in 

the absence of bNAbs [323], HIV-specific T cell immunity could play an important role especially 

in the two individuals with long-term control of more than 30 weeks after ATI. Phenotypic and 

functional analyses of HIV-specific T cell responses beyond week 18 could provide important 

information on the long-term effect of bNAb-treatment and ATI in these individuals. In addition, it 

would be interesting to determine whether CD8+ T cells exerted immune pressure on the virus by 

sequencing analysis once the two individuals should rebound. 

6.7 Future clinical trials using bNAb and ATI as HIV 
therapy strategy 

Several clinical trials are currently ongoing or recruiting study participants to follow up on the phase 

Ib study that used 3BNC117 and 10-1074 for treatment of HIV-infected individuals who underwent 

ATI [316]. These include trials that aim to study the effect of  

1. 3BNC117 and 10-1074 in larger cohorts and with a placebo-treated control group 

(ClinicalTrials.gov identifier: NCT03571204), 
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2. different combinations of bNAbs (e.g. 10-1074 + VRC01; ClinicalTrials.gov identifier: 

NCT03831945), 

3. modified versions of 3BNC117 and 10-1074 to extend their half-lives (ClinicalTrials.gov 

identifier: NCT04250636),  

4. increased number of infusions (NCT03526848), and  

5. the combination of bNAb-treatment with immunomodulators (e.g. TLR9 agonists, IFN-α2b 

or the IL-15 superagonist N-803 (ClinicalTrials.gov identifier: NCT03837756, 

NCT03588715, NCT04340596) 

to maintain long-term viral suppression in HIV-infected individuals after ART interruption, 

reactivate and decrease the reservoir, and stimulate antiviral immune responses. 
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Our results contribute to a better understanding of HIV-specific T cell responses during standard 

ART and immunotherapeutic bNAb therapy. Findings from both manuscripts may help to develop 

more effective HIV treatment strategies to improve the host’s immune system so that HIV can be 

controlled without the need for ART. 

Qualitatively impaired and overabundant antigen-specific Tfh responses were shown to be 

detrimental for effective humoral responses as they can lead to the selection of low affinity B cells. 

Our findings suggest that therapeutic vaccine strategies that aim to induce an effective antiviral 

humoral response likely need to induce new Tfh responses that exhibit an effective B helper cell 

profile instead of further boosting the pre-existing pool. In addition, our findings may be relevant 

for other infections, which are characterized by low-quality antibody responses. 

It was known that bNAb treatment can act as an alternative strategy to ART to maintain 

suppressed viral loads in HIV-infected individuals. Our results added a new effect of this 

alternative treatment strategy, namely, to increase HIV-specific T cell responses. Increasing the 

HIV-specific T cell immunity via bNAb+ATI treatment has the advantage, when compared to ATI 

alone, standard ART or T cell vaccination strategies, to stimulate the immune system with each 

individual’s own autologous virus while viremia is suppressed. Our findings related to the two long-

term controllers, who were able to suppress viremia for more than 30 weeks even after the bNAbs 

were cleared, suggest that an increased breadth rather than augmented magnitude might be 

associated with prolonged suppression. Our results are highly relevant to ongoing and future trials 

using bNAb infusion alone or in combination with other immunomodulators, and to additional trials 

investigating antibody infusion to treat other viral infections or diseases. 
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Amy E. Baxter,1,2 Julia Niessl,1,2 Rémi Fromentin,1 Jonathan Richard,1 Filippos Porichis,2,3 Roxanne Charlebois,1

Marta Massanella,1 Nathalie Brassard,1 Nirmin Alsahafi,1,6 Gloria-Gabrielle Delgado,1 Jean-Pierre Routy,4

Bruce D. Walker,2,3,5 Andrés Finzi,1,6 Nicolas Chomont,1 and Daniel E. Kaufmann1,2,3,*
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SUMMARY

HIV cure efforts are hampered by limited character-
ization of the cells supporting HIV replication in vivo
and inadequate methods for quantifying the latent
viral reservoir in patients receiving antiretroviral
therapy. We combine fluorescent in situ RNA hybrid-
ization with detection of HIV protein and flow cytom-
etry, enabling detection of 0.5–1 gag-pol mRNA+/
Gag protein+-infected cells per million. In the periph-
eral blood of untreated persons, active HIV replica-
tion correlated with viremia and occurred in CD4
T cells expressing T follicular helper cell markers
and inhibitory co-receptors. In virally suppressed
subjects, the approach identified latently infected
cells capable of producing HIV mRNA and protein
after stimulation with PMA/ionomycin and latency-
reversing agents (LRAs). While ingenol-induced
reactivation mirrored the effector and central/transi-
tional memory CD4 T cell contribution to the pool
of integrated HIV DNA, bryostatin-induced reactiva-
tion occurred predominantly in cells expressing
effector memory markers. This indicates that CD4
T cell differentiation status differentially affects LRA
effectiveness.

INTRODUCTION

More than three decades after the identification of CD4 T lym-
phocytes as the main target of human immunodeficiency virus
(HIV) infection, surprisingly little is still known about the charac-
teristics of cells that support HIV replication in vivo (Swanstrom
and Coffin, 2012) and serve as long-lived viral reservoirs in
ART-treated individuals (Kulpa and Chomont, 2015). A deeper
understanding of the frequency, phenotype, and regulation of

these cells is critical for the development of targeted HIV cure
strategies and vaccines eliciting immune responses capable of
eliminating early foci of infection (Burton et al., 2012). Further-
more, determination of the tissue and cellular sources of persis-
tent virus and the development of high-throughput scalable
assays to measure the latent reservoir in patients have both
been identified as key priorities in HIV eradication research
(Deeks et al., 2012). This critical need is demonstrated by the
focusing of cure efforts on latency-reversing agents (LRAs)
even though their relative ability to induce latently infected cells
of different phenotypes and differentiation states is not known.
To accurately measure in vivo the frequency and phenotype of

CD4 T cells producing viral proteins, we developed a highly sen-
sitive flow cytometry assay enabling simultaneous assessment
of HIV RNA and Gag proteins, along with quantitation of pheno-
typic CD4 T cell molecules. We applied this technology to
perform single-cell analysis of CD4 T cells harboring spontane-
ously produced and activation-inducible virus in treated and
untreated individuals, quantitate viral reservoirs, and define the
frequency and phenotype of primary CD4 T cells from patient
blood that could be induced from latency.

RESULTS

Detection of HIV-Infected CD4 T Cells by mRNA
Flow-FISH
Current flow cytometry methods are not sensitive or specific
enough to assess HIV-infected cells in patient samples. We
thus explored the capacity of fluorescent in situ hybridization
for gene-specific mRNA (mRNA flow-FISH) to detect HIV tran-
scription in infected CD4 T cells (Porichis et al., 2014). In this
approach, multiple oligomeric probes and branched DNA signal
amplification enhance detection sensitivity (see Figure S1
available online). We selected combined probe sets against
the gag and pol genes, as their sequences are well conserved
across clinical isolates and they are themost abundant viral tran-
scripts in samples from both treated and untreated patients
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(Bagnarelli et al., 1996; see Table S1 for sequences used in
probe design). Robust mRNA staining was detected in a primary
CD4 T cell culture from an HIV-infected individual after expan-
sion of endogenous virus (Figure 1A). Combining this method
with staining for HIV protein using the Gag-specific KC57 anti-

body allowed for concurrent detection of HIV transcription and
translation products. We could readily detect double-positive
(HIVRNA+/Gag+) cells in the expanded culture. This population
was abrogated by addition of antiviral drugs to the culture and
was not present in T cells from uninfected control (UC) donors

Figure 1. Dual Staining for mRNA and Protein Allows Highly Sensitive, Flow-Based Detection and Microscopy Analysis of HIV-Infected CD4
Peripheral CD4 from HIV-1-infected patients were activated in vitro and a spreading infection with endogenous virus established.

(A) Example plot showing GagPol mRNA staining.

(B) Example concurrent Gag protein and GagPol mRNA staining for an uninfected control (UC); a viremic patient (UNT) or UNT CD4 cultured with ARVs

(UNT + ARVs).

(C–F) HIV-infected CD4 were ‘‘spiked’’ into uninfected CD4 at different ratios. (C) Example gating of CD4 expressing GagPol mRNA and protein (purple), GagPol

mRNA (blue), or Gag protein (red). Quantification of predicted (clear symbols) versus acquired result (colored symbols) using (D) double mRNA and protein

expression, or single (E) mRNA or (F) protein stain. R2 calculated on log-transformed data.

(G–I) Reactivated, HIV-infected CD4 were sorted into four populations based on Gag protein and GagPol mRNA expression (indicated by colored boxes, G), and

imaged by confocal microscopy. In example images from sorted populations, DAPI is in blue, GagPol mRNA in green, and Gag protein in red. Scale bars

represent 10 mm. (H and I) GagPol mRNA spot analysis for sorted populations from (G). (H) GagPol mRNA spots per cell in sorted populations. (I) Frequency of

cytoplasmic mRNA spots. Each symbol represents a cell. n = 20 cells, representative data from one donor. *p < 0.05, **p < 0.01, ***p < 0.001 by Kruskal-Wallis

ANOVA with Dunn’s post-test. See also Figures S1, S2, and S3; Table S1; and Movie S1 and Movie S2.
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cultured and processed in parallel (Figure 1B). We define this
population of HIVRNA+/Gag+ cells as viral translation competent,
as the cells detected contain virus capable of producing HIV
mRNA and proteins.

To determine the specificity and linearity of this HIVRNA/Gag

assay, we spiked expanded HIV-replicating primary CD4 T cells
into uninfectedCD4. HIV RNA/protein co-staining showed excel-
lent consistency down to the lowest dilutions tested (23/million,
R2 = 0.9996, Figures 1C and 1D; 1/million, R2 = 0.9856, Figures
S2A and S2B). In contrast, background staining prevented reli-
able identification of infected cells for frequencies below
0.05%–0.1%, the equivalent of 500–1,000 HIVGag+ or HIVRNA+

T cells per million CD4, when we assessed a single marker (Fig-
ures 1E, 1F, S2C, and S2D).

To verify that HIVRNA+/Gag+ cells were HIV infected, we sorted
expanded HIV-infected CD4 T cells into HIV mRNA-negative/
Gag protein-negative (HIVneg/neg) and HIVRNA+/Gag+ populations
(Figure S2E) and subsequently measured integrated HIV DNA.
The HIVRNA+/Gag+ subset was enriched for HIV DNA as compared
to the HIVneg/neg population (Figure S2F), confirming that the
HIVRNA/Gag assay identifies HIV-infected cells.

We next used confocal microscopy to determine whether this
approach could provide semiquantitative information about viral
replication (Figures 1G–1I). We expanded primary CD4 T cells
isolated from one UC subject and two HIV-infected individuals
(one untreated, one ART treated). We then sorted cell subsets
defined by HIV mRNA/protein expression patterns for imaging
(Figures 1G, S2G, and S3A–S3C). Spot counting for gag-pol
mRNA FISH signals revealed a low background in both the UC
subject and the HIVneg/neg subset and clear signals in the three
HIVRNA+ populations (Figures 1H and S2H). Based on the false-
positive rate observed in the UC patient (Figure S2H), we deter-
mined a conservative detection limit to minimize false-positive
events (assuming Gaussian distribution, mean+3SD) of 20 gag-
pol mRNA spots per cell. This accounts for 93% of all HIVRNA+

cells (Figure S2H). The hierarchy of total gag-pol mRNA spot
counts was consistent with flow cytometry MFIs of the sorted
populations, with the HIVRNAbright/Gagbright cells harboring most
spots (Figure 1H). As the intensity of individual spots will
contribute to the global signal intensity of a given cell, we exam-
ined the total intensity of gag-polmRNA signal for individual cells
using corrected total cell fluorescence (CTCF) (Burgess et al.,
2010). Again, we found a direct relationship to flow cytometry
data (Figures S3D–S3H).

We measured the relative distribution of gag-pol RNA spots in
the nuclear and cytoplasmic compartments among the sorted
subsets. In HIVRNA+/Gag! cells, the vast majority of the gag-pol
RNA spots were located in the nucleus and only a small fraction
(median 5.1%) in the cytoplasm, whereas this proportion
reached 30%–40% in subsets also expressing Gag protein (Fig-
ure 1I). Such differences in localization were confirmed by
z stack imaging (Movie S1 and Movie S2). This is consistent
with data suggesting that viral transcription leads to accumula-
tion of gag-polmRNA in the nucleus before its egress to the cyto-
plasm is enabled by Rev-mediated export (Karn and Stoltzfus,
2012). Although this assay is not designed for single-molecule
FISH, we demonstrate that it can be used semi-quantitatively
to assess HIV transcription at the single-cell level. When used
sequentially in flow sorting and confocal microscopy, it can

greatly facilitate FISH studies of rare cell subsets of interest in
heterogeneous populations.

Frequencies of HIV-Producing CD4 T Cells in the Blood
of Untreated Patients
Having validated the assay on infected CD4 T cells expanded
in vitro, we next sought to determine the frequency of cells that
produce HIV at a given time in the peripheral blood of subjects
with untreatedHIV infection (UNT), compared toUCdonors (sub-
ject characteristics and number of cells analyzed, Table S2). We
quantified in parallel the population that spontaneously produces
viral mRNA and proteins and the additional cells that can be
induced to express such viral markers after short-term 12 hr
PMA/ionomycin (PMA/iono) stimulation. Whereas false-positive
events were very rare in UC (one HIVRNA+/Gag+ cell detected
from eight samples/7.7 million cells), we readily detected
HIVRNA+/Gag+ CD4 in UNT subjects (median[range] = 123[1.5–
230]/per million CD4) (Figures 2A and 2B), which were further
increased upon stimulation with PMA/iono (median[range] =
311[3.6–768]/million). The impact of PMA/iono was similar
among subjects (Figures 2C and S4A). This suggested that, be-
sides CD4 T cells spontaneously producing viral proteins, an
additional larger pool of infected lymphocytes appeared poised
for rapid induction of viral transcription and translation upon
stimulation in UNT individuals. The superiority of the RNA/protein
co-staining method over single marker use was clear when we
compared unstimulated, primary samples of UC to UNT donors
(Figure 2D). The limit of HIVRNA+/Gag+ cell detection based on
the UC false-positive detection rate was 0.5–1 cells/million,
whereas high background staining rendered single KC57
Gag or mRNA staining alone non-interpretable in the
0–1,000 cells/million range, the frequency bracket that contained
all UNT subjects examined. This represents a gain in detection
of 1,000-fold over standard protein staining for HIV Gag.
We next assessed the correlation of HIVRNA+/Gag+ frequencies

with markers of disease progression. There was a strong corre-
lation with viral load in both the resting and PMA/iono stimulated
conditions (Figures 2E and S4C) and non-significant inverse cor-
relations with CD4 count (Figures 2F and S4B). Interestingly, we
found the strongest correlations between the absolute number of
HIV-infected cells per mL and viral load (Figure 2G). We also
observed an increase in the gag-pol mRNA and Gag protein
MFI on HIVRNA+/Gag+ cells following stimulation, suggesting
increased viral production per cell when compared to sponta-
neous viral production (Figures S4D and S4E). We confirmed
the reproducibility of the assay across different experiments,
flow panels, and operators, even at lower frequencies of
HIVRNA+/Gag+ CD4 (Figure S4F). Therefore, CD4 T cells that pro-
duce HIV RNAs and protein, either spontaneously ex vivo or after
stimulation, can be reliably identified and quantified in primary
clinical samples from subjects with progressive HIV infection.

HIV-Infected CD4 T Cells Preferentially Express a
Central/Transitional Memory Phenotype
The features of cells harboring replicating virus have thus far
been largely inferred from in vitro infection or amplification of
autologous virus, due to an inability to detect infected cells
ex vivo using previously applied methods. To address this, we
assessed the phenotype of HIVRNA+/Gag+ CD4 T cells in primary
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UNT samples, analyzed directly from leukapheresis donation
and without additional ex vivo stimulation. Such cells are defined
here as in vivo-infected. CD4 downregulation is a hallmark of HIV
infection in vitro, facilitating Env incorporation and viral replica-
tion (Argañaraz et al., 2003). We found that CD4 expression

was profoundly diminished on in vivo-infected HIVRNA+/Gag+ cells
(Figures 3A–3C), consistent with previous data (DeMaster et al.,
2016). HLA-class I downregulation, another well-known effect of
Nef protein (Schwartz et al., 1996), was also observed in primary
samples (Figure 3D), albeit at a more modest level than after

Figure 2. Detection of CD4 T Cells Supporting Ongoing and Activation-Inducible HIV Infection in Viremic Patients
HIVRNA+/Gag+ CD4 were detected in uninfected controls (UC) or viremic patients (UNT) directly ex vivo (resting, blue symbols) or following 12 hr stimulation (PMA/

iono, red symbols).

(A and B) Example plots and gating of HIVRNA+Gag+ CD4 for an UC (A) and an UNT (B). HIVRNA+/Gag+ events in red/blue are overlaid onto HIVneg/neg events in gray.

(C and D) Quantification of data in (A) and (B), shown as HIVRNA+/Gag+ events per million CD4 (n = 4 UC, 8 UNT). On right, the fold change in frequency of

HIVRNA+Gag+ CD4 in resting versus stimulated infection is shown. n = 8 UNT. (D) Data as in (C) for unstimulated, resting CD4, except gated using only protein

(Protein+) or mRNA (GagPol+) staining, compared to HIVRNA+/Gag+ staining. Limit of detection (LOD) based on frequency of UC false positive events is indicated

with a dotted line. Grey-bordered symbols are below LOD.

(E–G) Correlations of resting or stimulated infection with patient characteristics, (E) viral load, (F) CD4 count, or (G) absolute number of infected CD4 (CD4 count

[cells/ml]3%HIVRNA+/Gag+). Rs represents Spearman’s non-parametric correlation with associated p values where p < 0.05 is significant. See also Figure S4 and

Table S2.
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stimulation and virus propagation ex vivo (Figure 3E). In contrast,
HLA-class II expression on in vivo-infected cells differed
from in vitro data; consistent with an activated state, HLA-DR
was preferentially expressed on HIVRNA+/Gag+ compared to
HIVRNA-/Gag! cells in primary samples (Figure 3F), whereas no
enrichment for HIV-infected cells in the HLA-DR+ population
was observed at days 5 and 7 of endogenous viral reactivation

(Figure 3G). Differences were also observed for PD-L1 expres-
sion on HIVRNA+/Gag+ (Figures S5A and S5B). Whereas PD-L1
was highly expressed on stimulated HIV-infected and non-in-
fected cells early after initiation (e.g., day 3) of T cell cultures,
suggesting a potential mechanism of functional immune escape
similar to that described for cancer cells, PD-L1 expression
was low on in vivo-infected HIVRNA+/Gag+ CD4. The latter was

Figure 3. Dissociated Expression Patterns of CD4 Co-receptors and Memory Phenotype of CD4 Cells Maintaining Ongoing Infection in
Viremic Individuals
Peripheral CD4 from viremic, untreated (UNT) patients were analyzed directly ex vivo without stimulation for phenotype. White symbols/bars represent HIVneg/neg

CD4, and blue represents HIVRNA+/Gag+ CD4 from the same patient sample.

(A–C) HIVRNA+/Gag+ T cells downregulate CD4. (A) Example plot overlaying HIVRNA+/Gag+ (blue) onto HIVneg/neg (gray) CD4. (B) Histogram of staining in (A) with

negative control (red). (C) Quantification of results in (A) and (B). n = 5 UNT. ***p < 0.001 by Friedman ANOVA with Dunn’s post-test.

(D–G) HLA-ABC expression (D and E) and HLA-DR+ frequency (F and G) on HIV-infected versus uninfected CD4. For (D) and (F), infected cells were defined by

dual mRNA/protein stain on unstimulated UNT CD4 analyzed directly ex vivo. For (E) and (G), infected CD4 were defined by standard Gag protein staining only at

time points post-reactivation for an endogenous, spreading infection.

(H and I) Comparison of memory phenotype between HIVRNA+/Gag+ CD4 in UNT compared to HIVneg/neg CD4. (H) Example plot and gating with HIVRNA+/Gag+ CD4

(blue) overlaid onto total T cell population (gray). Numbers represent frequency of HIVRNA+/Gag+ CD4 with specific phenotype. (I) Quantification of data in (H).

Numbers shown in pie charts represent normalizedmean. n = 7UNT, except in (E andG), where n = 2. ns signifies p > 0.05, *p < 0.05 byWilcoxon signed rank test.

See also Figure S5.
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surprising, given the same cells preferentially expressed HLA-
DR, another marker of activation. Thus, the phenotype of HIV-
replicating cells in vivo cannot be reliably inferred from in vitro
expansion models.
Central memory cells are major long-lived viral reservoirs

in ART-treated subjects (Chomont et al., 2009). However,
whether viral replication during viremia preferentially occurs in
this subset remains to be defined. We analyzed the differentia-
tion of HIVRNA+/Gag+ CD4 T cells according to CD45RA and
CD27 expression (Figure 3H), described here as naive (Tnaive,
CD27+ CD45RA+), central/transitional memory (TCM/TM, CD27

+

CD45RA!), effector memory (TEM, CD27! CD45RA!), and
terminally differentiated (TTD, CD27

! CD45RA+) cells (Sallusto
et al., 2004). The TCM/TM phenotype was dominant among
HIVRNA+/Gag+ cells (median[range] = 40.90%[31.5–60], normal-
ized mean = 53.4%), in keeping with observations made for
HIV DNA content in ART-treated patients (Figures 3I, S5C,
S5D, and S6G). Compared to the HIVneg/neg population, HIV-in-
fected cells contained few Tnaive or TTD CD4 and were enriched
in both TCM/TM and TEM. Thus, HIV-infected cells do not appear
to shift toward a more differentiated phenotype in UNT individ-
uals, in spite of high activation.

HIV-Infected Cells in Blood Preferentially Express T
Follicular Helper Cell Markers and Inhibitory
Co-receptors
Germinal center Tfh are critical for B cell help. Studies using viral
outgrowth assays (VOAs; Finzi et al., 1997) and/or PCR quantita-
tion have shown that Tfh serve as preferential sites of viral repli-
cation in lymph nodes in the absence of therapy (Perreau et al.,
2013) and may represent a viral reservoir in controlled viremia
(Banga et al., 2016). A peripheral blood equivalent of Tfh (pTfh)
corresponding to a memory population has recently been iden-
tified (Morita et al., 2011) and predicts development of broadly
neutralizing antibodies against HIV (Locci et al., 2013). We thus
sought to definewhether pTfh are preferentially infected. Indeed,
pTfh, defined as CD45RA! memory CD4 T cells co-expressing
PD-1 and CXCR5, were enriched in HIVRNA+/Gag+ cells (Figures
4A and 4B). Expression of ICOS, a critical co-stimulator for Tfh
function, was also highly enriched in HIVRNA+/Gag+, suggesting
recent activation (Figure 4C). However, there was no significant
difference in expression of CXCR3, a classical Th1 marker
whose co-expression identifies a less functional subset of Tfh
but can also be induced by activation (Figure S5E). Thus, prefer-
ential replication of HIV in activated Tfh cells is not restricted to
germinal centers but can also be detected in the periphery.
Blockade of inhibitory co-receptors of TCR signaling is

considered a potential means of viral reactivation in ‘‘shock
and kill’’ strategies (Deeks, 2012). Besides mediating CD4
T cell exhaustion (Kaufmann et al., 2007), molecules such as
PD-1 may contribute to the maintenance of the quiescent state
of viral latency in HIV-infected CD4 T cells; the PD-1+ subset is
a preferential viral reservoir in ART-treated subjects (Chomont
et al., 2009). Expression of multiple inhibitory receptors on CD4
T cells prior to ART was shown to be a predictive biomarker of
viral rebound post treatment interruption, suggesting that they
may identify those latently infected cells with a higher proclivity
to viral transcription (Hurst et al., 2015). However, this link be-
tween inhibitory co-receptor expression and spontaneous pro-

duction of viral mRNA and protein has not been demonstrated
in untreated infection. We therefore determined the expression
patterns of the receptors PD-1, CTLA-4, and TIGIT on HIV-in-
fected cells, molecules that are all either already targeted by can-
cer immunotherapies in clinical care or the subject of active drug
development (Figures 4D–4F and S5F–S5H). Analysis of individ-
ual receptors showed that the PD-1+, TIGIT+, and CTLA-4+ pop-
ulations were all enriched for HIVRNA+/Gag+ T cells. Indeed, the
majority (median = 70%) of HIVRNA+/Gag+ CD4 T cells expressed
at least one inhibitory receptor, while even in UNT patients a mi-
nority of the uninfected, HIVneg/neg CD4 T cells (median = 35%)
expressed such exhaustion markers (Figures 4G and 4H). The
majority of HIVRNA+/Gag+ CD4 T cells expressed PD-1 (median =
63%), in agreement with observationsmade on HIV DNA content
in ART-treated patients, whereas a somewhat smaller fraction
expressed TIGIT (median = 42%). By analyzing patterns of inhib-
itory receptor co-expression, we observed that half of the PD-1+

cells also expressed TIGIT, while TIGIT+-only cells were less
frequent. The same trends were observed for HIVneg/neg CD4.
While the frequency of CTLA-4+ T cells was the lowest for the
coreceptors studied, the relative enrichment of HIVRNA+/Gag+

T cells compared to uninfected T cells was greatest for these
populations. In particular, while PD-1+ CTLA-4+ and the triple
positive (CTLA-4+ PD-1+ TIGIT+) populations represented small
subsets (<1%) in the uninfected T cell population, both of these
populations were detectable at higher frequencies ("4%) in the
HIVRNA+/Gag+-infected T cells. These data show that robust viral
replication occurs in blood lymphocytes in spite of high levels of
inhibitory receptor co-expression.

