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Résumé

Les cellules T CD8+ jouent un rble primordial dans le contréle des infections virales en
limitant la dissémination dese | | ul es i n fidectioRchrenique lpar fesirusde | 6
HIV, les cellules TCD8+ HIV-spécifiques ne se différencient pas en cellules effectrices
fonctionnelles capables de tuer les cellules infectées par le; viesscellules ne sont plus
capablesdeprl i f ®r er o0 UL-2dGes gellulescexpiime®D-l 6et | 6engage
de PD1, par son ligandaboutit a plusieurs de ces déficits fonctionnels des cellules T . Le

réle de PD1 dans la régulation d'évenements transcriptionnels contrélant la différentiation

et l'obtention des farion effectrices des cellulesdD8+ reste a démontrer.

Id2 joue un réle central dans la différenciation des cellul€®8+ effectrices. Nous avons

®mi s | 6hypoth se que | e do®f autCD8+PDinlsighur at i c
HIV-spécifiqueCD8+PD-1lhi)au cour s de | d6infection chroni
tre |i® ° | a di minution dbéexpression du
I'engagement de RD contribuait a une diminution d'expression de Id2 esate cibles
transciptionnelles La surexpression de Id2 de ces cellules a perdes restaurer
I'expression de marqueurs tels que Granzyme B e Bxlt di mi nuir | 6exp
marqueur de maturation de CD27.

La famille des cytokines chaine o2 joue un rltle clef dar
cellules T. Dans ce tr av-a5 était umqoeu graca& ses s  d @
capacit®s de stimulation de | 6eskrpgamsgue on do
l a di ff®renciati on des -16 mduit la pradifératidn d€tbuBes e f f ¢

|l es popul ati ons de cellules T m®moires p



cytokine aux soupopulations cellulaires Ttm et Tempermis leur différenciation en
cellules effectrices capables de prelBuire Gr a
des cellules Tcm ne favorise pas leur différenciation. Un test de cytotoxicitié par cytométrie

en flux nous a permis de confirmeque la stimulation de cellules TD8+ HIV

sp®ci fiques5 pfaavori sait | 6expression de | d2
cytotoxiques des cellules T CD8+ HIV spécifiques.

En conclusion, nous avons pour la premiéere fois dans cette thése définecsismes

mol ®cul aires 1 mpliqgu®s dans | a modul ati on de
|l d2 p-ab. | 8lbus avons ®gal ement r-®goduiita o mment
une alt®ration de | 0expressi oladmnutionddes | a f ongc
fonctions effectrices des cellules T CB8IV spécifigues. Une perspective de traitement

avec des agenlbou lé bldogsagegda €D éndcbnhbinaison avec les

traitements conventionnels, pourrait contribuer a une meilleure latioru des réponses

immunes favorisant ainsi la réactivation des cellules T CD8+ et permettant la destruction de

cellules TCD4+ infectées de maniere latente.

Mots-clés: HIV, CD8 CTL, PD1, Id2, IL-15, différenciation des cellules effectrices,
cytotaxicité
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Abstract
CD8+ T cells play a fundamental role in controlling viral replication and dissemination by
killing virus-infected cells. However during chronic HIV infection Hbpecific CD8+ T
cells fail to differentiate to functional cytotoxic effectlls and develop functional defects
such as loss of H2 secretion, decreased proliferation and express high levels -4f PD
Persistent expression of PDand triggering by its ligand results in immune dysfunction; it
is not known how PEL signaling inflences transcriptional events involved in T cell
differentiation and effector function.
We found that the transcriptional regulator Id2 was downregulated ibhhPBIV-specific
CD8+ T cells when compared to Pllow CMV-specific CD8+ T cells from the same
HIV -infected donors. Since Id2 has been shown to play a central role during differentiation
of effector CD8+T cells, we hypothesized that skewed maturation of théhPHIV-
specific CD8+ T during chronic HIV infection could result from decreased levdd2of
We found that signals transduction pathways downstream ef R@ation inhibited the
expression of Id2transfectiorof PD-1hi effector cells from HIV infected individuals with
a Tatld2 construct could reverse an apoptotic fate associated with xhausted
phenotype. Finally, overexpression of Id2 restored expression of Gras&yand Bci2
and led to a decreased expression offtieell maturation marke€D27.
Although the extrinsic signals and costimulation needed to activate cell prolifeaatibn
effector function are well known, signrtthnsduction pathways that regulate differentiation
of memory cells to effector cells are beginning to be understood. dhain family of

cytokines isessentiaffor the survival and homeostasis of T celthigy have pleiotropic