Quantitation of Latent Reservoirs from Virally
Suppressed Individuals andCorrelationwith PCR-Based
Assays
Strategies to reduce the latent reservoirs are now being tested in
clinical trials (Archin et al., 2012). There is an urgent need for
high-throughput assays able to reliably quantify these cells in
subjects, but their low frequency makes this challenging.
Furthermore, estimation of reservoir size varies widely depend-
ing on the assay used (Eriksson et al., 2013), with the VOA giving
a minimal value for the replication-competent reservoir and DNA
PCR-based assays overestimating its size due to defective viral
genomes. Here, we examined ART-treated subjects (Tx, charac-
teristics and cells analyzed, Table S3) to assess the ability of
the HIVRNA/Gag assay to quantify latently infected CD4 T cells
harboring inducible virus capable of translating Gag and
compared it to alternative measurements of reservoir size. As
previously, we define this population as the viral translation-
competent latent reservoir. In the absence of stimulation,
HIVRNA+/Gag+ events were very rare or absent (median[range] =
0.55[0–2.6]; Figures 5A and 5B), in keeping with published data
utilizing HIV Gag protein staining alone, where rare HIVGag+ cells
were detected in ART-treated patients (Graf et al., 2013). In
contrast, PMA/iono stimulation induced HIVRNA+/Gag+ cells in
all but one Tx subject, with frequencies ranging from 1.2 to
660/million (median = 3.56; Figures 5A, 5B, and S6C). Reactiva-
tion of the translation-competent latent reservoir measured by
our assay showed a strong trend (p = 0.061) toward inverse
correlation with CD4/CD8 ratio (Figure 5C) and a weaker
inverse correlation with CD4 T cell count (Figure S6A). We next
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compared the frequency of HIVRNA+/Gag+ events to the estimated
size of the reservoir based on integrated or total HIV DNA (Fig-
ure 5D). While the size of the reservoir determined by these as-
says correlated well (Figures 5E and S6B), the median reservoir
size as measured by integrated DNA was !800 copies/million
compared to 3.56 cells/million by the HIVRNA/Gag assay. The me-

dian ratio between these two measures was 204, which is com-
parable to the differences detected between integrated DNA and
the VOA (Bruner et al., 2015). Factors that may contribute to
these differences include the inability of standard DNA assays
to distinguish between replication-competent and defective in-
tegrated viral genomes (while the HIVRNA/Gag assay detects

Figure 4. CD4 T Cells Maintaining Ongoing Replication during Viremia Show Markers of Activation, Exhaustion, and Peripheral T Follicular
Helper Cells
Peripheral CD4 from viremic patients (UNT) were analyzed without stimulation for phenotype directly ex vivo. For example plots in (A), (E), and (F), left-hand

panel shows gating on total CD4 T cells with frequencies of each population indicated. Right-hand panel shows HIVRNA+/Gag+ CD4 events in blue, overlaid onto

HIVneg/neg events (gray) for the same markers. Frequencies shown represent the HIVRNA+/Gag+ population.

(A) Example plots of pTfh phenotype (pre-gated on CD45RA" memory CD4).

(B) Quantification of results in (A), shown as frequency of memory CD4.

(C) Frequency of ICOS expression on HIVRNA+/Gag+ versus HIVneg/neg CD4.

(D) Relative expression of coinhibitory receptors CTLA-4, PD-1, and TIGIT on HIVRNA+/Gag+ compared to HIVneg/neg CD4.

(E and F) Example plots of coexpression; TIGIT and PD-1 (E), CTLA-4 and PD-1 (F).

(G and H) Boolean analysis of inhibitory receptor coexpression on HIVneg/neg (G) versus HIVRNA+/Gag+ (H) CD4 from the same patients. Numbers under inhibitory

receptor name indicate total frequency of positive events (e.g., all PD-1+) and correspond to data in (E) and (F). Red text indicates populations under represented

in HIVRNA+Gag+ versus HIVneg/neg. Populations were enriched in HIVRNA+Gag+ by 1- to 5-fold (blue), 5- to 10-fold (purple), or over 10-fold (black). Populations

contributing more than 2% or 10% are in italics or bold, respectively. Data represent medians. n = 7 UNT. *p < 0.05 by Wilcoxon signed rank test. See also

Figure S5.
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only cells infected with virus capable of producing viral RNA and
protein, thus narrowing estimates of the functional reservoir) and
the possibility of multiple integration events in a cell. In addition,
the stimulus usedmay play a role, as not all competent virus may
be reactivated by a single round of potent stimulation (Ho et al.,
2013), and detection of reactivated virus is limited to those pro-
viruses able to produce Gag protein within the time frame of the
assay.
We then compared the HIVRNA/Gag assay to the VOA in a

subset of 11 patients (Figure S6D and S6E; Table S4). The
HIVRNA/Gag assay and VOA detected a median[range] of 4.65

[0–110.4] HIVRNA+/Gag+ translation-competent and 1.43[0.06–
32.23] replication-competent HIV-infected cells/million CD4,
respectively. In comparison, the median int.DNA copies/million
CD4 for these patients was 648. Thus, while the relative fre-
quencies measured by the VOA and HIVRNA/Gag assay varied
and did not correlate in this group of patients, they were much
closer in magnitude than the PCR-based measure.
We next tested the ability of the protein kinase C modulators

bryostatin, an antineoplastic drug currently in clinical cancer tri-
als, and ingenol, currently approved to topically treat actinic
keratosis, to induce production of viral mRNA and proteins.

Figure 5. Detection of Latently HIV-Infected CD4 T Cells from ART-Treated Patients
Peripheral HIVRNA+Gag+ CD4 were detected in treated, aviremic patients (Tx) directly ex vivo (resting, light blue) or following stimulation (PMA/iono, red).

(A) Example plots of a representative patient (left) or a patient with a large inducible reservoir (right).

(B) Quantification of data in (A) for Tx and uninfected controls (UC). Dotted line represents limit of detection (LOD). ns signifies p > 0.05, ***p < 0.001 by Wilcoxon

signed rank test.

(C) Correlation between reactivation and CD4/CD8 T cell ratio. Where result is the same between two conditions, a split box is shown.

(D) Comparison of reservoir measured by different techniques; HIVRNA/Gag assay (with PMA/iono stimulation, data as in B), integrated HIV DNAPCR (int.DNA), and

total HIV DNA PCR. Line shown at median.

(E) Correlation between reservoir asmeasured by integrated DNA andHIVRNA/Gag assays. Gray bordered symbols are below LOD. In all experiments, n = 5UC and

14 Tx (13 for Figures 5D and 5E). Statistics shown are Spearman’s correlation coefficient (Rs) with associated p values. See also Figure S6 and Tables S3 and S4.
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Bryostatin, ingenol, and their analogs have potent HIV LRA activ-
ity in vitro (DeChristopher et al., 2012; Jiang et al., 2014). We de-
tected HIV reactivation in all Tx and UNT subjects examined
although at varying degrees (Figures 6A–6C). In the majority of
Tx patients, induction of the reservoir by both LRAs bryostatin
(median[range] = 1.2[0.91–37.9]) and ingenol (median[range] =
1.38[1.01–3.63]) was lower than that of PMA/iono (median
[range] = 7.5[0.86–660]). However, response to all stimuli varied
considerably between donors. In contrast, in UNT subjects the
response to bryostatin was close (68%–79%) to that of PMA/
iono, likely reflecting the major difference in regulation of HIV
gene expression in these two contexts. Finally, we examined
the phenotype of latently infected cells reactivated with bryosta-
tin and ingenol, as surface markers are much better preserved
with these LRAs than with PMA/iono treatment.

In UNT patients, HIV-infected CD4 were predominantly TCM/
TTM and TEM in both ongoing and bryostatin-reactivated infection
(Figures 6D and 6E). Concordantly, integrated HIV DNA was
localized to these compartments (Figure S6F). Though the num-
ber of HIVRNA+/Gag+ CD4more than doubled (Figure 6C) following
bryostatin reactivation, the proportion of HIV-infected TCM/TTM
compared to TEM was not significantly changed (Figure 6E).
This suggests that, in individuals with ongoing viremia, bryostatin
is able to reactivate a viral translation-competent reservoir from
both the TCM/TM and TEM compartments.

In comparison, in Tx subjects, the majority of bryostatin-reac-
tivated HIVRNA+/Gag+ cells were TEM (Figures 6F and 6G), with
TCM contributing a minority fraction to the reactivated popula-
tion. Indeed, over 90% of bryostatin-reactivated HIVRNA+Gag+

cells were detected in the TEM. In contrast, in a subset of the
same patients, ingenol reactivated HIVRNA+/Gag+ cells from
both TCM/TTM and TEM in proportions comparable to those in
the HIVneg/neg population (Figures 6H and 6I). Interestingly,
when the frequency of cells harboring integrated HIV DNA was
assessed, both TCM/TTM and TEM contributed to the persistent
reservoir (Figures S6G and S6H). Therefore, despite the pres-
ence of integrated DNA in both memory subsets, bryostatin-
induced reactivation as measured with the HIVRNA/Gag assay
was mostly limited to the TEM compartment, while ingenol-
induced reactivation was not. This suggests that the differentia-
tion status of CD4 T cells may not affect all LRAs equally, even
those from the same class.

DISCUSSION

Here, we establish and validate a flow-based RNA FISH assay to
assess ongoing viral replication and the size of the inducible
latent reservoir in HIV-infected individuals, and additionally
demonstrate its ability to determine the efficacy of LRAs and
the phenotype of the induced latently infected cells. The accu-
rate detection of cells harboring virus able to produce HIV RNA
and protein down to frequencies of 0.5–1/million CD4 T cells,
combined with the power of single-cell analysis by polychro-
matic flow cytometry, enabled quantitative and phenotypic char-
acterization of HIV-infected cells directly sampled from patient
blood. While previous reports have utilized FISH-based tech-
niques to identify HIV-infected cells (Patterson et al., 2001), the
use of concurrent protein staining to identify the translation-
competent reservoir allows increased specificity. Our data

pinpoint markers of CD4 T cells supporting HIV replication in pro-
gressive disease, including features that cannot easily be in-
ferred from in vitro infection, such as enrichment in the pTfh
compartment and in the HLA-DR+ subset. Consistent with pub-
lished data using integrated DNA as a measure of infection
(Brenchley et al., 2004), we observe the localization of HIV-in-
fected CD4 in the memory compartment, with limited infection
of naive CD4. We also show that HIV-infected cells are more
likely to express markers of exhaustion (PD-1, CTLA-4, and
TIGIT) than uninfected CD4 in the context of ongoing viremia.
The role for exhaustion markers in the context of CD4 infection
remains to be determined—for example, are cells expressing
such markers more likely to be infected in vivo, or is expression
a consequence of infection itself? As multiple exhaustion
markers (including PD-1) are also upregulated as negative
feedback mechanisms following activation, an increased sus-
ceptibility of these cells to infection is in line with the observa-
tions made here and previously (Stevenson et al., 1990) that
activated cells aremore amenable to HIV infection. In the context
of latency, it has been suggested that the expression of multiple
inhibitory receptors may identify those CD4with a higher procliv-
ity to viral transcription (Hurst et al., 2015). The work presented
here focuses on CD4 T cells as the major source of infectious vi-
rus during chronic infection and the major reservoir in patients
receiving therapy. However, additional cell types have been re-
ported as permissive to HIV in vivo, including macrophages
and dendritic cells. Previous work has demonstrated that mono-
cytes can be assessed (Porichis et al., 2014); thus, these subsets
could be evaluated by applying the HIVRNA/Gag technique to
tissues.
We also narrow down estimates for the size of the inducible

reservoir (median 3.56 cells/million CD4 following 12 hr PMA/ion-
omycin activation, median 204-fold lower than integrated DNA)
while demonstrating wide differences among subjects with sup-
pressed viral load on therapy. When compared with alternative
measurements of reservoir size, the HIVRNA/Gag assay most
closely mirrors findings using the VOA, where the minimum
size of the replication-competent reservoir is estimated to be
1 per million resting CD4 (1.4 in our cohort), 100- to 1,000-fold
less than that measured by integrated DNA. In addition, both
the reservoir size as measured by the HIVRNA/Gag assay here
and the VOA, shown previously (Kiselinova et al., 2016), correlate
with the reservoir measured by integrated HIV DNA. The advan-
tage of the HIVRNA/Gag assay is the direct detection of HIV-in-
fected cells, allowing phenotyping, which is not possible with
the VOA. Both assays have the limitation that they may not
detect all intact proviruses, due to the stochastic nature of reac-
tivation and the stimuli used. Furthermore, while the VOA detects
replication-competent virus (defined by the ability of secreted vi-
rus to establish a spreading infection in vitro), the HIVRNA/Gag

assay detects cells containing virus able to produce HIV RNA
and Gag protein (viral translation-competent virus). Therefore,
one potential caveat for the HIVRNA/Gag assay is that not all of
the reactivated virus is infectious and so the size of the replica-
tion-competent reservoir may be slightly overestimated. In
contrast, the VOA may underestimate the size of the replica-
tion-competent reservoir as virus may be released but may
not establish an in vitro infection and remain undetectable.
These differences may explain the lack of correlation observed
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between these two assays and the larger reservoir size detected
using the HIVRNA/Gag assay when compared to the VOA.
An additional factor in the detection of rare cells is the proba-

bility of detecting events due to Poisson distribution and

sampling differences. To increase the probability of accurately
detecting rare cells, increasing cell numbers must be analyzed.
In the current study, 2–3 million CD4 T cells per patient per
condition were usually acquired on the flow cytometer. The

Figure 6. Quantification and Phenotyping of LRA-Reactivated Infected CD4 Cells in Patients On or Off ART
HIVRNA+/Gag+ CD4 from UC, UNT, or Tx patients were detected directly ex vivo (resting, light blue symbols/bars) or following reactivation with ingenol (green),

bryostatin (purple), or PMA/iono (red). In example plots, reactivated HIVRNA+/Gag+ events (green/purple) are overlaid onto HIVneg/neg events (gray). Frequencies of

HIVRNA+/Gag+ CD4 are indicated in each gate.

(A and B) Example plots for Tx patients following bryostatin (A) or ingenol reactivation (B).

(C) Summary data of HIVRNA+/Gag+ CD4 frequencies in unstimulated versus stimulated CD4. n = 4 UC, 2 UNT, and 3–7 Tx. Dotted line indicates LOD. Grey-

bordered symbols are below LOD.

(D) Example plot showing memory phenotype of bryostatin-reactivated HIVRNA+/Gag+ CD4 for an example UNT.

(E) Quantification of data in (D) for n = 2 UNT, comparing HIVneg/neg with HIVRNA+/Gag+ CD4, unstimulated or after bryostatin stimulation. HIVneg/neg CD4 are shown

in white. Bars represent mean ± SEM.

(F) Example plot showing memory phenotype of bryostatin-reactivated HIVRNA+/Gag+ CD4 for a Tx patient.

(G) Quantification of data in (F). n = 7 Tx.

(H) Example plot showing memory phenotype of ingenol-reactivated HIVRNA+/Gag+ CD4 for a Tx patient.

(I) Quantification of data in (H). n = 3 Tx patients. ns indicates p > 0.05, *p < 0.05 byWilcoxon signed rank test. For (G) and (I), barsmedian ± interquartile range. See

also Figure S6 and Table S3.
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requirement for high cell numbers may be a limiting factor for
latency studies; however, a similar restriction exists for known
techniques to measure latent reservoirs.

Finally, we show that this approach can be used to assess the
efficiency of LRAs such as bryostatin and ingenol, drugs
currently in clinical trials, and importantly determine the suscep-
tibility of distinct CD4 cells to LRA-induced reactivation. The
need for such primary cell assays is highlighted by the wide vari-
ability of results obtained in in vitro latency models (Spina et al.,
2013). The phenotypic analysis of LRA-induced cells has impor-
tant potential implications for the function of LRAs. First, while
both the TEM and TCM CD4 pools contain integrated pro-virus,
the relative frequencies of functional versus defective pro-viral
DNA have been suggested to differ between subsets (Soriano-
Sarabia et al., 2014). Alternatively, CD4 subsets may vary in their
sensitivity to individual LRAs. While these two mechanisms are
not mutually exclusive, our data suggest a differential sensitivity
of CD4 populations to individual LRAs: bryostatin readily
induced the TEM reservoir but had limited effect on the TCM
compartment, contrasting with the more even effect observed
with ingenol. An effective LRA must induce HIV protein expres-
sion in all latently infected cells regardless of phenotype to
enable recognition and elimination by host immune responses,
and as such ingenol may represent a promising candidate. Com-
binations of LRAs need to be assessed, to increase potency but
also to recruit additional subsets of latently infected cells that
may not be amenable to reactivation with a single drug. This
technology and the results obtained may have important impli-
cations for HIV pathogenesis studies, including investigation of
early transmission events, testing of LRAs, and monitoring of
cure strategies.

EXPERIMENTAL PROCEDURES

Participants and Samples
Leukaphereses were obtained from study participants at theMontreal General

Hospital, Montreal, Canada, and at Martin Memorial Health Systems, Florida,

USA. The study was approved by the respective IRBs and written informed

consent obtained from all participants prior to enrolment. See Supplemental

Experimental Procedures for details. Untreated, viremic participants (UNT)

were either treatment naive or untreated for at least 6months. Treated subjects

(Tx) were on ART for over 12 months with controlled viral load (<50 vRNA

copies/mL) for at least 6 months. Patient characteristics are summarized in

Tables S2–S4. In rare cases, due to limited sample availability, sequential leu-

kaphereses were used for individual subjects. PBMCs isolated by Ficoll den-

sity gradient were stored in liquid nitrogen.

In Vitro Reactivation and Spreading Infection
CD4 T cells were isolated from PBMCs by negative magnetic bead selection

(StemCell), resulting in an untouched population defined as CD3+CD4+/!CD8-

CD14-CD19- (purity routinely over 95%). Cells were stimulated for 36–40 hr in

RPMI with PHA-L (10 mg/ml, Sigma) and IL-2 (50U/ml), then washed and main-

tained for 6–7 days in RPMI with IL-2 (100 U/ml). In some experiments, ARVs

(T20 [7.5 mg/ml] + AZT [1 mM]) were added. Enfuvirtide (T-20), Zidovudine

(AZT), and IL-2 (Lahm and Stein, 1985) were obtained through NIH AIDS

Reagent Program, Division of AIDS, NIAID, NIH, human rIL-2 from Dr. Maurice

Gately, Hoffmann–La Roche Inc.

Reactivation of Latent Infection with PMA/Ionomycin or LRAs
CD4 T cells were isolated as above, resuspended at 2 3 106/ml media with

ARVs (T20 + AZT, as before), and rested for 3–5 hr. Cells were either unstimu-

lated, stimulated for 12 hr with PMA (50 ng/ml) and ionomycin (0.5 mg/ml), or

stimulated for 18 hr with Bryostatin-1 (10 nM, Enzo Life Sciences) or

Ingenol-3-angelate (25 nM, Sigma). A total of 5–12 3 106 purified CD4 was

required per patient/condition.

HIVRNA/Gag Assay
See Figure S1 for the workflow schematic. Samples were subjected to the

PrimeFlow RNA assay (Affymetrix/eBioscience) as per manufacturer’s instruc-

tions. See Supplemental Experimental Procedures for protocol details and

antibody panels. Cells were stained for viability, surface stained for phenotypic

markers, and stained intracellulary for HIV Gag protein prior to mRNA detec-

tion. Samples were acquired on an LSRII (BD Bioscience). Analysis was per-

formed using FlowJo (Treestar, V10).

Linearity and Specificity Experiment
Reactivated, HIV-replicating CD4 T cells from an untreated patient were

spiked into uninfected cells at different ratios to set up a dilution series. The

predicted frequency of HIVRNA+/Gag+ (or HIVRNA+ or HIVGag+) was compared

to the detected frequency. See Supplemental Experimental Procedures for

details.

Microscopy on Sorted CD4 following HIVRNA+/Gag+ Assay
Patient-reactivated CD4 T cells were sorted according to expression of Gag

protein and GagPol mRNA. The number of nuclear and total gag-pol mRNA

spots and CTCF were determined by confocal microscopy. See Supplemental

Experimental Procedures for details.

HIV DNA Quantification
Quantifications of total and integrated HIV DNAwere determined as previously

described (Vandergeeten et al., 2014).

QVOA
Quantifications of replication-competent virus were performed as previously

described (Siliciano and Siliciano, 2005).

Statistics
All statistical analyses were performed in Prism (V6, GraphPad). Data were

tested for normality using the D’Augustino-Pearson Omnibus normality test.

Where appropriate, parametric tests were applied. Statistical tests were two

sided, and repeated measures were used for comparisons within subjects.

For comparisons between groups, Kruskal-Wallis or Friedman one-way

ANOVA with Dunn’s post-test was used. For correlations, Spearman’s R (Rs)

correlation coefficient was used. For pairwise analysis of non-normally distrib-

uted data, Wilcoxon Signed Rank t tests were used. p < 0.05 was considered

significant.

SUPPLEMENTAL INFORMATION

Supplemental Information includes six figures, four tables, two movies, and

Supplemental Experimental Procedures and can be found with this article at

http://dx.doi.org/10.1016/j.chom.2016.07.015.
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INTRODUCTION
In spite of the tremendous success of ART in controlling HIV rep-
lication and limiting progression to AIDS, current drug regimens 
do not lead to cure. No current scalable treatment can eradicate 
the virus from an HIV-infected person1 or generate protective 
HIV-specific immunity2. The major barrier to HIV cure is the 
latent viral reservoir, a cell population primarily consisting of 
resting memory CD4 T lymphocytes that contain a stably inte-
grated copy of the DNA provirus. HIV is able to rebound from 
this reservoir, usually within days or weeks, when a patient discon-
tinues therapy; therefore, long-term adherence to ART is required. 
Although modern regimens are generally well tolerated, the long-
term effects of ART remain unknown; individuals on suppressive 
ART remain at increased risk for a range of non-AIDS defining 
events3,4. Therefore, the requirement for a life-long treatment, 
particularly in the context of limited access to ART and social 
stigma, remains a key issue driving the need for a cure.

Different strategies, alone or in combination, are currently 
under investigation to achieve an HIV cure5, such as preferential 
killing of viral reservoir cells; repopulation of the immune system 
by genetically engineered, infection-resistant cells; induction of 
deep latency; or generation of effective anti-HIV responses by 
therapeutic vaccines. A major strategy proposed for HIV cure is 
the ‘shock and kill’6 approach, whereby latency-reversing agents 
(LRAs) ‘shock’ the latent viral reservoir into reactivating. Cells 
containing reactivated HIV would either be killed by the patho-
genic effects of the virus itself or targeted by the host’s immune 
system, which may have to be vaccine-adjuvanted. Although this 
strategy has already been tested in limited clinical trials7, the rela-
tive ability of LRAs to induce different cellular reservoirs remains 
poorly understood. The latent HIV reservoir is formed early in 
acute infection8,9 and is inherently stable10,11; at present, no cellu-
lar markers have been identified that are capable of distinguishing 
the very rare CD4 T cells containing latent replication-competent 

proviruses (on the order of 1 per million resting CD4 T cells12–15) 
from uninfected, bystander cells. These factors have made both 
studying and targeting the latent viral reservoir for elimination 
highly challenging. The CD4 lineage presents tremendous het-
erogeneity in vivo, as do other cell types that might contribute to 
viral reservoirs (such as some myeloid cells16). Regardless of the 
strategy pursued to achieve a HIV cure, a deeper understanding 
of the cells that support HIV replication in vivo and serve as long-
lived latent viral reservoirs in ART-treated subjects is required 
both to eliminate residual virus and to inform the development 
of a vaccine capable of eliminating HIV-infected cells.

Development of the protocol and comparisons with other 
methods
Research into HIV reservoirs has been limited by the sensitiv-
ity, specificity and caveats of available strategies used to detect 
and phenotype such cells. Standard techniques include, but are 
not limited to, the following: the use of in vitro cell lines and 
lab-adapted viruses to model infection; measurements of viral 
DNA by PCR for total or integrated viral genomes13,17,18; and the 
quantitative viral outgrowth assay (QVOA)12,19. Work performed 
using in vitro infections has provided a wealth of information, but 
is limited by the requirement of many models for cellular activa-
tion to enable efficient infection and/or the propagation of cells 
in vitro, both of which alter cell characteristics, and the substan-
tial differences between lab-adapted viruses and the transmitted/ 
founder or chronic viruses circulating in the population. Not 
all integrated HIV proviruses are replication-competent— 
i.e., able to produce fully infectious virus; indeed, over 90% of 
integrated HIV proviruses may contain deletions or mutations 
that preclude replication competence20,21. Because of the preva-
lence and rapid accumulation of these defective/dysfunctional 
HIV genomes, PCR-based estimates represent the maximal viral 
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Efforts to cure HIV are hampered by limited characterization of the cells supporting HIV replication in vivo and inadequate 
methods for quantifying the latent viral reservoir in individuals receiving antiretroviral therapy (ART). We describe a protocol 
for flow cytometric identification of viral reservoirs, based on concurrent detection of cellular HIV Gagpol mRNA by in situ  RNA 
hybridization combined with antibody staining for the HIV Gag protein. By simultaneously detecting both HIV RNA and protein, 
the CD4 T cells harboring translation-competent virus can be identified. The HIVRNA/Gag method is 1,000-fold more sensitive than 
Gag protein staining alone, with a detection limit of 0.5–1 Gagpol mRNA + /Gag protein +   cells per million CD4 T cells. Uniquely, 
the HIVRNA/Gag assay also allows parallel phenotyping of viral reservoirs, including reactivated latent reservoirs in clinical samples. 
The assay takes 2 d, and requires antibody labeling for surface and intracellular markers, followed by mRNA labeling and multiple 
signal amplification steps.
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reservoir size, even in individuals who initiated ART during acute 
infection21,22. At the opposite end of the spectrum, the QVOA 
represents a minimal estimate, as not all replication-competent 
viruses are reactivated following a single round of stimulation20. 
Recent work has resulted in additional mRNA-based techniques, 
such as the Tat/Rev induced limiting dilution assay (TILDA)23, 
which have begun to close the gap between these two sets of 
measures. However, the above techniques rely either on popula-
tion-level, rather than single-cell, analysis to detect viral reser-
voirs, resulting in a loss of critical information, or on limiting  
dilution strategy assays in which cell phenotypes cannot be deter-
mined retrospectively.

We thus sought to develop a flow-cytometry-based protocol 
for the single-cell identification and characterization of HIV viral 
reservoirs in primary samples from HIV-infected individuals15. 
Antibodies against HIV Gag proteins have been used previously 
to study in vitro infection, but are limited by high nonspecific 
binding, which prevents sensitive identification of HIV-infected 
cells at frequencies lower than 1,000 events per million15. By com-
bining classic HIV Gag protein detection with RNA fluorescent 
in situ hybridization for HIV Gag and Pol mRNAs (mRNA Flow-
FISH), we developed the HIVRNA/Gag assay, with which we are 
able to identify HIVRNA + /Gag +  CD4 T cells in the range of 0.5–1 
events per million. This gain in specificity markedly changes the 
scope of questions that can be addressed; it allows identification 
of HIV-infected CD4 T cells directly ex vivo in primary clinical 
samples from HIV-infected individuals, which was simply not 
possible with previous techniques.

To be identified by the HIVRNA/Gag assay, cells must contain 
virus that is able to transcribe viral mRNAs and translate viral 
protein. Therefore, we define this population as the translation-
competent reservoir in HIV-infected subjects with ongoing viral 
replication. In ART-treated, virally suppressed individuals, the 
assay identifies the translation-competent latent reservoir in cells 
following latency reversal. This assay effectively narrows the gap 
between the maximal and minimal estimates of the reservoir size 
mentioned above, although the characteristics of the reservoirs 
measured are distinct.

A key advantage and novel feature of the HIVRNA/Gag assay is that 
it enables concurrent phenotyping of both the HIV-infected CD4 
T cells that are maintaining infection in viremic individuals and 
of the CD4 T cells, which reactivate the virus in response to LRAs, 

at a single-cell level. This type of information has previously been 
inferred only at a population level, for example, by sorting subsets 
of CD4 T cells and determining the relative reservoir size.

Limitations
Identification of latent HIV reservoirs in primary samples is lim-
ited by the rarity of these cells in ART-treated individuals (on the 
order of 1 per million resting CD4 T cells). We have observed that 
the application of the Poisson distribution to the detection of 
these rare events can be a key source of variability and dictates the 
starting number of cells required. In the hypothetical examples 
in Figure 1, the true frequency of HIVRNA + /Gag +  events is 2 per 
million CD4 T cells (the median size of the latent translation-
competent reservoir detected following phorbol myristate acetate 
(PMA)/ionomycin stimulation in our cohort15). However, if 1 × 106  
events are acquired on a flow cytometer, the probability of observ-
ing a frequency that differs by more than twofold from the true value 
(e.g.,  <  1 or  >  4 HIVRNA + /Gag +  events per million CD4 T cells)  
is 18.8% (Fig. 1a). When 3 × 106 events are collected, the probability  
of detecting a frequency of HIVRNA + /Gag +  events outside of this 
bracket falls to 7.1% (Fig 1b), and at 10 × 106 events collected, 
it is 0.5% (Fig. 1c). Thus, the more events acquired, the higher 
the accuracy of the assay. Although it is in principle possible to 
acquire 10 × 106 or more events by setting up several tubes per 
condition and merging the FACS data files, this is frequently 
impractical in terms of cell numbers, operating time and costs. 
Therefore, we routinely acquire between 2 and 4 × 106 CD4 T cells 
per subject, per condition.

To enable the collection of 2–4 × 106 CD4 T cells at the final step 
of acquisition on the flow cytometer, we begin with 100–200 × 106  
peripheral blood mononuclear cells (PBMCs), depending on the 
individual’s CD4 T-cell count and the number of conditions to 
be tested. We aim to put into culture, for each donor and condi-
tion, at least 15 × 106 CD4 T cells to take into account the cell loss 
associated with an overnight culture and the effects of the agents 
required for latency reversal. Following this culture, we then start 
each HIVRNA/Gag assay with 10 × 106 CD4 T cells to account for 
an observed ~70% cell loss throughout the protocol. This cell 
number requirement may be a substantial limitation for studies 
in which leukaphereses or large blood draws are not obtained. 
It should be noted that this requirement for high cell numbers 
is not specific to this assay but a reflection of the mathematical 
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Figure 1 | Impact of Poisson distribution on the detection of rare HIVRNA + /Gag +  events. (a–c) Models are based on an actual frequency of 2 HIVRNA + /Gag +  
events (dashed line) per 106 CD4 T cells and demonstrate the Poisson distribution of possible readings when (a) 1 × 106, (b) 3 × 106 or (c) 10 × 106 CD4 T-cell 
events are acquired.
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Poisson law. Thus, any other assay aiming at detection of very 
rare events, such as the QVOA, has similar requirements for high 
starting numbers of cells.

Where cell numbers are not limiting, we recommend that each 
user determine the number of events that must be analyzed on the 
basis of the expected frequency of their population of interest and 
taking into account Poisson distribution, as well as the expected 
losses indicated above.

The probe sets indicated here against HIV Gag and Pol (‘Reagents’) 
and used by our group15 were designed against the Clade B isolate 
JR-CSF. Each probe set contains 20 individual probes, for a total 
of 40 when the probe sets against HIV Gag and Pol are combined; 
these recognize regions along the whole length of the target mRNA. 
This provides redundancy and tolerance for sequence variation, 
as not all probes need to bind to generate a signal. However, the 
more probes that bind, the brighter the signal (higher mean fluo-
rescence intensity (MFI)). Therefore, when adapting the assay to 
detect alternative, shorter or more variable mRNAs, the number 
of probes may have a substantial impact on the sensitivity of the 
assay. In our North American cohorts, where the majority of indi-
viduals are infected with Clade B isolates, the redundancy in the 
HIVRNA/Gag assay has been sufficient to account for inter-donor 
variability. However, for studies on samples from outside of North 
America and Europe, we would recommend designing a probe set 
against the consensus sequence for the circulating clade.

As discussed previously, the HIVRNA/Gag assay narrows the gap 
between the maximal and minimal estimates of the reservoir size 
inferred by alternative methods. However, some caveats remain. As 
mentioned, the QVOA is limited to detection of latently infected 
cells that reactivate the virus upon a single round of stimulation, 
and therefore may underestimate the size of the latent reservoir20. 
As a similar stimulation technique is applied in the HIVRNA/Gag 
assay, the same applies here. Furthermore, it should be noted that 
the detection of a provirus by the HIVRNA/Gag assay does not guaran-
tee that this virus is replication competent. Detection is dependent 
on the production of Gag protein and GagPol mRNA, defining a  

‘translation-competent reservoir’; however, a provirus with a dele-
tion outside of GagPol would be detected with this assay but could 
be unable to initiate a productive infection. This translation-com-
petent reservoir is likely to contain a lower proportion of defective 
proviruses (and thus a higher frequency of replication-competent 
proviruses) than alternative PCR-based measurements such as inte-
grated HIV DNA and TILDA. However, it probably still represents 
an overestimate of the true replication-competent reservoir size.

Applications of the protocol
The version of the HIVRNA/Gag assay described15 could be applied 
to questions involving the HIV replication cycle, restriction factor, 
viral pathogenesis or effectiveness of intervention/cure therapies. 
Regarding the HIV cure/latency field, the detection of the translation- 
competent viral reservoir has substantial implications for (i) quan-
tification of latent reservoir size; (ii) the efficacy assessment of cure 
strategies that rely on a reduction in the size of the latent reservoir, 
rather than complete eradication of latent proviruses; (iii) pheno-
typing of the viral reservoir; and (iv) the definition of HIV-infected 
CD4 cells as expressing HIV proteins, thus having the potential of 
being efficiently recognized by the adaptive immune system.

For the HIVRNA/Gag assay described here, we chose to use 
probes against both HIV Gag and Pol for the following reasons: 
(i) these regions have been shown to be relatively well conserved 
between clinical isolates; (ii) the length of these mRNAs allows 
for a relatively high number of mRNA-specific probes (40 total), 
which increases the redundancy in the system for intersubject 
sequence variability; and (iii) using a high number of probes 
amplifies the potential low copy number of HIV mRNAs per 
cell and increases the signal-to-noise ratio, thus increasing 
the detection limit in terms of RNA copy number. However, 
a key advantage of the HIVRNA/Gag technique is its versatility: 
it can easily be adapted to detect other HIV genes and pro-
teins, including multiplexing different genes; flow panels can be 
adapted to quantify vast numbers of surface and intracellular  
markers—albeit with careful optimization; and—importantly—easy  

 Box 1 | Adaptation to a 96-well-plate format 
The version of the protocol described here and validated extensively in our laboratory uses a 1.5-ml-tube version of the assay. However, 
the approach can be modified to a 96-well-plate format. We note that this version of the assay has not been validated by our group to 
the same extent as the tube-based protocol. The key steps are the same between assays. However, the plate-based assay is adapted to 
work with lower volumes and with a dry pellet (rather than a 100-Ml residual volume). For example, in Step 33, samples should be  
resuspended at 10–50 × 106 per ml, such that plating 200 Ml in each well of a v-bottom plate provides 2–10 × 106 cells per well. All 
wash steps should be performed with 200 Ml per well; an additional wash is required to take into account any incomplete first washes 
(i.e., 100-Ml wash for 100-Ml residual volume) and pellets are resuspended in a fresh 100 Ml of the appropriate buffer. When using an  
antibody stain, the dry pellets can be resuspended either in 100 Ml of buffer (and then proceeding as though this is the residual volume) or 
in an antibody mix pre-prepared in 100 Ml of the appropriate buffer. Spins are performed at 500g (1,000g after fixation) for 4 min at 4 °C 
or RT, depending on the step. Following spins, samples can be decanted by pipetting of the residual liquid or carefully flicking the plate.
When deciding between the tube or plate versions of the assay, multiple factors must be considered. We have observed that cell loss 

may be greater, and more variable, when samples are processed in a plate as compared with tubes. Therefore, for precious samples, 
working with tubes may be preferable. There may also be sample transfer between adjacent wells; therefore, separation of samples on 
a plate is important to limit background. We have also observed that autofluorescent/nonspecific background in mRNA channels may 
be greater in plates as compared with tubes, which can negatively affect the signal/noise ratio. The major advantages of the plate-
based assay are operator ease of use and by extension an increase in the maximum number of samples that can be processed per day. 
The protocol is substantially shortened by the flicking of plates to wash, rather than aspiration of individual tubes. Given the potential 
advantages and disadvantages, we therefore strongly recommend that investigators compare the tube and plate protocols in parallel, in 
their laboratories and for their specific purposes, to determine the version best suited to their studies.
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translation to other tissues/cell types (e.g., lymphoid tissues) 
and/or other species/viruses (e.g., SIV detection in rhesus 
macaques). This type of mRNA Flow-FISH assay can also be 
used to detect cytokines24, host factors and/or other pathogen-
related RNAs. Last, the assay could be transferred to alternative 
cell types; the protocol here focuses on the CD4 T-cell reservoir. 
However, cells of the myeloid lineage (including macrophages) 
have been proposed as important cellular reservoirs25 and these 
subsets could in principle be investigated by the same technique, 
provided that the user undertakes careful validation of the pro-
tocol. Therefore, it represents a powerful tool that can be applied 
to address a broad range of experimental questions, both within 
the HIV field and in immunological studies in general.

The version of the HIVRNA/Gag assay described here focuses 
on the use of a commercially available RNA Flow-FISH assay 
(Human PrimeFlow, Affymetrix/eBioscience; see ‘Reagents’) to 
detect HIV reservoirs ex vivo. However, alternative Flow-FISH 
techniques have previously been used to identify HIV-infected 
alveolar macrophages26, study HIV-infected cell lines27,28 and 
detect HIV reservoirs in primary samples29. These methods use 
single-mRNA staining only and thus have limited specificity and 
accuracy. Therefore, the lessons learned from the development 
of this assay could easily be translated to an alternative product 
or an in-house system.

Biohazardous materials
Samples from human peripheral blood represent a Class 2 mate-
rial; therefore, appropriate precautions should be taken according 
to institutional and governmental guidelines when handling these 
materials. HIV-1 is a Class 2 human pathogen, so samples from 
HIV-1-infected individuals should be handled in at least a Biosafety 
Level (BSL)-2 facility. In the culture conditions used for the stand-
ard experiment, a spreading infection is restricted by the pres-
ence of anti-retrovirals. However, we use BSL-3 guidelines when  
working with such samples. Appropriate personal protective equip-
ment, including double gloves and eye protection are worn at all 
times. All solid waste is inactivated by autoclave incineration; all 
liquid waste is inactivated with Virkon or similar and autoclaved.

Experimental design
The protocol to detect HIV viral-translation-competent reservoirs 
can be broken down into two major parts. Sample preparation, 
Part I, is highly adaptable and can be extensively modified accord-
ing to the experimental question. Part II comprises the specific 

steps of the HIVRNA/Gag assay; Part IIA describes protein antigen 
detection and Part IIB describes gene-specific mRNA detection. 
Although the core steps in Part II are constant, the assay can be 
adapted for detection of different protein antigens or mRNAs.

The procedure described here is for the identification of latent 
translation-competent reservoirs from HIV-infected, ART-treated 
individuals. In the example described in the PROCEDURE and 
associated tables, there are a total of 12 samples: samples from 
three different donors (one HIV-uninfected, two HIV-infected), 
each of which is tested after stimulation with an LRA at two dif-
ferent doses or after no stimulation, plus three control tubes in 
which in vitro-infected CD4 T cells may be used. As controls, 
we recommend the following: control A, an HIV-Gag protein  
fluorescent-minus-one (FMO); control B, an mRNA negative 
control using an irrelevant or scrambled mRNA probe; and  
control C, a positive-control mRNA. Controls A and B can be used 
to confirm the gating strategy defined using the HIV-uninfected 
biological control; control C is useful to determine whether the 
assay worked, in the absence of GagPol mRNA staining.

This protocol uses a 1.5-ml-tube-based version of the assay. The 
assay can also be performed in a 96-well-plate format; however, 
our group has not validated this version of the assay to the same 
extent as the tube-based protocol. We therefore recommend using 
the 1.5-ml-tube version for initial implementation and careful 
side-by-side comparison before the investigator considers switch-
ing to a 96-well-plate-based assay. See Box 1 for further discussion 
on the adaptation of the protocol to 96-well format.

Part I (4–6 h plus overnight  incubation, fora standard experi-
ment); sample preparation (Steps 1–24). Sample preparation is 
dependent on the experimental question to be addressed; however, 
in all cases the cells of interest must be in suspension to move into 
Part II (see Fig. 2 for example experiment setup). It is important 
to ensure that the cell preparation is of good quality, with high 
viability, if possible, to ensure reasonable cell recovery throughout 
the protocol. For detection of translation-competent reservoirs 
in HIV-infected individuals ex vivo, or following reactivation, we 
isolate CD4 T cells from freeze-thawed PBMC samples isolated 
previously. CD4 T cells are either rested or stimulated overnight 
with an LRA of interest. Samples from uninfected donors, treated 
in parallel, are used as biological controls and to determine the 
flow cytometry gating strategy. For identification of the transla-
tion-competent latent reservoir following treatment with LRAs 
in vitro, it is important to include a donor-matched, untreated 

Thaw PBMCs

Steps 1–7 Steps 8–18 Steps 19–21 Steps 22–24

UN

+LRA

Negatively isolate
CD4 T cells

Stimulate with LRAs;
incubate for 12–18 h

Plate and rest
3 h at 37 °C

Figure 2 | Part I of the protocol. Schematic of CD4 T-cell isolation and stimulation. PBMCs are thawed and CD4 T cells are negatively isolated by magnetic 
isolation. Cells are counted, resuspended in RPMI  +  10% (vol/vol) FBS  +  50 U/ml penicillin–streptomycin (R10) with the antiretrovirals T20 and AZT, plated 
onto 24-well plates and rested for 3 h at 37 °C. LRAs are added to appropriate wells, with some wells left unstimulated (UN) as negative controls, and cells are 
incubated for a further 12–18 h at 37 °C.
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condition. Additional relevant biological controls may be required 
depending on the experimental setup. See Box 2 for an ex vivo 
autologous infection protocol that can be used to prepare HIV-
positive-control samples.

Part IIA (0.5 d); protein antigen detection (Steps 25–67). 
Following stimulation/reactivation, CD4 T cells are collected, 
washed and divided into aliquots for staining (see Fig. 3). Samples 
are stained according to the experimental question with a mixture 
of surface antibody markers. As a minimum for primary cells, 
we recommend the inclusion of antibodies against basic pheno-
typic markers (CD3 and CD4) and an exclusion ‘dump’ channel 
(CD8, CD14, and CD19), as well as the addition of a viability 
dye to exclude dead cells and decrease background (see Table 1 
for reagent setup for this panel and Table 2 for alternative panel 
options). Following fixation and permeabilization, samples are 
stained intracellularly for HIV-1 Gag protein as a minimum, but 

may also be stained for additional intracellular antigens concur-
rently. When staining for multiple markers, it is appropriate to 
include the same controls as for any multiparametric flow cytom-
etry analysis, such as FMO controls. In FMO controls, the sample 
is stained for all markers (both mRNA and protein) except one 
and this is repeated for all markers. These controls can then be 
used to define the threshold of positivity when designing a gat-
ing strategy. Of note, for GagPol mRNA and Gag protein only, 
we recommend that gates be drawn using a biological control 
(e.g., an uninfected donor treated identically to the HIV-infected 
donors of interest) rather than FMOs. Following a second fixa-
tion, the protocol may be paused overnight. However, in general, 
for operator ease, we proceed to Part IIB and pause there at the 
second pause point.

Part IIB (1.5 d); mRNA detection, signal amplification, sample 
acquisition and analysis (Steps 68–109). Samples are labeled for 

Cell collection, viability
check and transfer for

HIVRNA/Gag assay

Steps 25–35 Steps 36–42 Steps 43–47 Steps 48–56 Steps 57–67

Viability
stain

Surface antibody
staining

Fixation and
permeabilization

Intracellular staining for
HIV-1 Gag Protein

Figure 3 | Part IIA of the protocol. CD4 T cells are collected and washed, the viability is checked and they are resuspended for the HIVRNA/Gag assay. Cells are 
stained with a viability stain and surface antibody stain, and then fixed and permeabilized. CD4 T cells are then stained intracellularly for HIV Gag and fixed a 
final time.

 Box 2 | Ex vivo viral propagation for positive-control CD4 T cells L TIMING 8.5 d
CD4 T cells infected with a lab-adapted virus (including vesicular stomatitis virus G glycoprotein (VSVG) pseudotyped viruses)  
using standard methods—e.g., Magnetofection32—can be used as a positive control for HIVmRNA/Protein assay. Alternatively, CD4 T cells 
infected with autologous virus following an ex vivo expansion, as described below, can be used.
Additional reagents
PHA-L (Sigma-Aldrich, cat. no. L4144)
IL-2 (NIH AIDS Reagent Program, cat. no. 136)
Procedure
1.  Isolate CD4 T cells by negative selection as described in Steps 8–19 of the main PROTOCOL and resuspend at 2 × 106 per ml  

in R20 (RPMI 1640 with 20% (vol/vol) FBS).
2.  Plate CD4 T cells into 24-well plates at a volume of 1 ml per well. Use only central wells; fill the wells at the edges  

with 1 ml of RT PBS.
3.  Allow the cells to rest for 2 h at 37 °C.
4.  Stimulate the CD4 T cells with PHA-L (10 Mg/ml) and IL-2 (100 U/ml) for 36–40 h.
5.  Collect activated CD4 T cells by gently pipetting the 1-ml volume up and down in the well to break up activation clumps.  

Transfer the 1 ml to a 15-ml conical tube. Repeat for all replicate wells. Wash out each well with 1 ml of warm R10 and  
combine with the CD4 T-cell suspension. Spin down the suspension (540g, 5 min, RT).

6.  Wash the CD4 T cells twice in warm R10 to remove PHA.
7.  Count cells using the method described in Step 6 of the main PROTOCOL.
8.  Replate at 2 × 106 per ml in R20. 

M CRITICAL STEP As cell clumping due to activation may limit counting accuracy, we assume no cell loss over the incubation in 
step 4 and replate CD4 T cells in the starting volume from step 1.

9.  Maintain cells for 6–7 d at ~2 × 106 per ml, by splitting 1:2 as required (with a maximum of every other day). Maintain IL-2  
at 100 U/ml throughout the culture.
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gene-specific mRNAs of interest, and then stored overnight; this 
is the second pause point (Fig. 4 ). The following day, the signal is 
amplified using a branched dsDNA system and the amplified signal 

is labeled with a fluorescent dye. For detection of translation-com-
petent reservoirs, we use probes designed against the GagPol region 
of the HIV-1 strain JR-CSF. Additional controls that may be included 

TABLE 2 | Panel options for 1-, 3/4-, or 5-laser flow cytometers.

Fluorochrome Panel A (1 laser) Panel B (3/4 lasers) Panel C (5 lasers)

Basic detection of HIV mRNA and 
protein—recommended for cell lines.

Minimum panel for CD4 T-cell HIV trans-
lation-competent reservoir detection

Identification of memory phe-
notype of HIVRNA +  /Gag +   CD4

BUV395 CD3

BUV496 CD4

AF488 GagPol mRNA (Type 4) CXCR5a

PE Gag protein Gag protein Gag protein

PE-Cy7 CD4 ICOS

BV421 PD-1

BV510/eF506 Exclusion Exclusion  +  Viability Stain

BV605 CD3 CD27

BV711 CD45RA

AF647 GagPol mRNA (Type 1) GagPol mRNA (Type 1)

eF780 Viability Stain
See Reagents section for recommended clone and purchasing information.
aStained during stimulation.