Y

effects on the differentiation of effector and memory vspecific CD8+ T cells. 1115

was unique among-chain cytokines in upregulating the expression of 1d2 and promoting
the survival and differentiation of effector memory CD8+ Tsce

IL-15 induced proliferation of all memory subsets from healthy subjects but only induced
differentiation, Granzym& production, and cytotoxic effector function in CD8+ Ttm and
Tem cells. Stimulation of Tcm with HL5 failed to induce their differeiation; this was
associated with their decreasexdvivolevels of IL-15Ra when compared to Tem and Ttm
subsets. Finally, we developed a single cell floometry cytotoxicity assay, and found
that stimulation of CD8+T cells from HIV chronically infectedbjects with peptide plus
IL-15 induced the differentiation of tetramer+ CD8+ Ttm cells and restdgeexpression
andtheir cytotoxic activity .

Overall, we illustrate in this thesis, for the first time, the molecular mechanisms of effector
T cell differentiation mediated by #L5 and its downstream transcriptional regulator 1d2;
we reveal how PEL engagement leads to alteration of the Id2 pathway leading to decreased
effector function of the HIVspecific CD8+ T cells. Immunotherapy with agents such as
IL-15 or PD1 blocking antibody that increase levels of 1d2 expression , in combination
with HAART, should trigger the functional 4ativation of HI\Aspecific CD8+ T cells

and the killing of latently HIVinfected CD4+T cells.

Keywords : HIV, CD8CTL, PD-1, 1d2; IL-15, effector cell differentiation, cytotoxicity
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CHAPTER 1

INTRODUCTI ON






1. Immunological Memory

Immunological memory is defined as the ability of the immune system to respond against a
previously encountered pathogérhis characteristic was described for the first tilne
Thucidydesin the fifth century B.C., indeed heoticedthat people who survived plague
were not infected a second tim&he property of the immunological memory are based on
the fact that both antibodynd T cell responses which mediate the adaptive immune
response, are more efficient in responding the second time to the same antigen than in the
first encounter. Immunological memory is the basis for generating protective immunity
against many pathogensdamepresents the hallmark for vaccine strategies. While it is clear
that B cell production of antibody is critical for the protective features of many vaccines,
long-lived T cell immunity is also a critical component for good vaccine.

1.1Generation ofmemory CD8+ T cells

Once amature naive T cell populatioaxits the thymus after positive and negative
selection,it circulates in the blood and in the periphery wigigressg a wide repertoire

of diverseT cell receptors TCRs) that canrecognize pathogenand induce efficagus
immune responseNaive T cellsare maintained by the signals provided by the continuous
but transientnteracton of their TCRwith selfi peptidemajor histocompatibilitcomplexes
(MHC) on antigenpresenting céd (APCs) Upon infection dendritic cells migrate to the
lymphoid organs and present antigen to naive T cells. This interaction is respongiide for
formation of immunologicakynapses (ISs) between T cells and APC leadinghdoe
stableinteractions A naive T cell activated by antigen stimulation undergwesferation
cytokine productiopand differentiategnto effector cells. Several studies have shown that
the immune response requires three sigrglsantigenic stimulation upon engagement of
the TCR and CD8 as a coreceptor, 2) costimulatory signals, such as CD28, and 3)
inflammatory cytokines such as -I2 and IFNs(Curtsinger, Schmidt et al. 1999
Curtsinger, Johnson et al. 2Q0Curtsinger, Lins et al. 2003Kolumam, Thomas et al.
2005. The T ceHAPC interactions lead tolanal expansion and effector and memory

formation. The few naivé@ cells specific for the cognate antigen are able to divide more



than 15 times (up to 50.000 fold expansion) in response to lymphocytic choriomeningitis
virus (LCMV) and Listeria monocytogese(LM), leading to their differentiation into
effector cytotoxic T lymphocytes (CTLs) that will kill infected cells (effector phase).
Functional CTLs exert their cytotoxic activitjroughthe secretion of effector molees|

such as granzymemnd perforin as well as thesecreibn of cytokines such as interferan

(IFN) and tumor necrosis factor (TNF). CD4+ T celflayalsodifferentiate into T helper 1