TABLE 1 | Example reagent preparation.

Reagent Preparation For 1 tube For 12 tubesa

Viability stain 1:500 in cold PBS (2× stock) 100 Ml (99.8 Ml of PBS  +  0.2 Ml of 
Viability Stain)

1,300 Ml (1297.4 Ml of PBS  +  2.6 Ml of 
Viability Stain)

Surface stain (use 
immediately)

Anti-CD3 BV605, anti-CD4 PE-Cy7, 
anti-CD8, CD14 and CD19 BV510

19 Ml (anti-CD3 BV605 (5 Ml), 
anti-CD4 PE-Cy7 (5 Ml) anti-CD8, 
anti-CD14 and anti-CD19 BV510 
(all 3 Ml)

247 Ml (anti-CD3 BV605 (65 Ml), anti-CD4 
PE-Cy7 (65 Ml) anti-CD8, anti-CD14 and 
anti-CD19 BV510 (all 39 Ml)

Fixation I (use 
immediately)

1 part Fixation Buffer 1A for 1 
part Fixation Buffer 1B

1 ml (500 Ml of Fixation Buffer 
1A  +  500 Ml of 1B)

13 ml (6.5 ml of Fixation Buffer 1A  +  6.5 
ml of Fixation Buffer 1B)

Permeabilization 
Buffer (use imme-
diately)

1:10 Permeabilization Buffer, 
1:1,000 RNAsin I, 1:100 RNAsin 
II in H2O

3 ml (300 Ml of Permeabilization 
Buffer, 3 Ml of RNAsin I, 30 Ml of 
RNAsin II  +  2.67 ml of H2O)

39 ml (3.9 ml of Permeabilization Buffer, 
39 Ml of RNAsin I, 390 Ml of RNAsin II  +  
34.71 of ml H2O)

Fixation II (use 
immediately)

1:8 Fixation Buffer 2 in Wash 
Buffer

1 ml (125 Ml of Fixation Buffer 2  +  
875 Ml of Wash Buffer)

13 ml (1.625 ml of Fixation Buffer 2  +  
11.375 ml of Wash Buffer)

GagPol probes 
(warm to 40 °C)

1:20 Target mRNA probes in Target 
Probe Diluent

100 Ml (5 Ml of Gag probe  +  5 Ml of 
Pol probe  +  90 Ml of Target Probe 
Diluent)

1.3 ml (65 Ml of Gag probe  +  65 Ml of Pol 
probe  +  1.170 ml of Target Probe Diluent

Overnight storage 
buffer

1:1,000 RNAsin I in Wash Buffer 1 ml (1 Ml of RNAsin I  +  999 Ml of 
wash buffer)

13 ml (13 Ml of RNAsin I  +  12.987 ml of 
Wash Buffer)

Label Probes 
(warm to 40 °C)

1:100 Label Probes in Label Probe 
Diluent

100 Ml (1 Ml  +  99 Ml) 1.3 ml (13 Ml  +  1.287 ml)

aSufficient reagent for one spare test is prepared to take into account pipetting errors.
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to monitor mRNA staining include a probe against a housekeeping 
gene (RPL13A is recommended). Negative-control probes (either 
scrambled or against an irrelevant mRNA such as bacterial DapB; 
see ‘Reagents’) can be used; however, we have found that for the 
HIVRNA/Gag assay HIV-uninfected samples treated identically to 
HIV-positive samples enable the most accurate gating. Samples 

are acquired on a flow cytometer according to standard operating 
procedures30,31. Correct compensation controls are essential and 
are discussed in Box 3 . A 1-laser machine can be used to detect the 
HIV-1 Gag protein and GagPol mRNA without additional antibody 
stains (see Table 2  for suggested panels/fluorochrome combina-
tions), but this is not recommended for primary cells.

MATERIALS
REAGENTS

Peripheral CD4 T cells isolated from HIV-infected and uninfected donors  
! CAUTION Any study protocols involving human subjects must conform to 
institutional and governmental ethical guidelines. ! CAUTION HIV-1  
is a Class 2 human pathogen and HIV-infected samples should be handled 
in a BSL-2 facility, in accordance with safe working practices. Gloves and 
protective eyewear should be worn.
Human PrimeFlow 3-plex kit (Affymetrix eBioscience, cat. no. 88-18009,  
40 or 100 tests). This kit includes the following: Fixation Buffers  
1A + B, 10× Permeabilization Buffer, RNAsin I, RNAsin II, Fixation  
Buffer II, Wash Buffer, Target Probe Diluent, Preamplification and  
Amplification buffers, Label Probe Diluent, Label Probe Mix, and  
positive-control (RPL13A) mRNA probes ! CAUTION Fixation buffers  
contain paraformaldehyde (PFA). PFA is an irritant; avoid exposure  
to skin or eyes.
RPMI 1640 medium (500 ml; Gibco by Life Technologies, cat. no. 11875-093)
HEPES (100 ml, 1 M; Life Technologies, cat. no. 15630-080)
Penicillin–streptomycin (10,000 U/ml, 100 ml; Gibco by Life  
Technologies, cat. no. 15140-122)
PBS, pH 7.4, no Ca2 + /Mg2 +  (1×, 500 ml; Gibco by Life Technologies,  
cat. no. 14190-144)

•

•

•
•
•

•

FBS (500 ml; Seradigm by VWR, cat. no. 1500-500)
DMSO (Sigma-Aldrich, cat. no. D5879)
Paraformaldehyde (Sigma-Aldrich, cat. no. P6148)
EasySep Human CD4 +  T-cell isolation kit (StemCell, cat. no. 19052,  
for 1 × 109 cells)
The ‘Big Easy’ EasySep Magnet (StemCell, cat. no. 18001, for isolating  
4 × 108 cells)
EDTA, ultrapure (0.5 M, 100 ml; Invitrogen, cat. no. 15575-038)
Trypan blue (0.4%, 100 ml; Gibco by Life Technologies,  
cat. no. 15250-061)
S7 nuclease (15,000 U; Roche/Sigma-Aldrich, cat. no. 10107921001)
Sterile RNase-free H2O (500 ml; Wisent Bioproducts,  
cat. no. 809-115-CL)
Zidovudine (AZT, 20 mg; NIH AIDS Reagent Program, cat. no. 8435)
T20 (5 mg; Trimeris/Roche via NIH AIDS Reagent Program,  
cat. no. 9845)
PMA (use at 50 ng/ml; Sigma-Aldrich, cat. no. P1585)
Ionomycin (use at 0.5 Mg/ml; Sigma-Aldrich, cat. no. I9657)
Bryostatin 1 (10 Mg; use at 10 nM; Enzo, cat. no. BML-ST103-0010)
FcR block (2 ml; Miltenyi Biotec, cat. no. 130-059-901)
BD CompBeads Plus (6 ml; BD Biosciences, cat. no. 560497)

•
•
•
•

•

•
•

•
•

•
•

•
•
•
•
•

 Box 3 | Effective compensation 
As with general flow cytometry experiments, the correct compensation is key to accurate interpretation of the results. For surface  
and intracellular antibodies, we recommend the use of eBioscience OneComp Beads. All beads are stained at the same time as the  
intracellular antibody stain to mimic as closely as possible any change in fluorochrome signal or stability over time. As fixation is 
known to alter fluorochromes, the antibody-stained beads are fixed for 1 h at RT with a solution of 2% paraformaldehyde, washed with 
2% (vol/vol) FBS/PBS and then stored at 4 °C until use. There are two options for the compensation of the mRNA stain. The first is  
to use cells from the experiment stained only with a positive-control mRNA that is highly expressed by the cells of interest, such as 
RPL13A. This has the advantage that the autofluorescence and background is most similar to those of the cells of interest.  
However, we have found that the signal from the GagPol mRNA probe set is consistently brighter than that of the positive control, 
leading to compensation issues. Therefore, we stain BD CompBeads Plus with an isotype control antibody conjugated to the same 
fluorochrome as the mRNA (AF647 for Type 1, AF488 for Type 4 and AF750 for Type 6). It is key that the same fluorochrome is used  
for compensation as is used for the mRNA probe type—i.e., APC is not an appropriate substitute for AF647. These beads have a larger 
size than eBioscience OneComp beads and we have found that this provides more accurate compensation.

Label GagPol
mRNA

Amplification 1
(Preamplification)

Amplification 2
(Amplification)

Label amplified
probe

Steps 102–109Steps 96–101Steps 90–95Steps 82–89Steps 68–81

Key Probe pair ds DNA
amplifier 1

ds DNA
amplifier 2

Fluorescent
label

Acquire on
flow

cytometer and
analyze

Figure 4 | Part IIB of the protocol. GagPol mRNA is labeled and amplified using a two-step dsDNA amplification system, and the amplified probe is labeled 
with a fluorescent marker. Samples can be stored short-term, or acquired by flow cytometry immediately, and then analyzed.
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OneComp eBeads (eBioscience, cat. no. 01-1111-42)
Suggested antibodies, dyes and probes (see Table 2 for suggested panel 
information) for all panels

Anti-HIV-1 Gag p24 (Beckman Coulter, clone KC57/FH190-1-1, RD-1 
(PE), cat. no. 6604665)
IgG Isotype control (BioLegend, clone MOPC-21; for Type 1 control, use 
AF467, cat. no. 400130, and for Type 4 control use AF488, cat. no. 400129)
HIV-1 Gag mRNA probe set (Affymetrix eBioscience, JR-CSF target 
sequence, Type 1, cat. no. VF1-13962; Type 4 cat. no.VF4-18312, 20 pairs of 
branched DNA probes, probe length median[range]  =  23[17–30] nt)
HIV-1 Pol mRNA probe set (Affymetrix eBioscience, JR-CSF target sequence,  
Type 1, cat. no. VF1-13961; Type 4 cat. no. VF4-18314, 20 pairs of  
branched DNA probes, probe length median[range]  =  25[18–30] nt)
RPL13A positive-control mRNA probe set (provided with 3-plex version  
of Human PrimeFlow kit; can also be purchased from Affymetrix  
eBioscience as Type 1, cat. no. VA1-13100; Type 4,  
cat. no. VA4-13187)
Scrambled negative-control mRNA (Affymetrix eBioscience, Type 1,  
cat. no. VF1-16506; Type 4, cat. no. VF4-19835)

Suggested antibodies, dyes and probes (see Table 2 for suggested panel 
information) for panel B

Anti-CD3 (BioLegend, Clone OKT3, BV605,  
cat. no. 317322)
Anti-CD4 (BD Biosciences, Clone RPA-T4, Pe-Cy7,  
cat. no. 560649)
Anti-CD8 (BioLegend, Clone SK1, BV510, cat. no. 344732)
Anti-CD14 (BioLegend, Clone M5E2, BV510,  
cat. no. 301842)
Anti-CD19 (BioLegend, Clone H1B19, BV510,  
cat. no. 302242)
Fixable Viability Dye (eBioscience, eFluor780,  
cat. no. 65-0865)

Suggested antibodies, dyes and probes (see Table 2 for suggested panel 
information) for panel C

Anti-CD3 (BD Biosciences, Clone UCHT1, BUV395,  
cat. no. 563548)
Anti-CD4 (BD Biosciences, Clone SK3, BUV496,  
cat. no. 564651)
Anti-CD8 (BioLegend, Clone SK1, BV510, cat. no. 344732)
Anti-CD14 (BioLegend, Clone M5E2, BV510, cat. no. 301842)
Anti-CD19 (BioLegend, Clone H1B19, BV510,  
cat. no. 302242)
Anti-CD27 (BD Biosciences, Clone L128, BV605,  
cat. no. 562655)
Anti-CD45RA (BioLegend, Clone HI100, BV711, cat. no. 304138)
Anti-CD278 (ICOS) (eBioscience, Clone ISA-3, PE-Cy7,  
cat. no. 25-9948)
Anti-CD279 (PD-1) (BioLegend, Clone EH12.2H7, BV421, cat. no. 329920)
Anti-CXCR5 (BD Biosciences, Clone RF8B2, BB515,  
cat. no. 564624, stain during culture)
Fixable Viability Dye (eBioscience, eFluor506, cat. no. 65-0866)

EQUIPMENT
Tissue culture facility (at least a BSL-2 facility is required)
Centrifuge equipped with swinging-bucket rotor, able to cool to 4 °C  
(e.g., VWR Thermo Heraeus Multifuge Benchtop Centrifuge 1XR,  
cat. no. 97039-270) M CRITICAL The use of a swinging-bucket centrifuge is 
key. Use of a fixed-angle rotor will result in poor cell recovery.
Centrifuge adaptors for 15-ml Falcon tubes and 1.5-ml  
Eppendorf tubes
Tissue culture incubator (37 °C, 5% CO2; e.g., Sanyo Professional CO2 
incubator, model no. MCO19AICUVH)
Aspirator (recommended: Mandel Vacusafe Comfort with Vacuboy,  
cat. no. TM-158310.
Benchtop PCR hood (recommended: AirClean Systems PCR/RNA  
Workstation, model no. AC648DBC)
Light microscope (suitable for cell counting and assessment of  
cell viability/activation; e.g., Fisher Scientific, model no. Wilovert 30)

•

•

•

•

•

•

•

•

•

•
•

•

•

•

•

•
•
•

•

•
•

•
•

•

•
•

•

•

•

•

•

Hybridization oven, able to maintain 40 °C (e.g., Shel Lab Forced Air Oven, 
model no. 1330FM) M CRITICAL Temperature stability is important. The oven 
used must be able to maintain a stable temperature with 
 limited fluctuations.
Flow cytometer with the capacity to detect at least two colors; see Table 2 
for example panels for setup of different laser numbers (e.g., BD  
Biosciences, model no. LSR II)
Flow cytometry analysis software (e.g., Tree Star FlowJo,  
https://www.flowjo.com/solutions/flowjo/downloads)

Plasticware
15-ml Falcon tubes, sterile (Corning Falcon, cat. no. 353096)
Plate, 24-well, sterile, tissue culture treated (Corning Falcon,  
cat. no. 353047)
14-ml FACS tubes, sterile (Corning Falcon, cat. no. 352057)
Sterile, RNase-free, low-binding tips: p1000, p200, p20 (Ranin,  
cat. nos. 17007954, 17007961, 17007957)
Sterile serological pipettes: 5 ml, 10 ml, 25 ml (Sarstedt,  
cat. nos. 86.1253.001, 86.1254.001, 86.1685.001)
Kova Glastic SL 10W GRID (counting chambers; VWR,  
cat. no. CA36200-020)
RNase-free, low-binding 1.5-ml tubes (provided with Human  
PrimeFlow Kit above) M CRITICAL Low-binding RNase-free tubes greatly 
increase cell recovery and should be used throughout  
the protocol.
0.5-ml Tubes, sterile (Sarstedt, cat. no. 72.730.005)
1.5-ml Tubes, RNase-free, sterile (for reagent preparation; Sarstedt,  
cat. no. 72.692.405)

REAGENT SETUP
2% (wt/vol) PFA Add 4 g of PFA  powder to 100 ml of PBS, then heat and stir 
until dissolved. Adjust the pH to 7.4. Prepare aliquots and store them at −20 °C.  
Dilute a thawed aliquot to a 2% (wt/vol) stock before use. The 2% (wt/vol) PFA 
stock is stable at 4 °C for 2 weeks.
Heat-inactivated FBS Complement-inactivate FBS by heating to 56 °C  
for 30 min in a water bath. Divide FBS into single-use aliquots and store them 
at  − 20 °C for up to 1 year.
Complete culture medium (R10) Prepare R10 by making up a solution of 
10% (vol/vol) heat-inactivated FBS, 50 U/ml penicillin–streptomycin and  
10 mM HEPES in RPMI 1640 medium with phenol red. Prepare the medium 
in advance and store it at 4 °C for up to 2 weeks.
R10  +  antiretrovirals Prepare R10 as above. Add zidovudine (AZT) to a 
final concentration of 5 MM and T20 at a final concentration of 7.5 Mg/ml. 
Freshly prepare this solution before use.
EasySep CD4 isolation buffer Prepare this buffer by combining 2%  
(vol/vol) heat-inactivated FBS and 1 mM EDTA in sterile PBS, pH 7.4.  
Prepare the buffer in advance and store it at 4 °C for up to 2 weeks.
S7 nuclease Add 3 ml of sterile PBS, pH 7.4, to a dried pellet of S7 nuclease. 
Store the solution at 4 °C for up to 1 month.
2% (vol/vol) FBS/PBS Prepare the solution by diluting heat-inactivated FBS 
to 2% (vol/vol) in PBS. Prepare in advance and store the solution at 4 °C for 
up to 2 weeks.
Zidovudine Reconstitute with DMSO to obtain a concentration of  
50 mM. Prepare aliquots and store them at  − 20 °C for up to 1 year.
T20 Reconstitute with sterile PBS, pH 7.4, to obtain a concentration  
of 2 mg/ml. Prepare aliquots and store them at  − 20 °C for 1 year.
PMA Reconstitute with DMSO to obtain a concentration of 1 mg/ml.  
Prepare aliquots and store them at  − 80 °C for 1 year.
Ionomycin Reconstitute with DMSO to obtain a concentration of  
0.5 mg/ml. Prepare aliquots and store them at  − 80 °C for 1 year.
Bryostatin 1 Reconstitute with DMSO to obtain a concentration of  
25 MM. Prepare aliquots and store them at  − 80 °C for 1 year.
EQUIPMENT SETUP
Hybridization oven The hybridization oven should be calibrated to maintain 
a stable temperature of 40 °C. We recommend that the oven be turned on at 
least 24 h before use.
Flow cytometer The flow cytometer used should be routinely calibrated and 
cleaned. The ‘CS&T’ function should be run frequently. Quality assurance for 
multicolor flow cytometry is discussed elsewhere30,31.

•

•

•

•
•

•
•

•

•

•

•
•
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PROCEDURE
Part I: cell thawing, negative CD4 T-cell isolation and stimulation L TIMING 4–6 h  +  overnight incubation
1| Cell thawing. Prepare cold, labeled, 15-ml conical tubes and precool the centrifuge to 4 °C. At least 1 conical tube is 
required for each donor sample to be thawed, with a maximum of 200 × 106 PBMCs per tube to avoid cell clumping. Work 
with a maximum of two donors at any time. Multiple cryovials of frozen PBMCs from one donor may be needed to meet cell 
number requirements (i.e., to start with 100 × 106 PBMCs, thaw two cryovials containing 50 × 106 PBMCs each). Work with a 
maximum of four cryovials at any point.

2| Thaw required donor sample cryovials by warming them in a 37 °C water bath, until floating ice is visible. Transfer the 
contents of each vial to a cold 15-ml conical tube prepared in Step 1. Wash the cryovial with 1 ml of cold FBS and add the 
contents to the 15-ml conical tube. Add Nuclease S7 to each conical tube (20 Ml per ml of PBMC suspension; minimum  
40 Ml), mix by tapping the tube and incubate for 20 s. Add cold FBS to a final volume of 10 ml.

3| Centrifuge the conical tube at 420g for 10 min at 4 °C.

4| Discard the supernatant and gently resuspend the pellet in 1 ml of cold R10 and top up to 10 ml with R10. If there are 
multiple conical tubes for a single donor, resuspend each of the pellets in 1 ml of cold R10 and combine in a single conical 
tube. Top this tube up to 10 ml with R10, and then split the sample back out into the starting number of conical tubes.  
Top all conical tubes up to 10 ml with R10. This will ensure that the PBMCs are split evenly across all conical tubes,  
and thus only one conical tube will need to be counted per donor, while keeping the number of cells per conical tube  
under 200 × 106. Centrifuge the conical tubes at 420g for 10 min at 4 °C.

5| Discard the supernatant and gently resuspend the pellet in 1 ml of cold EasySep CD4 isolation buffer and top up  
to 10 ml with EasySep CD4 isolation buffer.
M CRITICAL STEP If you do not wish to isolate CD4 T cells—for example, for detection of HIV reservoirs in total PBMCs—perform 
Step 5 in cold R10, count cells as in Steps 6 and 7, and then proceed to Step 19. The presence of CD8 T cells in a reactivated cul-
ture may have an adverse effect on the detection of the reactivated latent viral reservoirs; therefore, we recommend performing a 
CD8 depletion (for example, using Dynabeads CD8 Positive Isolation Kit; Thermo Fisher Scientific, cat. no. 11333D) as a minimum.

6| Cell counting. Prepare a 0.5-ml tube with 90 Ml of Trypan blue. Remove a 10-Ml aliquot of cell suspension and add  
to the 0.5-ml tube containing Trypan blue. Mix by vortexing and transfer 10 Ml to a Kova Glastic counting chamber.  
Count both the live cells (Trypan blue-negative) and any dead cells (Trypan blue-positive). Calculate total cell number  
and record the viability (given as %live cells) using the formula 

100 100
�

r
¤
¦¥

³
µ́

deadcells
livecells deadcells

?�TROUBLESHOOTING

7| Centrifuge the conical tube at 420g for 10 min at 4 °C.

8| CD4 T-cell isolation. Discard the supernatant and gently resuspend the pellet in EasySep CD4 isolation buffer at a volume 
of 20 Ml per 106 cells (i.e., at 50 × 106 per ml). Remove any clumps of dead cells with a pipette.

9| Transfer the cell suspension to a 14-ml FACS tube. PBMCs from multiple conical tubes from the same donor can be re-
combined into one 14-ml FACS tube. If total PBMC number is  > 400 × 106, prepare aliquots in multiple tubes.

10| Add 1 Ml per 106 PBMCs of StemCell Biotinylated Antibody Cocktail from the EasySep CD4 +  isolation kit. Mix well by 
pipetting. Incubate for 10 min at room temperature (RT; 20 °C).

11| Add 2 Ml per 106 PBMCs of StemCell Bead Cocktail. Mix well by pipetting. Incubate for 5 min at RT.

12| Add EasySep CD4 isolation buffer to a final volume of 10 ml per 14-ml FACS tube.

13| Transfer the 14-ml FACS tube to a ‘Big Easy’ StemCell isolation magnet. Remove the cap. Incubate for 5 min at RT.

14| Prepare a fresh 15-ml conical tube with 2.5 ml of R10. Carefully pick up the magnet with the 14-ml FACS tube in place 
and slowly pour the unbound cell fraction into the fresh 15-ml conical tube containing R10.
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15| Centrifuge the conical tube at 540g for 5 min at 4 °C.

16| Discard the supernatant and gently resuspend the pellet in 1 ml of cold R10 and top up to 10 ml with R10.

17| Count the isolated CD4 T cells as in Step 6.
?�TROUBLESHOOTING

18| Centrifuge the conical tube at 540g for 5 min at 4 °C.

19| CD4 T-cell stimulation/reactivation of latent reservoirs. Discard the supernatant and gently resuspend the pellet  
at 2 × 106 CD4 T cells/ml in R10  +  antiretrovirals (Reagent Setup).

20| Plate onto a sterile, 24-well, tissue-culture-treated plate at a volume of 1 ml per well.
M CRITICAL STEP Use only the middle 8 wells and fill the outer wells with 1 ml of sterile PBS at RT to limit  
loss by evaporation
M CRITICAL STEP The number of CD4 T cells per donor per condition is critical to the accurate detection of  
latent translation-competent reservoirs. For detection of very rare events (~1 per 106), we recommend starting with  
at least 16 × 106 cells—i.e., 8 wells at 2 × 106 per ml.

21| Rest the cells at 37 °C with 5% CO2 in a tissue culture incubator for 3 h.

22| Prepare the LRAs as desired. For example, for PMA/ionomycin stimulation, use concentrations of 50 ng/ml  
and 0.5 Mg/ml, respectively. For Bryostatin-1 use a concentration of 10 nM.
M CRITICAL STEP We recommend titrating these reagents to maximize cell activation and minimize toxicity  
in the time frame studied.

23| Add LRAs to each well for the appropriate final concentration. Mix by pipetting gently, or swirling the plate.

24| Stimulate the cells overnight for 12–18 h at 37 °C with 5% CO2.
M CRITICAL STEP The optimal length of incubation is dependent on the LRA used and should be determined by the user.

Part IIA: cell collection and preparation, viability staining, surface antibody staining and intracellular  
staining L TIMING 4–11 h
25| Cell collection and preparation. As soon as incubation time ends, place all plates at 4 °C. Cool the centrifuge  
to 4 °C. Prepare cold 15-ml conical tubes for each donor/condition. We recommend checking the cultures under a  
microscope and taking note of any loss in viability and activation induced by any stimuli added.

26| Collect the cells by pipetting gently up and down to mix with a 1-ml pipette. Transfer the cells to a 15-ml  
conical tube. Identical wells can be combined.

27| Wash wells with cold R10. Add 1 ml to a well, pipette gently on the base of the well to lift any remaining cells  
and combine into 15-ml conical tubes. Repeat for all donors and conditions.
M CRITICAL STEP As soon as one 15-ml conical tube is full, place it at 4 °C to limit RNA degradation.

28| Centrifuge the conical tubes at 540g for 5 min at 4 °C.

29| Discard the supernatant and gently resuspend the pellet in 1 ml of cold R10 and top up to 10 ml with R10.  
Centrifuge the conical tubes at 540g for 5 min at 4 °C.

30| Discard the supernatant and gently resuspend the pellet in 1 ml of cold 2% (vol/vol) FBS/PBS.

31| Count the isolated CD4 T cells as in Step 6. In particular, take note of the cell viability. Samples with a  
low viability  < 50–60% may produce high background and show poor cell recovery throughout the protocol.
?�TROUBLESHOOTING

32| Top up with 10 ml of cold 2% (vol/vol) FBS/PBS. Centrifuge the conical tubes at 540g for 5 min at 4 °C.
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33| Discard the supernatant and resuspend the pellets at 10 × 106 per ml in cold sterile PBS. Prepare 1-ml aliquots in  
PrimeFlow 1.5-ml low-binding RNase-free tubes for viability staining as described in Steps 36–40.
M CRITICAL STEP If no viability staining is required, resuspend in cold 2% (vol/vol) FBS/PBS, rather than PBS, follow  
Steps 34 and 35 and then proceed to Step 40 for surface staining. We recommend that a viability stain be used for all  
primary cell samples.

34| Centrifuge the tubes (600g, 5 min, 4 °C).

35| Remove 900 Ml with a pipette, or using an aspirator. The line on the tube at 100 Ml can be used as a guide.  
Resuspend the cells in the residual volume either by pipetting gently or vortexing on a low speed.
M CRITICAL STEP We have observed that vortexing, particularly for samples from HIV-infected, untreated individuals,  
has a negative impact on cell viability. We recommend that for fragile samples resuspension be performed carefully and by 
gentle pipetting.

36| Viability stain. Prepare a stock of Fixable Viability stain. 100 Ml of this stock is required per test. See Table 1 for  
example calculations.

37| Add 100 Ml of the Fixable Viability stain to the residual 100 Ml left in each tube from Step 35, giving a volume of  
200 Ml per tube. Mix well by pipetting.

38| Incubate at 4 °C for 20 min in the dark.

39| Add 800 Ml of cold 2% (vol/vol) FBS/PBS and invert the tubes three times to wash.

40| Centrifuge (600g, 5 min, 4 °C), discard the supernatant and resuspend the cells as in Steps 34 and 35.

41| FcR block. Add 1.4 Ml of FcR block to the residual volume in each tube. If FcR block is not required,  
proceed to Step 43.
M CRITICAL STEP We recommend the use of FcR block, particularly when PBMCs are used as the starting cell population, 
to limit nonspecific antibody binding. If no surface stain is required, proceed to Step 48 for fixation.

42| Incubate at 4 °C for 10 min in the dark.

43| Surface antibody stain. During the incubation, prepare a mix of titrated antibodies for the surface stain.
M CRITICAL STEP Antibody selection will affect the quality of the cell staining. See Box 4 for a detailed discussion.
M CRITICAL STEP Using the optimal antibody concentration to maximize the background/noise ratio is key. We advise  
titration of all antibodies used. As a minimum, we recommend antibody staining for basic phenotypic markers  
(e.g., CD3, CD4, exclusion) for cell identification.

 Box 4 | Antibody selection 
As with general flow cytometry experiments, antibody selection (both in terms of the clone and fluorochrome) is critical to obtaining 
optimal results. First, with regard to monoclonal antibody selection, we have observed that some clones do not withstand the  
PrimeFlow procedure as well as others, resulting in a loss of signal. For example, the anti-CD4 clone RPA-T4 is more stable than SK3, 
but the latter can still be used. We recommend that each user test different clones against the antigen of interest before selection. 
Some fluorochromes are incompatible with the assay, including any peridinin chlorophyll protein (PerCP) or -Cy5 conjugates and Qdots. 
Signal from dim fluorochromes (such as V500 or FITC) may be masked by the increase in background associated with the assay. We have 
found that the BV dyes (BD, BioLegend) generally work well. However, we have observed degradation over time with some (BV650,  
in particular). Fluorochrome ‘spreading’ into other channels is also increased as compared with that observed in standard flow  
cytometry—for example, BV605 spreading into PE. These fluorochromes can be used, but only with careful antigen selection. We highly 
recommend the use of FMO (fluorescent minus one) controls to identify any potential issues. We have observed some limited  
interactions between specific BV dyes when multiple dyes are used in the same mix, as reported by BD Bioscience. This can be  
overcome by the addition of BD Horizon Brilliant Buffer (cat. no. 563794) to the antibody mix. We recommend that users determine 
the requirement of this buffer in their antibody panel of interest.
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M CRITICAL STEP If two or more Brilliant Violet (BV), Brilliant Ultra-violet (BUV) and Brilliant Blue (BB) fluorochromes are included 
in the panel, nonspecific interactions may be observed between these colors. Brilliant Stain Buffer (BD Bioscience, cat. no. 563794) 
can be used in preparation of the antibody mixes. We have not observed any issues when using this buffer with PrimeFlow; however, 
we highly recommend that investigators validate their specific antibody combinations with and without this buffer.

44| Add surface antibody mix directly to the residual 100 Ml. Mix well by pipetting.

45| Incubate at 4 °C for 30 min in the dark.

46| Add 1 ml of cold 2% (vol/vol) FBS/PBS and invert the tubes three times to wash.

47| Centrifuge (600g, 5 min, 4 °C), discard the supernatant and resuspend the cells as in Steps 34 and 35, except here 
remove at least 1 ml to return to the 100-Ml residual volume. This volume will now be used for all further steps.

48| Fixation 1 and permeabilization. Make up Fixation Buffer I by mixing equal parts of Fixation Buffer 1A and 1B. 1 ml is 
required per tube. See Table 1 for example preparation calculations. Do not vortex—mix by gently inverting the tube. Freshly 
prepare and use the buffer. Store it at 4 °C until use.

49| Add 1 ml of Fixation Buffer I to the 100-Ml residual volume. Invert to mix.

50| Incubate for 30 min at 4 °C in the dark.

51| Centrifuge at 800g for 5 min at 4 °C.
M CRITICAL STEP Note the increased spin speed after this fixation step. Failure to increase the spin speed will result in cell 
loss. Use 800g for all following steps.

52| Discard the supernatant and resuspend as in Step 35.

53| Prepare a stock of 1 × Permeabilization Buffer plus RNAsin. This buffer should be freshly prepared and stored at 4 °C 
before use. Do not vortex; mix by inverting. 3 ml is required per sample. See Table 1 for example preparation calculations.

54| Add 1 ml of cold Permeabilization Buffer to the 100-Ml residual volume in each tube. Invert to mix.

55| Spin (800g, 5 min, 4 °C), discard the supernatant and resuspend as in Steps 51 and 52.

56| Repeat Steps 54 and 55, such that each tube is washed twice in Permeabilization Buffer.

57| Intracellular antibody stain. Prepare intracellular antibody stains. If using additional intracellular stains, as well as the 
minimum anti-HIV-1 Gag antibody KC57 RD-1, prepare one mix for the additional stain excluding anti-HIV-1 Gag.
M CRITICAL STEP If you are not performing an intracellular stain, proceed to Step 65. This is not recommended for detection 
of translation-competent reservoirs.

58| Add 2 Ml of anti-HIV-1 Gag antibody KC57 RD-1 directly to the residual 100 Ml in each tube. Mix by pipetting gently.

59| Incubate at RT for 30 min in the dark.

60| If you are using additional intracellular antibody stains, add this mix directly to the residual 100-Ml volume. If not, 
proceed to Step 61.

61| Incubate for a further 30 min at 4 °C in the dark, so that the samples are stained with anti-Gag KC57 for a total of 1 h.
M CRITICAL STEP Anti-Gag KC57-RD-1 requires a longer staining time as compared with most intracellular stain (ICS)  
antibodies. We have found that staining with anti-Gag KC57-RD-1 for 30 min at RT, before staining with additional intracellular 
antibodies, is optimal to maximize the anti-Gag signal while minimizing background for additional intracellular antibodies.

62| During this incubation, warm a 50-ml aliquot of Wash Buffer to RT.
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63| Add 1 ml of permeabilization buffer to the residual volume and invert three times to mix.

64| Spin, discard the supernatant and resuspend as in Steps 51 and 52.

65| Fixation 2. Prepare Fixation Buffer II by diluting the stock 8× Fixation Buffer II 1:8 in Wash Buffer at RT. 1 ml is re-
quired per sample. See Table 1 for example calculations. Do not vortex; invert to mix.

66| Add 1 ml of RT Fixation Buffer II to the 100-Ml residual volume and invert three times to mix.

67| Incubate for 1 h at RT in the dark.
J�PAUSE POINT As an alternative to this incubation, samples can be stored overnight in Fixation Buffer II at 4 °C.  
However, we have observed that longer-term storage in fixation buffers increases background and negatively affects 
fluorochrome stability. Therefore, we recommend continuing to a later Pause Point.

Part IIB: labeling of mRNA, amplification, labeling of amplified signal and data acquisition L TIMING 1.5 d
M CRITICAL From this point forward, all buffers should be at RT or warmer; reagents and steps should be carried out  
at RT or above.

68| Labeling mRNA. During the incubation in Step 67, thaw mRNA target probes at RT and prepare mRNA Target Probe  
Mixes in Target Diluent. See Table 1 for example calculations. Mixes should be warmed to 40 °C before use.
M CRITICAL STEP mRNA Target Probe Mix preparation is critical. The target probes should be added directly to the appropri-
ate volume of Target Diluent; do not pipette down the sides. Mixes should be well-mixed by pipetting. The liquids are viscous 
and difficult to work with. We recommend using low-binding RNase-free tips where possible and preparing additional reagent 
to take into account pipetting error. The number of additional tests that we routinely prepare for is shown in Table 3.
M CRITICAL STEP PrimeFlow probes are available in three colors (types): Types 1 (AF647), 4 (AF488) and 6 (AF750).  
Types 1 and 4 are recommended for low-copy-number RNAs or RNAs for which the expression level is not known.  
Antibodies and mRNA probes cannot be used on fluorochromes with overlapping spectra (i.e., a FITC-tagged antibody  
cannot be used with a Type 4 AF488 probe set).

69| Centrifuge the cells in Fixation Buffer II at 800g for 5 min at RT.

70| Discard the supernatant and resuspend as in Step 35.

71| Add 1 ml of RT Wash Buffer to the residual 100-Ml volume. Invert three times to mix.

72| Repeat Steps 69 and 70.

73| Repeat Steps 71 and 72 so that samples are washed twice in RT Wash Buffer.
J�PAUSE POINT To pause the protocol here, prepare Storage Wash Buffer as in the Reagent Setup (see Table 1 for example 
calculations) and use in place of standard Wash Buffer in Step 73. Place samples at 4 °C for overnight storage. After overnight 
storage at 4 °C, warm samples to RT and pipette or gently vortex to resuspend pellets in the residual 100-Ml volume before 
proceeding.  Also warm the Wash Buffer required for Step 79 to RT.

TABLE 3 | Guidelines for preparation of target probes, amplification buffers and label probes.

Number of samples/tubes Number of extra tests prepared

1  + 0.2

2–3  + 0.5

4–10  + 1

10–20  + 2
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74| Add 100 Ml of the warm Target Probe Mix directly to the 100-Ml residual volume; do not add down the sides of the tubes. 
Mix gently by pipetting until the two liquids no longer appear separate. Vortex briefly to mix, with two pulses on a low 
speed. Where possible, work in the dark.
M CRITICAL STEP Ensure that the cell pellets are well resuspended in the residual 100 Ml before addition of the  
Target Probe Mix.

75| Place the samples into a metal heat block within an oven preheated to 40 °C.

76| Incubate for 1 h at 40 °C.
M CRITICAL STEP The correct temperature is very important. We recommend monitoring the temperature at all times. It 
should be 40 °C; a tolerance of ±1 °C is acceptable. The oven used should be well calibrated and the temperature stable.

77| Remove the metal heat block containing the tubes from the oven. Invert the whole heat block to mix, taking care to 
hold the tubes in place.

78| Incubate for a further 1 h at 40 °C.

79| Add 1 ml of RT Wash Buffer to the residual 200-Ml volume. Invert three times to mix.

80| Centrifuge (800g, 5 min, RT), discard the supernatant and resuspend as in Steps 69 and 70.

81| Repeat Steps 79 and 80, so that the samples are washed twice.
J�PAUSE POINT To pause the protocol here, prepare Storage Wash Buffer per the Reagent Setup (see Table 1 for  
example calculations) and use in place of standard Wash Buffer in Step 81. Place samples at 4 °C for overnight storage.  
After overnight storage at 4 °C, warm samples to RT and pipette or gently vortex to resuspend pellets in the residual  
100-Ml volume before proceeding. Also warm the Wash Buffer required for Step 87 to RT.

82| Amplification. Transfer the required volume of preamplification mix to a 1.5-ml RNase-free tube. Place in the heat  
block and warm to 40 °C.

83| Add 100 Ml of the warm preamplification mix directly to the 100-Ml residual volume; do not add down the sides of the 
tubes. Mix gently by pipetting until the two liquids no longer appear separate. Vortex briefly to mix, with two pulses on a 
low speed. Where possible, work in the dark.
M CRITICAL STEP Ensure that the cell pellets are well resuspended in the residual 100 Ml and at RT before addition of the 
preamplification mix.

84| Place the samples into a metal heat block within an oven preheated to 40 °C.

85| Incubate for 1.5 h at 40 °C.

86| Add the required volume of amplification mix to a 1.5-ml RNase-free tube. Place the tube in the heat block  
and warm to 40 °C.

87| Add 1 ml of RT Wash Buffer to the 200-Ml residual volume. Invert three times to mix.

88| Centrifuge (800g, 5 min, RT), discard the supernatant and resuspend as in Steps 69 and 70.

89| Repeat Steps 87 and 88 twice, so that the samples are washed three times.

90| Add 100 Ml of the warm amplification mix directly to the 100-Ml residual volume; do not add down the sides of the 
tubes. Mix gently by pipetting until the two liquids no longer appear separate. Vortex briefly to mix, with two pulses on a 
low speed. Where possible, work in the dark.

91| Incubate for 1.5 h at 40 °C.

92| During this incubation, transfer the required volume of Label Probe Diluent to a 1.5-ml RNase-free tube. See Table 1 for 
example calculations. Place in the heat block and warm to 40 °C. Thaw the Label Probes mix in the dark on ice.
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93| Add 1 ml of RT Wash Buffer to the 200-Ml residual volume. Invert three times to mix.

94| Centrifuge (800g, 5 min, RT), discard the supernatant and resuspend as in Steps 69 and 70.

95| Repeat Steps 93 and 94 twice, so that the samples are washed two times.

96| Labeling amplified signal. Prepare the Label Probe Mix as described in the Reagent Setup. See Table 1 for example  
calculations. Ensure that the Label Probe diluent is at 40 °C before use and that the Label Probes have completely  
thawed. Mix by pipetting gently; do not vortex. We recommend limiting the number of freeze–thaw cycles for the label 
probe. If  > 5 freeze–thaw cycles are expected, aliquots should be prepared.

97| Add 100 Ml of the warm Label Probe mix directly to the 100-Ml residual volume; do not add down the sides of the tubes. 
Mix gently by pipetting. Vortex briefly, with two pulses on a low speed.

98| Incubate for 1 h at 40 °C.

99| Add 1 ml of RT Wash Buffer to the 200-Ml residual volume. Invert three times to mix.

100| Centrifuge (800g, 5 min, RT), discard the supernatant and resuspend as in Steps 69 and 70.

101| Repeat the wash in Steps 99 and 100 with Wash Buffer.

102| Acquisition. For acquisition on a flow cytometer, complete a final wash with either Storage Buffer or  
2% (vol/vol) FBS/PBS.
J�PAUSE POINT Samples can be stored overnight in 2% (vol/vol) FBS/PBS, or for 1 week in Storage Buffer, at 4 °C,  
depending on the fluorochromes used. We recommend acquiring the samples as soon as possible.

103| Acquire the samples on a flow cytometer equipped with the appropriate lasers and filter sets for the panel used.  
In the examples shown in Figures 5–8 and Supplementary Figure 1, samples were acquired on a modified 5-laser  
BD LSRII.
M CRITICAL STEP Ensure that the flow cytometer is clean before use; false-positive events will affect the limit of  
detection of the assay.
M CRITICAL STEP We recommend running samples slowly to decrease the electronic abort rate. In our experience,  
diluting samples to ~2,000 events per second and running at the lowest speed setting on a BD LSRII allows for maximal  
cell and event recovery.
M CRITICAL STEP Collecting a large number of events (2–4 million) takes up considerable memory and may cause issues with 
acquisition software; therefore, we recommend collecting data only within the ‘Lymphocyte’ or P1 gate to minimize data usage.
?�TROUBLESHOOTING
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Figure 5 | Representative staining of mRNA-positive controls processed as described in the complete protocol, demonstrating the expected distribution 
of fluorescence intensities and frequencies of mRNA+ cells. The frequencies of mRNA+ CD4 T cells were determined using a histogram gate (represented 
by a black line) and are shown as a percentage of the parent population indicated above the plot. Gates were drawn using a negative control—here the 
uninfected donor (UC) control. Samples were acquired on a modified 5-laser BD LSRII and analyzed using FlowJo v9 and v10 for Mac. (a) CD4 T cells  
labeled for the housekeeping mRNA RPL13A. The majority of cells are positive for the housekeeping gene. (b,c) CD4 T cells from an uninfected control  
(UC, b) or an HIV-infected individual (HIV + , c) were cultured to establish a spreading infection in vitro as described in Box 2 and labeled for GagPol mRNA. 
Low background staining is shown in b for the UC. In c, staining is shown for total CD3 +  CD4 T cells, or CD3 +  CD4dim T cells, demonstrating the increased 
frequency of HIV mRNA +  CD4 T cells in the CD4dim population. 
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Data analysis L TIMING 1–4 h
M CRITICAL Analyze the data using FlowJo v9 and  
v10 for Mac.

104| Gate on lymphocytes based on side scatter pulse  
area (SSC-A) versus forward scatter pulse area (FSC-A)  
using a restrictive gate, as shown in Supplementary  
Figure 1a.

M CRITICAL STEP A restrictive gate here helps eliminate 
autofluorescent cells.

105| Exclude doublets using side scatter pulse height/width 
(SSC-H/W) and forward scatter pulse height/width (FSC-H/W) 
as in Supplementary Figure 1b.

106| Exclude dead/dying cells using a viability stain, as shown in Supplementary Figure 1c.

107| For the identification of CD4 T cells, gate on exclusion channel–negative (e.g., CD8, CD14, CD19) events as  
in Supplementary Figure 1d. If a stimulation that may induce CD3 and/or CD4 downregulation (such as PMA/ionomycin)  
is used, proceed directly to Step 109.
M CRITICAL STEP We recommend the use of FMOs to guide gating of most phenotypic protein markers (except for  
HIV Gag protein—see Step 109). Autofluorescence is increased with the protocol, so FMOs must undergo the  
complete protocol.

108| Where CD3 is not downregulated by the conditions used, gate CD3 +  events as shown in Supplementary Figure 1e.
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Figure 7 | Comparison of single mRNA, dual mRNA and protein staining on 
subject samples. Samples from one uninfected control (UC) and two chronic 
progressors (CPs) were processed as in the complete protocol. Events within 
gates are shown in color (GagPol mRNA +  in red, Gag protein +  in blue, 
GagPol mRNA +  Gag protein +  double positive in purple) and overlaid onto 
total events in gray. (a,b) Single stains for either Gag protein (a) or GagPol 
mRNA (b) result in a high background in the UC, which prevents accurate 
detection of low-frequency HIVGag +  or HIVRNA +  events in CP samples. (c) 
In comparison, dual staining for Gag protein and GagPol mRNA enables 
identification of low frequencies of HIVRNA + /Gag +  cells. This is summarized 
in d, where populations and gates from a–c are overlaid. Viral loads (VLs) 
are indicated as vRNA copies per ml. Numbers indicate positive events per 
million CD4 T cells. All gates were drawn based on the UC GagPol mRNA +  
Gag protein +  gate in c. In all cases, 2 × 106 CD4 T cells were analyzed by 
flow cytometry. Samples were acquired on a modified 5-laser BD LSRII and 
analyzed using FlowJo v9 and v10 for Mac.
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Figure 6 | Example flow cytometry plots from Steps 104 to 109 showing 
primary CD4 T-cell samples processed with the HIVRNA/Gag assay, 
demonstrating expected staining patterns and frequencies of HIVRNA + /Gag +  
cells. Samples were acquired on a modified 5-laser BD LSRII and analyzed 
using FlowJo v9 and v10 for Mac. Plots are shown for either unstimulated 
(blue) samples or samples following stimulation with PMA/ionomycin 
(PMA/iono, red). An HIV-uninfected negative-control donor (UC, 2 × 106 CD4 
cells analyzed per condition) is used for gating, as described in Step 109, 
and illustrates expected low background. Detection of HIVRNA + /Gag +  events 
in HIV-infected, untreated chronic progressor samples (CP, 4–8 × 105 CD4 
cell analyzed per condition) define the CD4 T cells infected with translation-
competent virus and maintaining an active in vivo infection. In HIV-infected, 
virally suppressed ART-treated donors (ART-T, 1–2 × 106 CD4 cells analyzed 
per condition), HIVRNA + /Gag +  CD4 T cells detected following stimulation with 
PMA/iono represent the translation-competent latent reservoir. Numbers 
shown are events per 106 CD4 T cells. 
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109| Gate GagPol mRNA +  Gag Protein +  double-positive cells (the HIVRNA + /Gag +  population) using an HIV-uninfected control 
(UC) donor sample as a guide. See Figures 5–7  for example gating using UC donor samples.

M CRITICAL STEP This sample should be treated identically and stained in parallel to the samples of interest. Cell number is 
also important—the same number of cells should be used for the UC as for the samples of interest.
?�TROUBLESHOOTING 

?�TROUBLESHOOTING
Troubleshooting advice can be found in Table 4.

TABLE 4 | Troubleshooting table.