(Thl) cells that secrete IRNTNF and interleuki¥r? (IL-2). These eventsegulate the
antiviral immuneresponse and mediate direct Killing of virus infected cells. Once the
artigen has been cleared, most of the effector CTL (98%) die by apoptosis
(contraction phaseyhile the remaining cells (50%) establisha pool of the longived
population ofmemory cells. It was originally proposed that the few célé survive the
contraction phase were randomly selected. However, recent studies have shown that some
cells have more memory potential when compared to others. Studies in mice have helped in
the discovery of transcription factors (described later) and cell surface markers that can
predict which cells differentiate into effector function and those that instgacrate the
memory T cellpopulation for lifelong persisence Among these markerscreased levels

of IL-7 receptor subunid (IL-7RU o r )C@DR7Rand B cell lymphoma 2 (BGR), as

well as decreased expression of killer cell leelike receptor G1 (KLRG1) have been
shown to preferentially induce tlgeneration of long lived memoryD3+ T cells(Schluns,

Kieper et al. 2000Kaech, Tan et al. 2003oshi, Cui et al. 200Kurtulus, Tripathi et al.

2011, Dunkle, Dzhagalov et al. 201.3While adoptive transfer experiments using TCR
transgenic cells have shown that KLRGD127° cells slowly decrease in number after
transfer in comparison to the long lived KLRGD127" cells that were maintained over

time (Joshi, Cui et al. 200®arkar, Kalia et al2008. ThusKLRG" CD127° cells have
been referlriede dase fiifsehcotrar &IERLG COI2{' 8 ELCs) aswhi |
memory precursor effector cellso (MPECs). Me
contraction phase have the ability to control secondary exposure to antigen by the rapid
acquisition of effetor function, increased frequency and localization to peripheral sites of

infection.



1.2 Central memory and Effector memory T cell subsets:

Memory T cells are heterogeneous and different subsets have been identified among
CD4+ and CD8+ T cell populatioiThe main two subsets are central memory and
effector memory cells (Tcm and Tenrgspectively). These two populations are
distinguished based on their homing capabilities and effector functions. Effector cells
home preferentially tahe periphery; indeed #y lack the expression of lymptode
homing markers such as CD62L and CCRY7. In contrast central memory cells are found
preferentially in the lympinode as they are CD62L+ and CCR7+. Tcm share similar
properties with naive T cell, but do not express CD45RAtheir cell surface and can
rapidly differentiate into effector cells upon-e&posure to the same antigen. They have
high proliferative potential and secrete high levels oRI(Sallusto, Lenig et al. 1999

Tcm are more efficient at reconstituting the memorgell pool and mediating protective
immunity compared to TerWu, Kirman et al. 2002Wherry, Teichgraber et al. 2003
Castiglioni, Gerloni et al. 200Bouneaud, Garcia et al. 2008lebanoff, Gattinoni et al.
2005. Tem have lower proliferative capabilities anddlproduction, however, they can
rapidly exert cytotoxic and effector functions (IFg\Nsecretion). Many other transitory
subsets have been identified in both CD4+ and CD8+ and within the Tem other subsets
that can be distinguished based on the expression of CD27 and(BD@&ro, Zippelius

et al. 2007. In humans, there is another effector memory CD8+ T subset, the terminally
differentiated effector cells (Temra), therte positive for CD45RA expression but they do

not express CCR7. Recently, a human memory T cell subset with stenfikeell
properties has been described (TdeBaXtinoni, Lugli et al. 2011 These cells share
many of the characteristics ofiive T cells cell (CD45RQ CCR7, CD45RA", CD62L",

CD27", CD28 and IL-7 R(), however, they also express CD95;2lIRb, CXCR3,
LFA-1, typical markers of memory T cell&attinoni, Lugli et al. 2011 Therefore, Tscm

are a longived human memory T cell population with increased capacity for- self
renewal and increased ability to generate central memory and effector memory T cells. In

summary, Tem provides immediate protection against seconasesg to a previously



encountered pathogen and provide rapid protection at entry sites of infection, whereas
Tcm remain principally in the lymphoid tissue where they can rapidly proliferate and
differentiate into effector cells to resupply the effectorelixat peripheral sites.

1.3 Models of memory T cells generation

Because of thdneterogeneityamong the effector and memory CD8+ T cell population,
different models of T cell differentiation have been proposed during infection.
Separateprecursor modelthis model proposes that when naive T cells exit the thymus,
these cells are differentially peelectedo become effector or memory CB8g cells upon
activation. Howeverevidence suggests that this model is unlikélyore sophisticated
studies using ampting transfer of single CD8+ T cellmveshown that naive T cells can
differentiate in both effector arskveralmemory CD8+ T cell subse{Stemberger, Huster

et al. 2007 Gerlach, van Heijst et al. 20L0

Linear differentiation modelthis model suggests that naive T cells that respond to
antigenicstimulation can give rise to effector celldnce tle antigen has been cleared,
effector cells can eithedie by apoptosis, become senescent terminally differentiated T
cells, or differentiate intonemory CD8+T cell subset$Wherry, Teichgraber et al. 2003
Bifurcativedifferentiation mode{or asymmetric cell division}this modeimpliesthat early
after antigen stimulation, with the first cell division, one T cell precursor can give rise to
two daughter cells: the pximal daughter cell (closer to the antigamesenting cell (APC))
differentiates into effector cells that will die by apoptosis once the antigen has been cleared.
The distal daughter cell (further from the AP@iyes rise to Tcm, Tem andmt(Chang,
Palanivel et al. 2007