Step(s) Problem Possible reason Solution

6, 17, 31, 103, 
104–109

Poor cell recovery or high amounts 
of debris

Low viability of starting cells Improve cell culture and preparation

Incorrect spin speeds Check spin speeds (note increased speed 
after fixation) in all centrifugations,  
particularly from Step 51 onward

Low starting cell number Increase cell starting number

Harsh cell treatment Limit vortexing of samples and handle 
them carefully throughout the protocol; 
see Step 35 for correct procedure

103, 104–109 Poor mRNA staining Oven temperature was incorrect in 
Steps 76, 78, 85, 91 and 98

Recalibrate the oven

Oven temperature was unstable in 
Steps 76, 78, 85, 91 and 98

Carefully monitor the oven temperature 
throughout the protocol

Incorrect amount of mRNA Target 
Probes was used in Step 68

Use Target Probes at a 1:20 ratio

Incorrect amount of Label Probes 
used in Step 96

Use Label Probes at a 1:100 ratio

High residual volume in tubes  
following washes in Steps 73, 81, 
89 and 95

Maintain residual volume at 100 Ml

mRNA degradation in Steps 1–64. 
See Step 27 for example

Ensure that cells are in the growth phase 
before use. Work at 4 °C before fixation

Poor cell permeabilization and/or 
fixation in Steps 48, 53 and 65

Check Reagent Setup (Table 1). Use 
buffers prepared on the same day. Check 
incubation times and temperatures

Poor washing in Steps 71–73, 
79–81, 87–89, 93–95, 99–101

Ensure that all wash steps are followed, 
using the appropriate buffer at the 
required temperature

High background in mRNA channel/
high mean fluorescence intensity 
(MFI) of mRNA-negative population

Low viability/number of starting 
cells in Steps 1–24 and 36–40. 
Check viability at Step 31

Improve cell culture and preparation. 
Use Viability Stain to exclude dead cells

Incorrect amount of mRNA Target 
Probes used in Step 68

Use Target Probes at a 1:20 ratio

Incorrect amount of Label Probes 
used in Step 96

Use Label Probes at a 1:100 ratio

(continued)



  xxxvii 

 
 

©
20

17
 M

ac
m

ill
an

 P
ub

lis
he

rs
 L

im
ite

d,
 p

ar
t o

f S
pr

in
ge

r 
N

at
ur

e.
 A

ll 
ri

gh
ts

 r
es

er
ve

d.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

PROTOCOL

2046  | VOL.12 NO.10 | 2017 | NATURE PROTOCOLS

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

L TIMING
Steps 1–7, thawing of PBMC samples: 1–3 h, depending on sample number
Steps 8–18, CD4 T-cell isolation: 1–1.5 h, depending on sample number
Steps 19–24, reactivation of reservoirs: 15–21 h, depending on LRA used
Steps 25–35, sample collection and preparation: 0.5–3 h, depending on sample number
Steps 36–42, viability staining and FcR block: 1.5 h
Steps 43–47, surface antibody staining: 1 h
Steps 48–56, fixation 1 and permeabilization: 1.5 h
Steps 57–64, intracellular staining: 2 h
Steps 65–67, fixation 2: 2 h
Steps 68–81, mRNA labeling: 2 h
Steps 82–95, amplification of mRNA signal: 4 h
Steps 96–101, labeling of amplified signal: 2 h
Steps 102 and 103, sample acquisition: 2–6 h
Steps 104–109, data analysis: 1–4 h
Box 2, ex vivo viral propagation for positive-control CD4 T cells: 8.5 d
Box 5 , sorting of HIVRNA/Gag assay samples for microscopy: 3.5 d for HIVRNA/Gag assay sorting and imaging

TABLE 4 | Troubleshooting table (Continued).

Step(s) Problem Possible reason Solution

103, 104–109 Unclean flow machine/samples run 
too quickly

Clean the flow cytometer well before use. 
Run samples at ~2,000 events per s

Low residual volume following 
washes in Steps 73, 81, 89 and 95

Residual volume should be 100 Ml

Incorrect fixation time in Steps 50 
and 76

Check fixation time—longer fixations 
can increase the background

Poor washing in Steps 71–73,  
79–81, 87–89, 93–95 and 99–101

Ensure that all wash steps are followed, 
using the appropriate buffer at the 
required temperature

No HIVRNA + /Gag +  cells detected Low starting cell number in Step 23 See ‘Limitations’ for discussion of start-
ing cell number

Poor mRNA staining Run a positive-control sample to rule out 
assay issues

Poor antibody staining Clone was unstable during the 
protocol

Test new antibody clones. See Box 4 for 
further information

Fluorochrome was unstable during 
the protocol

Test additional fluorochromes. See Box 4 
for further information

Incorrect incubation times/
temperatures in Steps 43 and 61

For anti-Gag KC57, stain for 1 h (30 min 
at RT, 30 min at 4 °C)

Nonoptimal antibody concentration 
in Step 43

Titrate all antibodies before use

Incorrect compensation See Box 4 for details

Interactions between BV, BUV and 
BB polymer dyes

Prepare antibody mixes with BD Horizon 
Brilliant Stain Buffer (cat. no. 563794) 
and compare with the standard mix to 
determine whether this buffer is required
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ANTICIPATED RESULTS
Positive-control samples can be used to optimize the 
HIVRNA/Gag assay in individual laboratories and are recom-
mended for users unfamiliar with RNA Flow FISH or any of 
the steps within. Example staining for RPL13A housekeeping 
gene mRNA on expanded CD4 T cells, stained with a basic 
panel such as Panel A from Table 2, is shown in Figure 5a. 
RPL13A is stained with a Type 1 (AF647) probe here. As 
shown in the histogram, a majority of the cell population is 
clearly identified as positive for this mRNA. Example GagPol 
mRNA staining is shown in Figure 5b,c. Here, CD4 T cells 
from an HIV-uninfected negative-control donor (UC, Fig. 
5b) or an HIV-infected donor (HIV + , Fig. 5c) were activated 
in vitro, and then cultured to allow an autologous spreading 
infection to be established as detailed in Box 2. Samples 
were stained with stains from Panel B in Table 2. We expect 
very low background staining to be observed for the UC. For 
the HIV +  sample, when gating on total CD3 +  CD4 T cells, 
0.5–18% of cells can be expected to be HIVRNA + , depend-
ing on the donor. When gating on CD3 +  CD4 dim cells, the 
frequency is increased; in the example shown, ~50% of the 
cells are HIVRNA + . The mRNA +  population is clear, at least 
one log above background, giving a distinct peak.

Example GagPol mRNA and Gag protein staining of CD4 T 
cells for a UC, HIV-infected, untreated, chronic progressing 
(CP) individuals and two HIV-infected, ART-treated participants (ART-T) is shown in Figure 6 . Samples were gated as in  
Supplementary Figure 1 , except that no gating was performed based on CD3, as this marker was downregulated with stimu-
lation. The false-positive rate observed in UC is exceptionally low. We observed a total of 3 false-positive HIVRNA + /Gag +  cells 
from a total of 30.5 × 106 UC donor CD4 T cells tested—an average of 0.1 false-positive HIVRNA + /Gag +  events per 106 cells. 
The frequencies detected in HIV-infected primary samples vary considerably, depending on participant factors, including viral 
load and ART, as well as the stimulation used15. In samples from CP individuals, we readily detected HIVRNA + /Gag +  CD4 T cells 

 Box 5 | Sorting of HIVRNA/Gag assay samples for microscopy L TIMING 3.5 d
HIV mRNA and protein can be visualized in CD4 T cells from HIV-infected subjects by microscopy using the HIVRNA/Gag assay. In our 
case, isolated CD4 T cells infected with autologous virus after an ex vivo expansion for 7 d were used as in Box 2. This box continues 
from Step 102 of the main PROCEDURE. Process samples as described in the complete, detailed protocol. Samples should be stained 
with a minimal panel such as Panel B of Table 2, except that staining for CD3 and CD4 is not required.
Additional reagents/equipment
poly-L-lysine (0.01%, Sigma-Aldrich. cat. no. P8920)
DAPI (Sigma-Aldrich, cat. no. D9542)
M-Slide VI 0.4 slides (Ibidi, cat. no. 80601)
Procedure
1.  Follow Steps 1–102 of the main PROCEDURE and store the cells overnight in storage buffer if needed.
2.  Coat M-Slide VI 0.4 slides with poly-L-lysine (0.01%) for 30 min at RT. Aspirate poly-L-lysine solution and wash the slides with PBS. 

Dry them at RT overnight. Slides can be stored at 4 °C until use (for a maximum of 3 months).
3.  Sort live, CD8 − CD14 − CD19 −  cells based on HIVmRNA/Protein expression pattern as desired (e.g., low/high-intensity mRNA staining15). 

Centrifuge (5 min, 800g, RT) and resuspend the cells in storage buffer. Cells can be stored at 4 °C for short-term (<1 week) storage 
or frozen at –20 °C for long-term storage (maximum 6 months). In the example shown in Figure 9 , cells were sorted using a BD 
FACS Aria and BD DIVA.

4.  Quench with glycine (100 nM, 10 min, RT) to decrease autofluoresence.
5.  Wash the cells with PBS, centrifuge (800g, 5 min, RT), discard the supernatant and resuspend.
6.  Stain the nucleus with DAPI (1–100 ng/ml, 2 min, RT). The optimal DAPI concentration may vary depending on cell type and  

microscope setup; therefore, we recommend that users titrate their own stock.
7.  Wash the cells with PBS, centrifuge (5 min, 800g, RT), discard the supernatant and resuspend.
8.  Plate cells onto poly-L-lysine-coated slides prepared in step 5.
9.  Image the cells by confocal microscopy using appropriate filter sets (AF647 for HIV GagPol mRNA Type 1, PE for HIV Gag protein, 

DAPI for nuclear staining). We recommend using mRNA or Gag protein single-stained cells as controls.
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Figure 8  | Example HIVRNA/Gag assay staining and concurrent phenotyping 
of the translation-competent latent viral reservoir following LRA-induced 
reactivation for a virally suppressed, ART-treated individual. Such staining 
can be used to identify the phenotype of the CD4 T cells that are able 
to respond to LRA stimulation by production of HIV mRNAs and protein. 
Samples were processed as in the complete protocol, using Panel C from 
Table 2. (a) Example HIVRNA/Gag assay staining demonstrating detection 
of the translation-competent latent reservoir. (b) Example flow cytometry 
plot demonstrating the use of markers CD45RA and CD27 to phenotype 
the translation-competent latent viral reservoir. CD45RA − CD27 −  cells are 
classified as effector memory cells; CD45RA − CD27 +  as central/transitional 
memory cells; CD45RA + CD27 +  as naive cells; and CD45RA + CD27 −  as 
terminally differentiated cells. HIVRNA + /Gag +  events in purple are overlaid 
onto total CD4 events in gray. 6 × 105 CD4 T cells were analyzed by flow 
cytometry. Samples were acquired on a modified 5-laser BD LSRII and 
analyzed using FlowJo v9 and v10 for Mac.



  xxxix 

 
 

©
20

17
 M

ac
m

ill
an

 P
ub

lis
he

rs
 L

im
ite

d,
 p

ar
t o

f S
pr

in
ge

r 
N

at
ur

e.
 A

ll 
ri

gh
ts

 r
es

er
ve

d.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

PROTOCOL

2048 | VOL.12 NO.10 | 2017 | NATURE PROTOCOLS

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

in the absence of stimulation (median[range]  =  123[1.5–230]/106 CD4 T cells). The size of this population was increased 
upon stimulation with PMA/ionomycin (median[range]  =  311[3.6–768]/106). By contrast,  
in samples from ART-T individuals in the absence of stimulation, HIVRNA + /Gag +  CD4 T cells were rare or absent  
(median[range]  =  0.55[0–2.6]/106). However, following stimulation, the latent translation-competent reservoir could be 
detected in CD4 T cells from all but one of the 14 ART-T donors (median[range]  =  3.56[1.52–660]/106)15.

The marked gain in specificity with the HIVRNA/Gag assay as compared with standard flow-cytometry-based methods  
is due to the simultaneous detection of HIV mRNAs and proteins. As illustrated in Figure 7, high background staining is  
observed in the representative HIV-UC when analysis is performed using HIV Gag protein or GagPol mRNA staining alone 
(Fig. 7a,b). This background is sufficient to effectively mask the signal from two HIV-infected, untreated CP individuals,  
in particular for CP individual 2, who has a low viral load ( < 10,000 copies per ml). However, dual staining for both Gag 
protein and GagPol mRNA results in a decrease in background for the UC (0 events detected in 2 × 106 CD4 for this UC) and 
enables identification of rare HIVRNA + /Gag +  CD4 T cells in both CP individuals at very low frequencies (13 per million for CP 
individual 2, Fig. 7c,d).

A major advantage of the HIVRNA/Gag assay is that it can be used to characterize and phenotype HIV reservoirs on a  
single-cell level. In Figure 8, example flow cytometry plots are shown for samples from an ART-T individual, in which  
isolated CD4 T cells were stimulated with the LRA Bryostatin-1 (10 nM, 18 h) and stained as in Panel C of Table 2. CD4  
T cells were gated first as in Supplementary Figure 1, except that no gating was performed based on CD3, as this marker 
was downregulated with stimulation. HIVRNA + /Gag +  events were then gated as in Figure 8a. These HIVRNA + /Gag +  events, 
which represent the bryostatin-reactivated translation-competent reservoir, can then be analyzed for expression of additional 
phenotypic markers such as CD45RA and CD27, shown in Figure 8b as compared with the total CD4 phenotype.

Samples that have been processed with the HIVRNA/Gag assay can be used in downstream applications, including FACS  
and microscopy. This technique can be used to identify and sort very rare populations of cells, enabling microscopy analysis 
of a pure population of interest. Example images from HIV-infected CD4 T cells processed as in Box 5, and sorted and  
analyzed by microscopy are shown in Figure 9.
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Figure 9 | The HIVRNA/Gag assay enables the microscopy analysis of rare populations of HIV-infected CD4 T cells, by sorting the rare populations of interest 
before microscopy. In the two examples shown here, CD4 T cells were processed with the full HIVRNA/Gag assay protocol from Steps 1 to 102, and then the  
rare HIVRNA + /Gag +  CD4 T cells were sorted and imaged as described in Box 5. Two populations were sorted: CD4 T cells positive for HIV GagPol mRNA only 
(HIVRNA + /Gag − , top panel) and CD4 T cells positive for both HIV GagPol mRNA and Gag protein (HIVRNA + /Gag + , lower panel). Images are shown first as single 
channels (DAPI in blue, GagPol mRNA in green, Gag protein in red). Overlay analysis can be used to determine the cellular localization and colocalization 
of GagPol mRNAs and Gag protein. For example, in the HIVRNA + /Gag −  population, GagPol mRNA expression is restricted to the nucleus. In comparison, in the 
HIVRNA + /Gag +  population, GagPol mRNA is found in both the nucleus and the cytoplasm, with Gag protein found only in the cytoplasm. This suggests that 
the HIVRNA + /Gag −  population may represent an early stage in the viral life cycle, or infection with defective viruses, whereas the HIVRNA + /Gag +  population 
represents productively infected CD4 T cells. Scale bars, 10 Mm.
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Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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Abstract: Passive administration of broadly neutralizing antibodies (bNAbs) capable of recognizing a
broad range of viral strains to non-human primates has led to protection from infection with chimeric
SIV/HIV virus (SHIV). This data suggests that generating protective antibody responses could be
an effective strategy for an HIV vaccine. However, classic vaccine approaches have failed so far to
induce such protective antibodies in HIV vaccine trials. HIV-specific bNAbs identified in natural
infection show high levels of somatic hypermutations, demonstrating that they underwent extensive
affinity maturation. It is likely that to gain ability to recognize diverse viral strains, vaccine-induced
humoral responses will also require complex, iterative maturation. T follicular helper cells (Tfh) are a
specialized CD4+ T cell subset that provides help to B cells in the germinal center for the generation
of high-affinity and long-lasting humoral responses. It is therefore probable that the quality and
quantity of Tfh responses upon vaccination will impact development of bNAbs. Here, we review
studies that advanced our understanding of Tfh differentiation, function and regulation. We discuss
correlates of Tfh responses and bNAb development in natural HIV infection. Finally, we highlight
recent strategies to optimize Tfh responses upon vaccination and their impact on prophylactic HIV
vaccine research.

Keywords: CD4 T cell help; T follicular helper cells (Tfh); B cells; antibody; broadly neutralizing
antibody (bNAb); HIV; vaccine

1. Introduction

Most successful vaccines (e.g., against hepatitis B, yellow fever, and smallpox) work by
inducing long-lasting neutralizing antibody responses that prevent infection of target cells [1].
Current human immunodeficiency virus (HIV) prevention strategies, including public awareness
campaigns, condom use, and post-exposure prophylaxis, led to a decline of the annual number of
new HIV infections to 1.8 million worldwide. In addition, full suppression of viral replication by
antiretroviral therapy (ART) in HIV-infected individuals strongly reduces transmission rates. However,
ending the pandemic without an effective vaccine seems unlikely [2].

Env is the only viral protein expressed on the surface of free, mature HIV virions.
Broadly neutralizing antibodies (bNAbs) are able to recognize a variety of different HIV strains
by targeting conserved regions of the HIV envelope protein. Passive administration of bNAbs
has been shown to prevent infection in non-human primate (NHP) models [3–5]. In these studies,
infused animals were challenged with Simian Human Immunodeficiency Virus (SHIV), a chimeric viral
construct with an HIV envelope in an SIV backbone, which allows studying humoral responses against
HIV in an animal model. These results suggest that vaccine-induced protective antibody responses

Viruses 2018, 10, 336; doi:10.3390/v10060336 www.mdpi.com/journal/viruses
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could also serve as a strategy for an HIV vaccine. However, the induction of long-lasting bNAbs
responses remains a major challenge and has been unsuccessful in human HIV vaccine trials [6].

High quality and long-lived humoral immune responses require help from a specialized CD4+ T
cell subset called T follicular helper cells (Tfh) [7]. Tfh cells differentiate from naïve CD4+ T cells upon
interaction with antigen-presenting dendritic cells (DCs) and migrate to the germinal center (GC) of
secondary lymphoid organs. There, they control B cell proliferation, affinity maturation, class-switch
recombination (CSR), and long-lasting memory formation. They therefore play an important role
in the generation of protective antibody responses [7]. HIV is characterized by exceptionally high
mutation rates, and the human immune system lags behind the evolution of autologous strains:
most circulating viruses are resistant to neutralizing antibodies in serum from the same time point.
After years of infection, a minority of HIV individuals (in the range of 10–20%) develop potent
antibodies capable of neutralizing diverse primary isolates [8]. In contrast to neutralizing antibodies
against most other pathogens, these potent HIV-specific bNAbs usually exhibit high rate of somatic
hypermutations (SHM), which are necessary for neutralizing potency and breath. This suggests
that HIV-bNAbs must have undergone multiple rounds of affinity maturation in the GC [9]. It is
therefore likely that, compared to conventional vaccine strategies, more efficient Tfh responses are
required for the generation of HIV-specific bNAbs. In this review, we highlight recent findings
on Tfh differentiation, function and regulation as well as correlates of Tfh responses and bNAb
development during natural HIV infection. We report on strategies to optimize Tfh and GC responses
for the induction of effective antibody responses, some of which have already shown some success
in non-HIV-vaccines in humans or HIV-related vaccine studies in NHPs. These findings may guide
future approaches for the development of a prophylactic HIV vaccine.

2. Tfh Differentiation

Tfh cells are a specialized CD4+ T helper subset, characterized by the expression of CXCR5,
the ligand for the chemokine CXCL13, which allows their migration into the GC of secondary lymphoid
organs [10,11]. There, they provide B cell help for the generation of high affinity antibody responses.
Further phenotypic and functional markers include Bcl6, PD-1, ICOS, CD40L and IL-21, which are
important for differentiation and function of Tfh cells and can be expressed at different levels depending
on the differentiation status.

Tfh differentiation is a multifactorial and multistep process (see Overview, Figure 1). Initially,
naïve CD4+ T cells are primed by antigen-presenting DCs in the T cell zone of secondary lymphoid
organs. Early expression of the transcription factors Lef-1 and Tcf-1 primes naïve CD4+ T cells for
further Tfh-promoting signals and leads to the upregulation of the transcriptional repressor Bcl6 [12,13],
which is absolutely required for Tfh development [14–16]. Bcl6 acts together with other Tfh-related
transcription factors (e.g., Maf and Ascl2) to repress non-Tfh related signature genes and induce key
Tfh-associated genes such as PD-1 and CXCR5 [14,17,18]. Expression of CXCR5 and concomitant
downregulation of CCR7 on the cell surface allows early Tfh cells to migrate to the T-B border [19].
There, Tfh cells interact with antigen-presenting B cells via ICOS-ICOSL [20], which leads to the
reinforcement and persistence of the Tfh signature, and migration into the B cell follicle for the
formation of GCs [21]. Further interactions between Tfh and antigen-presenting B cells in the GC are
necessary to sustain Tfh commitment, demonstrating that continuous antigenic activation is important
for their maintenance [22].

Signalling molecules involved in the positive or negative regulation of Tfh differentiation present
some notable differences between mice and humans and are shown in Table 1. In addition, quantitative
signals related to strong and prolonged interaction between the T cell receptor and the major
histocompatibility complex class II (MHCII) molecule favours Tfh vs. non-Tfh commitment [23].
A better understanding of how Tfh differentiation can be regulated in humans is of great importance
as these pathways might serve as target to induce and regulate Tfh responses for vaccine strategies.
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SHM, and CSR (5); B cells migrate to the light zone to receive survival and selection signals. They take 
up and process antigen (purple) from FDCs (6) and subsequently present it to GC Tfh cells (4). High 
affinity B cells are able to capture and present more antigen and therefore receive more Tfh cell help. 
Repeated circulation of B cells between DZ and LZ results in the acquisition of high levels of SHM 
and selection of high affinity clones. B cells eventually differentiate into antibody-producing plasma 
cells or memory B cells and enter the blood circulation (7); Tfr cells can inhibit GC Tfh and B cell 
responses via multiple mechanisms (8); DC: dendritic cell, Tfh: T follicular helper cell, SHM: somatic 
hypermutation, CSR: class switch recombination, FDC: follicular dendritic cell, DZ: dark zone; LZ: 
light zone; Tfr: follicular T regulatory cell. 
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Figure 1. Overview of Tfh differentiation and function. Naïve CD4+ T cells are primed by
antigen-presenting dendritic cells in the T cell zone of secondary lymphoid organs (1); Specific cytokines,
co-signalling surface receptor molecules (see Table 1) and a prolonged DC-naïve CD4 interaction favour
Tfh commitment. Tfh-polarized cells downregulate CCR7 and express CXCR5, the CXCL13 ligand,
which allows their migration to the T-B-border (2); where first interaction with B cells occurs (3);
Tfh cells then migrate into the germinal center, where further interaction with GC B cells sustains the
GC Tfh polarization (4); In the dark zone of the GC, B cells undergo proliferation, affinity maturation
via SHM, and CSR (5); B cells migrate to the light zone to receive survival and selection signals.
They take up and process antigen (purple) from FDCs (6) and subsequently present it to GC Tfh cells
(4). High affinity B cells are able to capture and present more antigen and therefore receive more Tfh
cell help. Repeated circulation of B cells between DZ and LZ results in the acquisition of high levels
of SHM and selection of high affinity clones. B cells eventually differentiate into antibody-producing
plasma cells or memory B cells and enter the blood circulation (7); Tfr cells can inhibit GC Tfh and B cell
responses via multiple mechanisms (8); DC: dendritic cell, Tfh: T follicular helper cell, SHM: somatic
hypermutation, CSR: class switch recombination, FDC: follicular dendritic cell, DZ: dark zone; LZ: light
zone; Tfr: follicular T regulatory cell.

Table 1. Signalling molecules regulating Tfh differentiation in mice and humans.

Signalling
Molecule/Receptor Pair Species Role in Tfh

Differentiation
Source/Interacting

Cell Type References

IL-6/IL-6R Mouse Promotion DCs, B cells [24,25]
IL-12/IL-12R Mouse, human Promotion DCs [26–28]
IL-21/Il-21R Mouse Promotion T cells [29,30]
IL-23/IL-23R Human Promotion DCs [31]
IL-27/IL-27R Mouse Promotion DCs [32,33]

IFN-�/IFN-�R Mouse Promotion T cells [34]

TGF-�/TGF-�R Mouse, human Inhibition (mouse),
Promotion (human) DCs [31,35,36]

Activin A/Activin-R Human Promotion DCs [37]
Ox40L/Ox40 Mouse, human Promotion DCs, B cells [20,38]
ICOSL/ICOS Mouse, human Promotion B cells [39–41]

B7/CD28 Mouse Promotion DCs, B cells [42,43]
SLAM family members Mouse, human Promotion B cells [44,45]

IL-2/IL-2R Mouse, human Inhibition T cells [37,46–48]
IL-7/IL-7R Mouse Inhibition DCs [49]
B7/CTLA-4 Mouse Inhibition - [42,50]
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3. T-Cell Dependent Antibody Responses

B cell differentiation and isotype switch can occur after initial T-B interaction and outside of
the GC. This extrafollicular response emerges early after immunization and provides a first line of
protective antibodies upon infection [51]. However, plasma cells generated following this type of
interaction are usually short-lived and of low affinity due to only minimal affinity maturation [51].
For the efficient neutralization of viruses and other pathogens, high affinity antibodies are required.
In addition, induction of long-lived memory B cell responses after infection or vaccination is desired to
ensure long-term immunity. Both can be achieved in the GC reaction.

GC Tfh cells play a central role as they regulate multiple aspects of this process: B cell survival,
proliferation, SHM, CSR, and differentiation. Tfh cells reside in the light zone of a mature GC.
There, B cells take up antigen from follicular dendritic cells (FDCs), process it and present it to GC Tfh
via MHCII. During this process, B cells compete for limited Tfh help: High affinity B cells, which were
able to capture and therefore present more antigen compared to B cells with lower affinity, are more
likely to receive Tfh signals [52,53]. Selected B cells enter the dark zone (DZ), where they proliferate and
undergo SHM of the B cell receptor (BCR) V-region genes, the rate of which directly correlates with the
Tfh help received in the light zone (LZ) [54]. During this process, mainly single nucleotide exchanges
are introduced, resulting in a random modification of the BCR binding-affinity. GC B cell clones return
to the LZ and are further selected by Tfh based on their antigen binding capacity. Repeated circulation
between the LZ for selection for high-affinity and DZ for proliferation and affinity maturation results
in the acquisition of elevated rates of somatic mutations and ensures the dominance of high-affinity B
cell clones. Eventually, B cells differentiate into long-lived plasma cells or memory B cells and enter
the circulation, thus allowing seeding of other anatomic locations.

Tfh help in the GC occurs via direct cell-cell interactions with B cells and secretion of cytokines.
Some important mediators for B cell survival, proliferation, and differentiation are summarized in
Table 2. In addition, B cell functions and differentiation can be complemented and modulated by
a variety of other cytokines that regulate alone or in combination CSR and differentiation and thus
outcome of antibody responses (reviewed in [55]). Signals regulating GC B cell differentiation to
plasma cell vs. memory B cells are not well understood but recent studies suggested that high affinity
B cell antigen interaction and IL-21 produced by Tfh cells favour plasma cell differentiation [56,57].

Table 2. Tfh mediators for B cell activation, differentiation and affinity maturation.

Tfh Functional Molecule Effect on B Cells References

IL-21 CSR, activation, proliferation, SHM, plasma cell differentiation [57–59]
IL-4 Proliferation, CSR, SHM [60,61]
IL-10 Proliferation, CSR, plasma cell differentiation [62,63]

CD40L Activation, proliferation, CSR [64]

4. Memory and Circulating Tfh Cells

GC Tfh cells have been shown to form a pool of memory cells upon antigen clearance in both mice
and humans. Memory Tfh cells localize together with antigen-specific memory B cells in the draining
lymph node (LN) for the rapid induction of humoral responses upon re-exposure to antigen [65].
A subset of CD4 T cells in peripheral blood, termed circulating Tfh (cTfh) or peripheral Tfh (pTfh),
shares several features with tissue Tfh [66]. cTfh cells have a memory phenotype and express CXCR5,
although at lower levels compared to their GC counterparts [67]. In addition, certain phenotypic
markers of GC Tfh, e.g., BCL6, are lost or downregulated [68]. Studies in mice showed that cTfh cells
originate from GC Tfh cells that left the GC into the blood. Upon activation cTfh cells can migrate to the
GC secondary lymphoid organs for the interaction with B cells [69]. In humans, matched samples from
blood and tonsils revealed that after vaccination clonal relatives of GC Tfh enter the circulation [70].
Despite the phenotypic differences, functional properties of cTfh cells are partially preserved when
compared to their tissue counterparts: cTfh cells express higher levels of Tfh-related cytokines such
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as IL-21 and CXCL13 and show a superior capacity for B cell help in in vitro co-culture assays when
compared to CXCR5- non-cTfh cells [66]. Of note, all cells identified by a given set of markers as cTfh
in blood may not have the same potential to home to lymphoid tissue and become activated GC Tfh.
While a better understanding of the relationships between quantitative and qualitative characteristics
of cTfh responses and GC activity is thus necessary, monitoring of cTfh and antigen-specific cTfh
responses in blood can represent an alternative investigational tool during infection or in vaccine trials
when access to lymphoid tissue is limited or not possible.

cTfh represent a heterogeneous population that can be classified into multiple subsets based
on polarization and activation status. Differential expression of the chemokine receptors CXCR3
and CCR6 allows the distinction of Th1-like (CXCR3+CCR6-), Th1Th17-like (CXCR3+CCR6+),
Th17-like (CXCR3�CCR6+), and Th2-like (CXCR3�CCR6-) cTfh subsets. These cTfh subsets express
transcription factors and can produce cytokines upon stimulation that are typically associated with
Th1, Th2, Th17, and Th1Th17 CD4+ subsets [66]. Using these surface markers, several groups have
identified a differential B cell helper capacity of cTfh subsets in in vitro culture assays: CXCR3-
populations were able to provide help for naïve and memory B cells and induced proliferation,
differentiation, and class-switched antibody production after stimulation with SEB [66,67,71].
In contrast, CXCR3+ cTfh cells were able to provide help to memory B cells in vitro [71], suggesting a
role in promoting recall responses instead of priming primary antibody responses.

Tfh subsets based on the expression of CXCR3 and CCR6 can also be identified in the LN of
macaques [72]. However, it remains to be determined whether the helper potential of different cTfh
subsets can be translated into GC Tfh cells in tissues.

5. Regulation of GC Tfh Responses

Given the important role of Tfh cells for the generation of high-affinity antibody responses,
it is not surprising that absence of or impaired Tfh responses hamper the generation of protective
antibodies after infection or vaccination [73]. However, on the other hand, excessive accumulation of an
overactive GC Tfh response correlated with the development of antibody-mediated autoimmunity or
the generation of low affinity antibody responses by allowing the survival of B cells with self-reactivity
or low binding capacity [74,75]. This shows that Tfh number and function in the GC needs to
be regulated to ensure an efficient and targeted B cell help. Indeed, Tfh cells are only a minor
population in the GC to allow competition of B cells for limited help and selection of only high-affinity
clones. Tfh number can be regulated at the stage of differentiation as mentioned above. In addition,
several mechanisms control Tfh number and function in the GC.

Tfh cells are characterized by the high expression of multiple co-inhibitory receptors including
PD-1, TIGIT or CD200 [67,76,77]. While PD-1 and likely other of these molecules are required for
interaction with B cells and additional cell types to ensure proper humoral responses [78], they might
also be involved in the regulation of Tfh expansion and function in the context of chronic antigen
exposure in the GC environment. For example, knockout or blocking of the immune checkpoints
CTLA-4 or PD-1, alone or in combination with Lag-3, induced Tfh proliferation and enhanced cytokine
production [50,79,80].

In addition, GC responses are controlled by the recently identified T follicular regulatory cells
(Tfr) [81–83]. Tfr cells express similar phenotypic markers compared to Tfh cells including CXCR5,
PD-1, Bcl6, and ICOS [77,81–83]. In contrast to Tfh cells, Tfr cells differentiate from natural Tregs
and express Foxp3 and Helios [83]. The mechanism of Tfr-mediated GC regulation is-especially in
humans-not well understood. Studies in mice demonstrated that Tfr cells inhibit proliferation and
cytokine expression in Tfh cells as well as CSR and antibody production in B cells [69,84]. These effects
were mediated via Tfr-induced changes in the cellular metabolism of Tfh and B cells that were long
lasting but reversible and partially due to epigenetic modifications [84]. Additional Tfr-mediated
suppressor mechanisms may include the physical inhibition of Tfh-B-interaction, induction of cell death
via granzyme B, and the expression of inhibitory cytokines (reviewed in [85]). Negative regulators
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of Tfh cell number and function might serve as additional target for the induction of high-affinity
antibody responses during infection or vaccination.

6. Tfh Cells during HIV Infection and Correlates with bNAb Development

Tfh cell are highly permissive to HIV or SIV infection [86–88], yet GC Tfh cell number and
frequency is increased in infected animals and subjects [86,87,89]. This is driven by clonal expansion of
chronically stimulated HIV-specific GC Tfh cells [90], and a Tfh-favourable cytokine milieu that induces
general non-HIV-specific Tfh differentiation. Virus-specific Tfh expansion occurs in the context of other
chronic viral infections such as hepatitis C in humans or lymphocytic choriomeningitis in mice [91,92].
In addition to their accumulation, GC Tfh cells showed phenotypic and functional changes during HIV
or SIV infection that correlated with dysregulated B cell responses: GC Tfh expansion was associated
with an elevated number of GC B cells and plasma cells, accompanied by hypergammaglobulinaemia,
whereas memory B cells were decreased in chronically infected individuals [89]. Transcriptional
analysis of spleen GC Tfh from untreated HIV+ subjects revealed a decrease in molecules involved
in Tfh-B interaction such as CD40L, Ox40, and signaling lymphocytic activation molecule (SLAM)
members, and reduced levels of IL-10 and IL-4 [93]. In contrast, GC Tfh showed higher levels of
CXCL13 and IL-21 mRNA [93]. Another recent study reported the shift of GC Tfh towards an IL-21
single-producing phenotype with reduced polyfunctionality that correlated with increased plasma cell
but decreased switched memory B cell frequencies [90], consistent with the role of IL-21 to promote
plasma cell differentiation. Cubas et al. also detected a tendency for higher IL-21-production in GC Tfh
from untreated HIV+ individuals [94]. However, the elevated expression of PD-L1 on GC B cells from
triggered PD-1 signalling on co-cultured Tfh cells, which led to a reduced Tfh activation, proliferation
and B cell help. In this study, addition of IL-21 to co-cultures rescued the impaired B cell help of LN
Tfh cells from HIV+ donors [94].

Although the increase of Tfh cell frequencies in lymphoid tissue is not mirrored in peripheral
blood of HIV-infected individuals, cTfh cells present qualitative defects in viremic and ART-treated
subjects compared to uninfected controls, with a decreased ability to induce B cell differentiation and
antibody production in vitro [95,96]. These results demonstrate phenotypic and functional changes of
Tfh cells during HIV infection that contribute to impaired HIV-related and general B cell responses.

In untreated HIV infection, bNAbs typically develop after a few years of chronic antigen exposure.
Because of immune escape of the autologous strain, these humoral responses are not associated
with viral control [8]. These findings show that in a subset of HIV+ individuals, the immunological
environment allows acquisition of the extensive hypermutations necessary for bNAb generation.
Several groups subsequently investigated Tfh responses in subjects with good vs. poor neutralization
to find correlates of efficient help. Studies in SHIV-infected rhesus macaques demonstrated a positive
correlation between IL-4+ Env-specific LN Tfh and the frequency of Env-specific IgG+ GC B cells as
well as neutralization breadth [97]. Further transcriptional analysis of these Env-specific Tfh cells
revealed that animals with greater neutralization activity showed a higher expression of Tfh-related
(Bcl6, MAF, CXCL13, and IL-21) and Th2-related genes (GATA3), whereas Th1- and Treg-related
signatures (TBX21, IFN�, or FoxP3) were reduced [97].

Correlates between Tfh responses and development of bNAbs in humans have been largely
restricted to the analysis of blood as access to lymphoid tissue is limited. Differences in the cTfh
response between HIV+ subjects with high or low levels of neutralizing antibody activity were
detected with a high frequency of CXCR3-PD-1+ cTfh being associated with the development
of bNAbs [67,98]. During the early phase of infection, individuals who later developed broad
neutralization already showed superior Tfh and B cell responses compared to study participants
who remained low neutralizers [99–101]. They demonstrated an enhanced ability of cTfh cells to
induce antibody class-switching in vitro, a preserved B cell activation profile comparable to uninfected
controls, and elevated levels of plasma CXCL13, which is a marker of GC activity. Furthermore,
HIV-infected donors with bNAbs showed a higher level of plasma autoantibodies and less functional



  xlviii 

 

Viruses 2018, 10, 336 7 of 19

regulatory CD4+ T cells with elevated PD-1 expression, which limited their suppressive capacity [98].
Together, these results demonstrate that a high GC activity and Tfh quality seems to be important for
the development of high-affinity antibody responses.

However, most studies mentioned rely on the analysis of the bulk Tfh population. Further studies
are necessary to specifically investigate HIV-specific Tfh responses and the correlation of phenotype
and function with protective antibody development, which might differ from observations made
on total Tfh cells. Such investigations have been hampered by the limited tools available to study
T cell antigen specificity independently of cytokine production. As Tfh show only limited cytokine
production upon activation, they are more likely to be missed with standard assays such as intracellular
cytokine staining or enzyme-linked immunospot (ELISPOT). Activation-induced marker (AIM) assays,
recently developed by our group and others [102–104], overcome these limitations and allow the
identification and study of antigen-specific Tfh responses in the tissue and blood during HIV infection
and vaccination. These approaches, along with other tools such as Class II tetramers, will further
help to decipher correlates of HIV-specific Tfh responses for the generation of protective antibody
responses during HIV infection in humans, which will help guide strategies to induce such responses
during vaccination.

7. Induction of Tfh Responses during Immunization

Classical vaccination strategies, while successful for the induction of protective antibodies against
various pathogens, have failed to induce protective and long-lasting humoral responses against HIV.
Given the importance of the quantity and quality of Tfh cells for the development of effective antibody
responses in natural HIV infection several groups sought to determine how Tfh responses could be
induced or modulated to improve humoral immunity (selected strategies are summarized in Table 3).
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7.1. Use of Adjuvants to Direct Tfh Formation

Adjuvants are used to promote or shape immune responses during vaccination as the vaccine
antigen alone is in most cases of low immunogenicity. They can enhance immune cell infiltration
and antigen uptake into antigen-presenting cells (APCs) as well as activate innate immune cells via
binding to specific receptors (e.g., toll-like receptor (TLR) agonists). Based on their different effects,
specific adjuvants therefore guide distinctive types of generated immune responses. Alum is the most
widely used adjuvant for vaccinations (>80% of all licensed vaccines) and has shown great success in
vaccinations against for example hepatitis A and B, human papilloma virus, diphtheria, or tetanus [120].
However, alum alone induces low Tfh responses when compared to other adjuvants or when alum is
combined with TLR agonists. A recently published study demonstrated that the oil-in-water adjuvant
MF59 or a combination of alum and a TLR7 agonist promoted higher GC Tfh responses in the draining
LN compared to alum alone using an NHP immunization model [105]. This was associated with
an enhanced ability of MF59 or alum/TLR7 agonist to induce APC recruitment to the infection site
and subsequent antigen uptake and presentation in the LN [105]. MF59 is approved as vaccine
adjuvant in humans and did not only promote the generation of high titer antibody responses after flu
immunization in children and elderly [121,122], who usually experience low efficacy, but increased the
quality of antibody responses via enhancing cross-clade neutralization and affinity [123,124]. Total and
influenza-specific ICOS+ cTfh were detectable in the blood of MF59-adjuvanted flu vaccine recipients
and correlated with protective antibody titers [125].

Given the success of MF59 to enhance protective antibody titers in vaccines against other
pathogens, it is currently used in some HIV vaccine efficacy trials, such as the HVTN702 study (ALVAC
+ gp120), conducted in South Africa (https://clinicaltrials.gov/ct2/show/NCT02968849?term=
HVTN702&rank=1, accessed 27 May 2018). This study is based on the RV144 trial (ALVAC/AIDSVAX),
which demonstrated partial antibody-mediated protection [126]. Compared to unsuccessful HIV
vaccine trials, e.g., using a DNA/rAd5 vaccine regimen, vaccinees of the RV144 trial demonstrated
a higher frequency of HIV-specific IL-21+ cTfh cells [127], which may suggest better Tfh help.
This finding deserves further investigation and needs to be confirmed in other trials. Studies in
NHPs mimicking the HVTN702 vaccine trial demonstrated a lower efficacy and protection against SIV
acquisition despite a higher immunogenicity of MF59 when compared to alum [128]. Whether this will
also be the case in the human trial remains to be determined and suggests, that a better understanding
of adjuvant-mediated humoral responses is still required.

Other adjuvants that demonstrated a strong induction of GC Tfh responses include agonists for
TLR4 [106], TLR7/TLR8 [107], and TLR9 [108] alone or in combination [109]. TLRs are either expressed
on the surface or on intracellular compartments of APCs, B cells, and T cells and induce, when triggered,
a pro-inflammatory immune response characterized by the expression of cytokines, chemokines,
and co-stimulatory molecules [110]. Activation of TLRs of DCs induces the upregulation of molecules
important for the interaction with naïve CD4+ T cells in the LN and, depending on the type of TLR
activated, a specific cytokine and signalling molecule profile that can direct T cell differentiation [110].
For example, TLR3, TLR8, or TLR9 activation in APCs leads to the secretion of Tfh-promoting
cytokines that mediated Tfh differentiation such as IL-6 in mice in vivo [111] or IL-12 in human APCs
in vitro [107]. TLR9-signalling can also directly act on B cells and regulate affinity maturation and class
switch [108]. In addition, immunization with TLR4 and TLR9 agonist adjuvants reduced the Tfr/Tfh
ratio in the GC [108,112], which could lead to enhanced Tfh and B cell function. Immunomodulatory
adjuvants for the induction of Tfh responses have to be carefully evaluated as Tfh-promoting cytokines
differ between humans and mice (see Table 1). Therefore, given the close similarities between the
NHP and human immune systems, NHPs are likely to be the best animal model for preclinical studies
involving the modulation of Tfh responses. In a recent NHP study, immunization with the adjuvant
Iscomatrix or using poly(lactic-co-glycolic acid) (PGLA)-nanoparticle encapsulated TLR4 and TLR7/8
agonists led to the induction of high frequencies of HIV-vaccine-antigen-specific GC Tfh responses,
which correlated with antibody responses, when compared to alum [129]. In this study, GC Tfh
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responses could be followed longitudinally using fine needle aspiration (FNA) sampling of draining
LNs. This technique involves inserting a needle, frequently under ultrasound guidance, that removes
a small representative cell fraction of the total LN cell population [130]. FNA probing of LNs is well
tolerated, minimally invasive and can serve as vaccine immune response monitoring system in future
human vaccine trials.

In summary, these results demonstrate that multiple aspects of the GC responses can be modified
by TLR agonists and their success in NHP studies suggest that they may also be beneficial for human
vaccine development.

Given the importance of defined cytokines in promotion of Tfh responses, it is also possible that
direct administration of these cytokines in combination with vaccination could enhance frequencies of
GC Tfh cells as well.

7.2. Route of Vaccine Administration

Most vaccines are administered by intramuscular (i.m.) injection as this vaccination route
demonstrated only minimal adverse effects [131]. However, subcutaneous (s.c.) or intradermal
(i.d.) injection triggered an elevated differentiation of GC Tfh cells and increased antibody responses
compared to i.m. vaccination in mice and NHPs [113,114]. This could be due to multiple factors.
Soluble dye tracking in NHPs demonstrated superior drainage to local LNs after s.c. injection compared
to the i.m. route [113].

Another factor is the differential distribution of DCs between tissue compartments. As mentioned
before, DCs regulate CD4+ T cell differentiation. In a recent study, Krishnaswamy et al. identified
migratory CD11b+ type 2 DCs as superior inducers of Tfh generation in mice due to their enhanced
homing potential to the T-B border in secondary lymphoid organs [115]. These CD11b+ DCs and other
APCs are located at high concentration in the skin but not in the muscle. In humans, i.d. immunization
has shown better induction of antibody responses or similar responses using a lower dose upon
vaccination against hepatitis B, influenza or human papilloma virus compared to i.m [131]. In a
NHP study, GC Tfh frequency and HIV-neutralizing antibody titers were higher in animals that were
immunized s.c. vs. i.m. [113]. In addition, animals were immunized s.c. at two different sites to ensure
the engagement of more T and B cells into the GC. These results suggest that i.d. or s.c. injection
could serve as favourable immunization route to enhance LN antigen delivery and increased systemic
antibody responses in HIV vaccine studies. However, as mentioned before, i.m. and i.d. vaccination
are associated with higher risks of adverse side effects compared to i.m. [131].

Since HIV is mainly transmitted across mucosal surfaces, an effective HIV vaccine likely depends
on the generation of humoral responses in the mucosa. Mucosal antibody responses can be induced
by systemic immunization routes, however, the exact mechanisms and how to specifically induce
them via s.c., i.m., or i.d. immunization are not known [132]. Mucosal immunization routes (e.g., oral,
intranasal, intratracheal, intrarectal, and intravaginal) have shown some success in NHP studies but
have failed thus far in human HIV-vaccine trials (reviewed in [116]). Further studies will show whether
mucosal vaccination alone or in combination with systemic immunization will serve as a strategy to
induce protective immune responses against HIV in humans.

7.3. Enhanced or Extended Administration of Antigen to Induce and Maintain Tfh

As mentioned earlier, Tfh differentiation is promoted by prolonged DC-T interaction and
Tfh maintenance is dependent on persistent antigen availability in the GC, suggesting that Tfh
differentiation could be regulated by the amount of antigen given during vaccination. Indeed, GC Tfh
and B cell responses are elevated when mice were immunized with higher doses of antigen [22].
Similarly, high dose immunization enhanced Tfh and antibody responses to influenza immunization
in humans [133,134].

An alternative strategy to enhancing the dose of the single vaccine infections is the prolonged
administration of antigen. Single injection of a vaccine antigen might not recapitulate the sustained
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availability of antigen in the GC during the natural infection of replicating pathogens. This might
be especially important for the generation of HIV-specific bNAbs as they require extensive SHM
acquired during multiple rounds of GC reactions [9]. To manipulate the kinetics of antigen availability,
Tam et al. compared multiple or constant antigen delivery vs. single bolus injection during the prime
immunization in mice [117]. Prolonged antigen exposure during the prime led to sustained antigen
retention on FDCs in the LN, increased GC Tfh and B cell responses and elevated antigen-specific
antibody titers in the plasma compared to single injection [117]. This strategy also showed success
in HIV-Env-immunized NHPs: Animals that received the antigen continuously with osmotic pumps
showed higher titers of tier 2 neutralizing antibody responses when compared to single injected
animals [113].

Continuous antigen delivery can also be achieved using immunization with mRNAs encoding
for the antigen of interest (reviewed in [135]). Single intradermal injection of an mRNA-containing
immunization system encoding for HIV envelope, influenza hemagglutinin, or zika virus premembrane
and envelope proteins led to protein expression for a prolonged time period and induced strong
GC Tfh responses in immunized mice and NHPs [118]. Such de novo synthesis of immunogen
in vivo-or extended release of immunogens shielded from protein degradation-may also be beneficial
for preservation of conformational epitopes, for example for Env trimeric constructs.

8. Inhibiting Negative Regulators of GC Responses

Tfr cells represent an interesting target for inhibition to enhance GC Tfh and B cell function.
Besides influencing Tfr/Tfh ratio at the differentiation level using certain TLR-agonists as mentioned
before, Tfr cell function was directly targeted in mice. CTLA-4 blockade or knockout led to
a decreased suppressive capacity of Tfr cells and augmented Tfh cell frequency and function,
GC responses, and antigen-specific antibody responses upon immunization [50,119]. However,
generated antigen-specific antibody responses were of lower affinity and sustained suppression of Tfr
led to the emergence of auto-reactive antibodies [50,119]. Thus, Tfr cell-dependent suppression of GCs
might actually be beneficial for the generation of effective antibody responses: only high-affinity B cell
clones, which receive more activation signals, might be able to overcome Tfr-mediated suppression to
proliferate and survive [85]. More studies are therefore necessary to understand the role of Tfr cells in
regulating GC responses and the development of high-affinity antibody responses.

9. Future Directions

Current HIV-related vaccine studies in NHP animal models demonstrate that several new
vaccination strategies alone or in combination are able to enhance GC Tfh and B cell responses,
which will serve as basic concept for future studies. These strategies aim to enhance GC Tfh responses
by broadly augmenting Tfh frequency, yet the question remains whether more targeted approaches
and the induction of specifically efficient Tfh cells might be favourable for the generation of bNAbs
upon vaccination. For this, a better understanding of Tfh function in the GC is indispensable.

This review focuses on the development of strategies for a prophylactic HIV vaccine. However,
enhancing antiviral responses also plays a role in HIV strategies of a functional cure that aims at
inducing control of any residual viral replication by the host’s own immune system in the absence
of ART. Administration of bNAbs in ART-treated HIV+ subjects delayed viral rebound after analytic
treatment interruption until viral resistance mutations occurred [136], suggesting that HIV-specific
humoral responses might contribute to such control. A better understanding of quantitative and
qualitative HIV-specific Tfh responses is necessary to evaluate whether active vaccination might serve
as a strategy to induce more effective HIV-specific humoral responses in HIV+ individuals, or whether
passive administration of bNAbs or long-acting antiretroviral drugs may be a more realistic approach.
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10. Conclusions

Tfh responses have been shown to be involved in the generation of protective antibody responses
in various infectious diseases and after vaccination. Induction of more potent Tfh responses represents
an interesting strategy for vaccines that show limited efficacy, including HIV. Understanding Tfh
biology has allowed developing alternative strategies that aim to induce more efficient Tfh responses,
which have shown some success in NHP studies. However, further efforts are needed to determine
whether these strategies can be successfully applied to HIV vaccine trials in humans.
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Abstract
Purpose of Review The long-lived HIV reservoir remains a major obstacle for an HIV cure. Current techniques to analyze this
reservoir are generally population-based. We highlight recent developments in methods visualizing HIV, which offer a different,
complementary view, and provide indispensable information for cure strategy development.
Recent Findings Recent advances in fluorescence in situ hybridization techniques enabled key developments in reservoir visu-
alization. Flow cytometric detection of HIV mRNAs, concurrently with proteins, provides a high-throughput approach to study
the reservoir on a single-cell level. On a tissue level, key spatial information can be obtained detecting viral RNA and DNA in situ
by fluorescence microscopy. At total-body level, advancements in non-invasive immuno-positron emission tomography (PET)
detection of HIV proteins may allow an encompassing view of HIV reservoir sites.
Summary HIV imaging approaches provide important, complementary information regarding the size, phenotype, and localiza-
tion of the HIV reservoir. Visualizing the reservoir may contribute to the design, assessment, and monitoring of HIV cure
strategies in vitro and in vivo.