Selfrenewing effector mottethis model propose$at Tcm and effector T cells, generated
from naive T cells, have selfenewal abilities.Tcm are found in the lymph nodes and
undergo homeostatic proliferation andn differentiate into TemTem can give rise to

terminally differentiated effector cells but cannot seliew(Ahmed, Bevan et al. 2009

1.4 Role of cytokines in the homeostasis and differentiation of effector CD8+ T cells



Memory CD8+ T cells that are generated after an acute infectiomaigained in a
cytokinedependent manner. Several studies have shown the rglehain cytokines (IL

2, IL-4, IL-7, IL-9, IL-15 and 1l-21) in regulating survival and homeostatic proliferation of
memory CD8+ T cells. Among them 42, IL-15 and I-7 have been shown to regulate
different stage of memory differentiation and maintenance. These cytokines have some
overlapping functions, but at the same timegulate different points of the immune
response. These overlapping functions are due to the fact that these cytokines share a
common cytokinereceptor subunit and signaling pathways. All the receptors of the gamma
chain cytokines tilize the gamma chaingf) subunit, which signals through JAKS.
Moreover, IL-2 and IL-15 receptors share a commipichainwhich signals through Janus
kinases 1 (JAK1)IL-15RU may alsomediate signaling through tumor necrosis factor
receptor associated factor PRAF2) binding motif.IL-2 binds to Il-2Ra alone with low
affinity while IL-7 binds IL7R which is composed of tweubunits: the commogchain

and the unique-chain that confers cytokine specificitylemory cells are known to be
maintained by homeostatic proliferation which leads to high division rate when compared
to naive T cell{Tough and Sprent 1994nd thecontinual division is medied by I-:15

while inhibited by IL-2 (Ku, Murakami et al2000. Different groups have shown that-L

and IL-15 are the major cytokines involved in the maintenance and homeostatic
proliferation of nemory CD8+ T cell§Schluns, Kieper et al. 2008chluns, Williams et al.
2002 Mueller, Petrovas et al. 200Burton, Tan et al. 200.7In particular,IL-15 seems to
mediate T cell proliferation while 17 is implicated in providing survivalOther
researcherbave alsaevealed that overexpression of1b, throughlL-15 transgenic mice,
increases the total number of memory CD8+ T ddllarks-Konczalik, Dubois et al. 2000
Fehniger, Suzuki et aR00). IL-7 seems to regulate the differentiation of effector CD8+ T
cells that expass high levels of CD127 ({ZRa) into long lived memory cell@aech, Tan

et al. 2003. Indeed IL-7 is more important thalh.-15 in supporting memory cell formation
from recently activated CD8+ T cell®ther groups have shown reduced maintenance of
antigenspecific CD8+ T cells in IK15d e y ¢ i e n(Beckeni V¢herry et al2002
Schluns, Williams et al. 2002Rubinstein et aldemonstratedhat IL-15 and Il-2 induced



the preferential accumulation of shdisted effector/memory (KLRG1hiCD127l0) CD8+ T
cells while stimulation with IE7 mediates increadenumbers of the long lived memory
precursors KLRGIbCD12hi cells (Rubinstein, Lind et al. 2008As cytokines thasignal
throughthe gc receptors, IE15 and Il-7 support survival of memory CD8+ T cells at the
molecular level by increasing the levels of ayibptotic molecules such as BtlAntigen
specific CD8+ T cells have high levels of Btivhile naive T cells)presslower Bcl2. In
addition CD8+ T cells express higher levels of Bclthan the CD4+ memory cells
(Homann, Teyton et al.0BD1). The signaling pathway triggered by the cytokinessignal
through signal transducer and activator of transcription 5 (STAT5) and are ithiby
suppressor of cytokinegsialing-1 (SOCSL1).