Keywords HIV cure . In situ hybridization (ISH) . Flow cytometry .Microscopy . RNA flow . Viral reservoir . Positron emission
tomography (PET)

Introduction

Despite the tremendous success of antiretroviral therapy
(ART), HIV persists in infected subjects predominantly in rare
latently infected CD4+ T cells [1–3]. Life-long ART is neces-
sary, as treatment interruption would allow virus to rebound
from this pool of cells and plasma viral load to return to pre-
ART levels [4]. Broadly, an HIV cure may be achieved by
either complete eradication of the HIVreservoir from the body
(known as a sterilizing cure) or a long-term control of HIV
replication without ART (functional cure) [5]. Recent cure
strategies have mainly focused on the “shock/kick and kill”

strategy whereby HIV is reactivated from its latent state using
latency-reversing agents (LRAs). This is followed by the
death of the infected cell, due to the cytopathic effects of
HIV itself or killing by the host’s own immune system.
However, despite initial promise, LRA-based strategies have
shown limited success in clinical trials [6], suggesting that
additional information regarding the HIV reservoir and alter-
native approaches are required to help rationally design effec-
tive cure strategies.

In this context, a more detailed understanding of such viral
reservoirs is required. Firstly, a better understanding of the
distribution of the HIV reservoir at both the cellular and ana-
tomic level is essential. This will help guide treatment agents
that can efficiently target the various cell types and penetrate
the different organs that harbor HIV. Secondly, although a
substantial fraction of CD4+ T cells of HIV-infected subjects
on ART harbor integrated HIV DNA (~ 600 copies/million
resting CD4+ T cells [7]), the majority of integrated proviral
sequences (~ 90–95%) are defective and not able to produce
infectious viral particles (defined as replication-competent vi-
rus) [8, 9]. Thus, the specific detection of the HIV-infected
cells containing a provirus that is able to transcribe viral
RNA (vRNA, transcription-competent reservoir), translate
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proteins (translation-competent reservoir), and/or is
replication-competent is of critical importance. Lastly, poten-
tial cure therapies need to be monitored for their effectiveness
in decreasing the size of the viral reservoir in vitro and in vivo.
Therefore, the size of these HIV reservoirs needs to be evalu-
ated longitudinally by techniques that are scalable in the con-
text of clinical trials for cure strategies.

Looking Beyond Classical Reservoir Measures

Multiple techniques have been developed to quantify and
characterize the HIV reservoir. PCR-based approaches repre-
sent simple and rapid methods to measure, for example, the
total and integrated forms of HIV DNA [10–13], and have
been widely used to study both circulating cellular popula-
tions and also disrupted tissue biopsies [14, 15]. Such tech-
niques have identified specific anatomic locations, including
the gut-associated lymphoid tissues, and cell populations,
such as transitional memory (TTM) and central memory
(TCM) CD4+ T cells, as preferential sites of HIV integration
[14, 15]. In contrast to measures of integrated DNA, inducible
infectious virus was detected after reactivation from the TCM,
but rarely the TTM, by the quantitative viral outgrowth assay
(qVOA) [16]. While further studies are necessary, these ap-
parent discrepancies may be explained by the nature of the
reservoir measured by these different techniques. Assays
quantifying HIV DNA, such as PCR, cannot discriminate be-
tween intact or defective proviral sequences and, therefore,
may vastly overestimate the size of the replication-
competent reservoir in these populations [17]. At the other
end of the scale, results obtained using qVOA represents a
minimal estimate, as multiple rounds of stimulations might
be needed for reactivation [8] and replication-competent

viruses in vivo may not be able to spread in vitro. For the
evaluation of cure strategies, these techniques could thus ei-
ther mask an achieved cure by detecting defective HIV se-
quences, or miss replication-competent reservoirs that could
be reactivated in vivo, but may not respond to stimulation
in vitro. These subtleties illustrate the need for tools that can
identify and distinguish different forms of HIV reservoirs to
better estimate replication competence.

To determine the contribution of different cell populations
to the reservoir, the techniques described above require cell
suspensions to be first sorted, based on phenotypic markers,
before analysis. The measured HIV reservoir size therefore
represents a population-level value; it does not provide infor-
mation about the heterogeneity within the studied cell pool
and the specific anatomic location. Furthermore, this require-
ment for sorting limits the number of populations that can be
analyzed concurrently and is not practical for rare subsets.
Therefore, approaches that can detect and characterize the
HIV reservoir at a single-cell level, either in heterogeneous,
mixed cell suspensions or in situ, are required.

Given these caveats, imaging techniques, including flow
cytometric and microscopic approaches, have been pursued
as powerful strategies for the detection and characterization
of HIV reservoirs in the context of cure research. Here, we
detail techniques that allow the visualization of HIV at the
proviral DNA, RNA, or protein level in single cells, individual
tissues, or throughout the body (see Fig. 1 and Table 1 for
overview). Each of these approaches provides different and
often complementary information on the size, type, and distri-
bution of the viral reservoir. Much of the work discussed here
illustrates the study of baseline expression of vRNAs and
proteins in infected cells during ARTwithout any further stim-
ulation, in vitro or in vivo. Although this has revealed impor-
tant information about phenotype and localization of
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Fig. 1 Schematic representation of levels of HIV visualization including corresponding assays
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transcription- and translation-competent reservoir cells that
are spontaneously producing viral products in the absence of
stimulation, this provides an understanding of only one aspect
of the reservoir. Further studies must build upon this work to
investigate latently infected cells, which are transcriptionally/
translationally silent but are able to produce infectious viral
particles upon stimulation. Understanding the reservoir on this
level will help develop, evaluate, and monitor HIV cure strat-
egies in vitro and in vivo.

Visualization of HIV at the Single-Cell Level

The detection of viral proteins, such as Gag, by specific anti-
body staining followed by flow cytometric analysis has been a
valuable tool to study HIV infection at the single-cell level
in vitro, where the frequencies of cells actively translating
HIV protein is high. In contrast, HIV-infected cells in virally
suppressed ART-treated subjects are exceedingly rare (mini-
mal estimated frequency of one replication-competent cell in a
million resting CD4+ T cells by qVOA [7]). Due to a high
false-positive rate, Gag protein staining alone cannot be used
to accurately quantify the translation-competent reservoir at
frequencies lower than 1000 cells per million, masking the
true HIV-infected cell pool [19••]. Indeed, proviral HIV
DNA was detected in only 10% of HIV Gag protein+ cells
sorted from ART-treated subjects [28]. Therefore, new ap-
proaches have been developed recently that combine the de-
tection of Gag protein with a secondmarker for HIV infection,
and thus can overcome this false-positive rate [18•, 19, 20•].

One such approach combines the detection of cells express-
ing Gag protein with the downregulation of CD4, a well-
characterized feature of HIV infection [18•]. For this ap-
proach, the O’Doherty lab used a microscopy technique orig-
inally developed for the detection of rare circulating tumor
cells [29, 30] known as FAST (Fiber-Optic Array Scanning
Technology). Briefly, cells isolated from ART-treated HIV-
infected individuals and analyzed directly ex vivo without
stimulation are stained with antibodies, placed on microscopy
slides, and automatically laser-scanned for Gag expression.
Gag-expressing cells are then re-imaged by automated digital
microscopy for CD4 internalization. This two-step process
limits the false-positive detection rate [18•], and enabled the
quantification of rare circulating cells (0.33 to 2.7 cells per
million PBMCs) spontaneously producing Gag protein in
the periphery of HIV-infected donors on ART [18•]. Further
work is required to determine if this approach can be applied
to the quantification of latent translation-competent HIV res-
ervoir cells after LRA treatment in vitro and in vivo.

As CD4 downregulation requires the function of viral pro-
teins Nef, Vpu, and Env [18•, 31–36], the loss of surface CD4
provides indirect information about the integrity of the infect-
ing proviruses. Thus, this approach quantifies infected cells

that are able to translate multiple HIV proteins. We suggest
that such cells are substantially more likely to contain intact
replication-competent proviruses, when compared to cells
identified based on detection of integrated HIV DNA only.
Therefore, results obtained with this technique will be—de-
spite a slight overestimation—a closer estimate to the true
HIV reservoir size. While powerful, this approach enables
only a limited characterization of reservoir cells as a maxi-
mum of four markers (in addition to Gag and CD4) can be
analyzed. Furthermore, access to the FAST microscopy tech-
nology is limited, which constrains the use of this technique.

Building on this concept of single-cell detection of the res-
ervoir, flow cytometry-based approaches also allow single-
cell analysis. However, the technology has the additional ad-
vantages of being widely available and of further enabling
high-throughput, multiparametric characterization of the res-
ervoir. One such flow cytometry-based approach utilizes Gag
protein staining combined with the detection of vRNA by
RNA flow FISH (fluorescent in situ hybridization) [19, 20•].
Original versions of this approach were able to identify cells
containing HIV mRNAs by flow cytometry for the first time,
but were limited by high false-positive detection rates
[37–40]. A more recent iteration, developed by our group in
collaboration with Affymetrix (commercially available as the
PrimeFlow™ Assay from Thermo Fisher), attempts to over-
come this by using multiple oligomeric probes that hybridize
in pairs to the target RNA of interest [41]. Only two adjacently
bound probes can be subsequently recognized by the
branched-DNA amplification system, which reduces the prob-
ability of off-target binding. Finally, this amplified, branched
scaffold is labeled with fluorescent probes. This approach was
previously developed for the detection of cellular RNAs [42•],
but is easily customizable for the identification of cells tran-
scribing HIV mRNAs [19••, 20•, 21•, 22••]. In studies by our
laboratory, GagPol vRNA was targeted because it is highly
abundant within an infected cell and its sequence is relatively
well conserved between primary isolates [43]. Furthermore,
its length enables binding of a high number of probe pairs,
increasing the probability of vRNA detection despite possible
sequence variation that might prevent some pairs from recog-
nition. The flow-cytometric detection of GagPol vRNA+ cells
allowed HIV transcription in response to latency reversal to be
studied in in vitro infection models [21•]. However, we and
others found that the false-positive rate observed with GagPol
probes precluded the identification of the low frequencies of
events (< 1000 events/million), which would be predicted in
clinical samples [19••, 21•]. In an attempt to overcome this, a
recent study utilized a different probe set, with reported higher
specificity than previously used sets [22••]; nevertheless,
false-positive GagPol vRNA+ events were still identified in
HIV-negative individuals. Therefore, in this study, the fre-
quency of false-positive events detected in HIV-negative indi-
viduals was subtracted from the total number of GagPol

Curr HIV/AIDS Rep
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RNA+ events detected in HIV-infected subjects [22••].
Although this provided an estimate of the true frequency of
the transcription-competent cells—assuming a constant back-
ground rate throughout all HIV-negative and HIV-infected
donors tested—this approach limits the characterization of
the infected cell population, due to the contamination with
false-positive events.

As an alternative approach, we and others combined the
detection of both HIV GagPol RNA and Gag protein. This
dual staining reduced the number of false-positive events to
one HIV GagPol RNA+/Gag protein+ (HIVRNA+/Gag+) cell in
eight million total analyzed CD4+ T cells from HIV-
uninfected donors [19••]. The detection of HIVRNA+/Gag+ cells
was linear and specific down to 0.5–1 events per million
CD4+ T cells and therefore did not require mathematical cor-
rections in our hands [19••, 20•]. This strategy allowed the
detection of rare circulating HIVRNA+/Gag+ CD4+ T cells in
samples from untreated and ART-treated HIV-infected donors
without in vitro stimulation, but also enabled the study of both
the size and cellular distribution of the latent, reactivated
translation-competent reservoir in in vitro-stimulated CD4+
T cells from HIV-infected subjects on ART [19••].
Following in vitro PMA/ionomycin stimulation, ~ 4.7
HIVRNA+/Gag+ per million CD4+ T cells were detected. This
frequency is 2 log-fold lower than the reservoir size measured
by PCR for HIV DNA in the same cohort, presumably as cells
containing a provirus deficient for GagPol transcription and
Gag translation would not be detected in the HIVRNA/Gag as-
say [19••]. However, it should be noted that the cellular reser-
voirs detected with the HIVRNA/Gag assay could include cells
containing a provirus with point mutations/deletions in Gag
that do not prevent translation, or defects in other viral pro-
teins. Nevertheless, despite this possible overestimation, the
frequency of HIVRNA+/Gag+ cells was only slightly higher than
that compared to the minimal estimate obtained with qVOA
(~ 1.4 infectious units/million CD4+ T cells detected in the
same cohort, a 3.6-fold difference) [19••]. Thus, the detection
of the translation-competent reservoir through detection of
both vRNA and HIV proteins provides an alternative ap-
proach to narrow down estimates of the true size of the
reservoir.

Importantly, as these approaches are flow cytometry based,
they can be used to identify and phenotype in detail single
cells supporting viral replication or containing a translation-
competent provirus that respond to LRA stimulation in vitro
in clinical samples. Flow-based techniques were used to as-
sess the ability of well-known LRAs such as romidepsin
[22••] (a histone deacetylase inhibitor [44]) and bryostatin
and ingenol [19••] (both protein kinase C (PKC) agonists
[45, 46]) to reactivate the latent HIV reservoir in vitro.
While both PKC agonists reactivated proviruses in similar
frequency of CD4+ T cells, and in all donors tested, ingenol
reactivated proviruses mainly in TCM/TTM CD4+ cells,

while the majority of bryostatin-reactivated cells had a TEM
phenotype. This suggests that cellular subsets might respond
differently to distinct LRAs [19••]. Further studies are re-
quired to investigate whether combinations of multiple
LRAs will be potent and broad enough in specificity to reac-
tivate sufficient fraction of the latent HIV reservoir to make a
cure achievable.

As the RNA flow FISH assay is highly adaptable to other
viral RNAs, it provides a powerful tool to further study cure
strategies at the single-cell level, in both Simian immunodefi-
ciency virus (SIV)-infected non-human primate models and
HIV-infected subjects. Notably, single-cell studies for viral
reactivation thus far have focused on CD4+ T cells from pe-
ripheral blood. As the frequency of infected cells is thought to
be higher in tissue [47], FAST and RNA flow FISH will be
important tools for the evaluation of tissue reservoirs.
Importantly, such studies will indicate if results obtained from
peripheral blood CD4 T cells mirror latency reversal mecha-
nisms in tissues. One limitation however is that for both of
these approaches, samples need to be disrupted to obtain a
single-cell suspension for analysis. Although this allows
high-throughput investigations, important spatial information
related to the anatomic localization of the viral reservoir with-
in the tissue is lost. Thus, in situ microscopic techniques could
act as complementary tools to comprehensively characterize
tissue reservoir.

Visualization of HIV at the Tissue Level

Given these points, classical in situ hybridization (ISH)
methods have been adapted to detect HIV or SIV in anatom-
ically intact tissue samples from infected subjects or non-
human primate models, respectively, as the access to human
tissue samples is limited [23, 48, 49]. vRNA sequences are
targeted by specific probes that can be radiolabeled for visu-
alization. Alternatively, probes can be labeled with biotin or
digoxigenin, and detected with a fluorescent or enzymatic
approach to avoid the requirement for radioactive material
[49]. However, these chromogenic detection methods have
shown a lower sensitivity than radiolabeled probes.
Combining this method with immunofluorescence or immu-
nohistochemistry staining for cellular markers has allowed the
phenotypic and spatial analysis of HIV/SIV-infected cells at
the single-cell level directly within the tissue. Such studies
thus contributed to important findings related to viral tissue
dissemination, such as the spread and establishment of pro-
ductive infection from vaginal tissue to lymph node over time
during early infection [50], and identified principal anatomic
sites of high-level replication such as the lymphoid tissue and
gut [48, 51, 52]. Crucially, the majority of this work has been
performed in the context of untreated viral infection.
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During long-term ART, the frequency of actively transcrib-
ing vRNA+ cells in the lymphoid tissue is dramatically re-
duced compared with untreated infection (for example, by ~
99% in lymphoid tissue after 6 months of ART) [23, 25••,
26••]. Nevertheless, rare vRNA+ cells can still be detected
in tissue from ART-treated donors by ISH; such ongoing viral
transcription has been correlated with low antiretroviral drug
concentrations in these sites [24, 26••]. In addition to the clas-
sical CD4 T cell reservoir, in lymphoid tissues a proportion of
these vRNA+ cells may represent virus persisting in different
cell populations [24]. Indeed, during both untreated and ART-
treated infection, trapped viral particles have been identified in
the follicular dendritic cell (FDC) network [23, 48]. However,
it remained unclear whether the FDCs in these networks were
infected, and therefore contained viral DNA, or were acting as
stores of free virus. As standard ISH approaches were not
sensitive enough for the detection of proviral HIV DNA,
PCR amplification of the target DNA sequences directly on
the tissue section was combined with hybridization of the
amplified sequences using radiolabeled probes (PCR-in situ
or PCR-ISH) [53]. Using this approach, it was demonstrated
that FDCs retain infectious virus but are not actually infected;
they are positive for vRNA but negative for vDNA or spliced
vRNA [48, 54]. Such findings would have been missed with
single-cell techniques analyzing disrupted tissue samples, due
to the challenges of isolating FDCs from lymphoid tissue [55].

Due to the marked decrease in viral burden on ART, many
tissue sections need to be screened in order to quantify rare
infected cells. Conventional ISH assays, as described above,
are time-intensive as the detection of low copy numbers re-
quires long exposure times or prior sequence amplification,
thus limiting the application of this approach to cure studies.
Recently, the RNAscope assay was developed to overcome
these limitations. This approach uses the same principle as the
RNA flow FISH technique described previously based on the
recognition of pairs of target probes by branched DNA ampli-
fiers, which was indeed originally developed for microscopy
[41]. Adapted for the detection of SIV vRNA, this assay
showed a sensitivity and specificity comparable to the tech-
niques described above, with a false-positive detection rate of
one vRNA+ cell per million cells analyzed [25••].
Importantly, the Scope technique enabled the detection of sin-
gle vRNA sequences in a short time and could also be used to
reliably identify single vDNA sequences with improved spa-
tial resolution and without prior sequence amplification. In
addition, both vRNA and vDNA can be visualized concur-
rently [25••]. It is important to note, however, that the detec-
tion of vDNA+ cells provides—similar to PCR methods de-
scribed above—a maximal estimate of the HIV reservoir as
defective sequences as well as unintegrated forms are included
for detection. Regardless, this dual RNA/DNAscope tech-
nique confirmed the key role of the B cell follicles as a sub-
stantial tissue reservoir, due to the persistence of both HIV-

infected mononuclear cells with or without active viral tran-
scription and virus trapped in the FDC network [25••, 48, 56].
These findings highlight the need for drugs that can efficiently
penetrate tissue sites, but also demonstrates that alternative
strategies may be needed for the eradication of the virus
trapped on FDCs in B cell follicles.

Although previous studies have focused on the detection of
infected cells spontaneously transcribing vRNAs, Scope as-
says will be valuable tools to evaluate viral reactivation and
eradication strategies in situ. Combined imaging of the viral
reservoir together with virus-specific immune cells, for exam-
ple, using in situ tetramer staining techniques [57], could pro-
vide valuable information about the effectivity of both HIV
reservoir-targeting and immune system-enhancing strategies
in vivo. As confocal microscopy is limited by the number of
parameters that can be analyzed concurrently, Scope tech-
niques could be used in combination with histocytometry for
multiparametric analysis without losing spatial information
[58].

Visualization of HIV at the Whole Organ/Body
Level

The RNA/DNAscope technique provides important spatial
information regarding the intra-tissue localization of HIV/
SIV reservoirs, but can also be used to infer total tissue viral
burdens [26••]. To achieve this, in a recent study, the frequen-
cy of vDNA+ or vRNA+ cells was determined per gram of
analyzed tissue, then the number of total infected cells calcu-
lated from the weight of the analyzed organ [26••]. This ap-
proach confirmed lymphoid tissue as a main contributor to the
whole-body SIV reservoir during ART, but also identified
transcription-competent reservoirs in other organs such as
brain, lung, and heart. Applying this strategy to HIV-infected
donors on ART, this technique provided an estimate of ~ 105

vDNA+ cells per gram of lymphoid tissue and, based on the
assumption that 5% of vDNA+ cells are replication-competent
[8], a total body burden of ~ 4 × 108 replication-competent
HIV-infected cells [26••]. However, with this type of analysis,
preselection of specific tissues of interest and the potential for
sampling error may lead to biases. Furthermore, the invasive
nature of tissue analysis prevents longitudinal imaging of the
same subject, for example during a course of treatment. With
these caveats in mind, non-invasive full body imaging
methods could provide an unbiased and more encompassing
view of HIV reservoir sites in the body, despite a limited
anatomical spatial resolution.

Initial iterations of this approach utilized animal models
infected with SIVor HIV constructs expressing reporter mol-
ecules detectable by body-scanning devices [59]. To apply this
concept to HIV-infected humans and avoid the use of reporter
viruses, the Villinger laboratory adapted a technique
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developed for the monitoring of cancer therapies [60]. Whole-
body Env expression was monitored in SIV-infected non-hu-
man primates, using radionucleotide-labeled SIV gp120-
specific antibodies and detected by positron emission tomog-
raphy (PET) [27••]. This approach enabled viral dissemination
to be followed in untreated SIV infection, and importantly
identified previously unconsidered or underestimated sanctu-
ary sites in ART treatment, such as the nasal lymphoid tissue
and lung. While this approach has not yet been applied to
HIV-infected humans, its potential application for the non-
invasive monitoring of cure strategies is clear. However, fur-
ther work is required to determine if the PET-based approach
is sensitive enough to detect the lower frequencies of
translation-competent viral reservoirs in the context of HIV
and ART. Importantly, and as expected, the antibodies used
were not able to breach the blood-brain barrier; therefore, this
approach cannot be used to study an important HIV reservoir
site [61].

Future Directions

Recent developments in microscopic and flow cytometric as-
says have overcome technical limitations that previously
prevented the sensitive and specific detection of HIV in cells
and tissue. Further advancements will continue to build upon
already existing techniques or develop new assays to study
new or more detailed aspects of the viral reservoir. For exam-
ple, BaseScope is a recent advancement based on the
RNAscope technique, and may allow sensitive and specific
detection of RNAs using only one probe pair (commercially
available from ACD/Bio-Techne). Although this concept has
not yet been tested in the context of HIV reservoir studies, this
assay could potentially be used for the detection of multiply
spliced vRNAs in situ as a surrogate marker for replication
competence at baseline and after reactivation of the latent
reservoir.

We have focused here on the flow cytometric advances
that have enabled multiparametric, single-cell analysis of
HIV-infected cells. However, small particle imaging, an
emerging field, could visualize HIV at the single virus lev-
el. Previously, this approach required custom-made
cytometers sensitive enough to capture small particles;
however, the newly developed flow virometry technique
overcomes this limitation [62]. HIV particles are detected
with Env-specific antibodies coupled to magnetic nanopar-
ticles. These nanoparticles can be detected by commercial
flow cytometers, thus enabling quantification and pheno-
typic characterization of single viral particles in superna-
tants, body fluids, or tissues [62]. Importantly, this assay
allows to distinguish between viral particles with non-
functional or functional Envs [63]. This assay could pro-
vide additional complementary information to study viral

reactivation after LRA stimulation at both the cellular, and
viral, level.

Conclusion

Here, we highlight recently developed tools for the sensitive
and specific visualization of the HIV reservoir at single-cell,
tissue, and body levels. The majority of these techniques rely
on the detection of vRNA and/or viral proteins, thereby pro-
viding a closer estimate for replication competence compared
to classical reservoir measurements based on vDNA detection
only. By providing a detailed insight into the phenotype and
anatomic localization of single HIV-infected cells, such tech-
niques support the development, evaluation, and monitoring
of optimal HIV cure strategies in vitro and in vivo.
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