1.5 Transcription factors that control effector andnemory CD8+ T cell differentiation
Several transcription factors that regulate effector and memory CD8+ T cell development

have been identified. These transcriptional regulators have been shown to act imhgairs
the expression aineof the two molecwd increaseghey induceeithermemaory oreffector
differentiation. Among th&e pairs of transcriptional regulatotshet and eonsodermin
Id2 and Id3, Bclbé and Blimpl have been shown to functiam coupledto regulate these
properties. In particulacells that express increased levels df€ek, B lymphocytenduced
maturation protein (Bnp-1), inhibition of DNA binding 2 @2) and signal transducer and
activator of transcription 4 (&4) duringanimmune responsenduces the differentiation
of effector CD8+ T cells in short lived effector cell¥hese molecules contrast the
expression of other transcriptional factoEsymesoderminEomeg, B cell lymphoma 6
(Bcl-6), Id3 and $at3 that when upregulatednducethe differentiation of effector cells
into long-lived memory CD8+ T cellfor life-long persistencgreviewed in(Kaech and Cui
2012).
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Figure 1: Different stages of CD8+ T cell differentiation:

Memory CD8+ T cells are heterogeneous and can be distinguished basedsomfaed
markers or the expression of different sets of transcriptional factors: central memory are
less differentiated and express CD27, CCR7, and CD28 expression on their cell surface
while showing greater setenewal and proliferative capabilities. Atet transcriptional

level, Tcm express high levels of BE., Id3, STAT3 and eomes. As cells differentiate in
effector cells, they lose expression of CCR7, CD27, and CD28 on their cell surface and



10

express high levels of transcriptional factorél, 1d2, Bimp-1 and STAT4 that regulate
their effector functions. Aapted from(Kaech and Cui 2032

1.5.1T-bet and eomesodermin

T-bet and eomesodermaretwo T box transcription factorghat play importantoles in
promoting effector and memorgD8+ T cell differentiation. Their role in mediating
effector CD8+ T cell functions is confied by studies where they show that the two
transcription factors are required for the expressbniNFg granzyme B, perforine,
CXCR3 and CXCRA4Intlekofer, Takemoto et al. 200doshi, Cui et al. 20QBanerjee,
Gordon et al. 20L0Pipkin, Sacks et al. 20).0Expression ofT-betis upregulated in the
effector phase of the immune response by antigeesentation and by {12 and
mammalian target of rapamycin (mTOR) activifyakemoto, Intlekofer et al. 20080oshi,
Cui et al. 2007Rao, Liet al. 2010 Joshi, Cui et al. 20)Whenmemory CD8+ T cell are
generated,T-bet expression decreas@hereaseomes is induced by RUNX and IL-2
(Banerjee, Gordon et al. 201Ibshi, Cui et al. 201

1.5.2Blimp-1 and Bct6

Blimp-1 and RI-6 are another pair of transcription factors involved in B and T cells
differentiation. Bimp-1 expression is high on effector CD8+ T cells and its leaets
increased by 112, IL-12 and 11-21 cytokinedGong and Malek 20QKwon, ThierryMieg

et al. 2009 Kalia, Sarkar et al. 201@Pipkin, Sacks et al. 20)0In these cells Bnp-1
regulate effector functions such &sell trafficking to sites of inflammatioand INFg and
Granzyme B expressiofKallies, Xin et al. 2009Rutishauser, Martins et al. 2009As
memory CD8+ T cells form IBnp-1 expression levels deease and &-6 levels increase
(Cui, Liu et al. 201} In mice IL7Rahi KLRGlo memory precursors express high levels of
Bcl-6 and its levels are maintained and increased in antigeafic memory cells after
LCMV infection, and this coincides with decreased levels g1 (Gong and Malek
2007. Other studies have shown thatlB is important for the formation of Tcm and its
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expressiommay be mediated by HLO and IL:21 (Ichii, Sakamoto et al. 200Z0ong and
Malek 2007 Ichii, Sakamoto et al. 200.7

2.1d proteins

Inhibitor of DNA binding or differentiatior{ld) proteins belong to a family of heliwop-
helix (bHLH) transcription factors. There are two main families of the HLH proteins: E
proteins and Igbroteins. Id proteinszerenameddue to their ability tonhibit DNA binding
(Benezra, Davis et al. 1990n mammals, fouknown members of Id proteinexist Id,1

Id2, 1d3 and 1d4 all encoded bydur different gene¢Benezra, Davis eal. 1990 Deed,
Jasiok et al. 1994

2.1 The properties of Id proteins

Id proteins ad E proteinsboth have a highly conserved heli@op-helix (HLH) domain

t hat consi st o 4heliceswaparated pghldop af tvdriabesequence and
length (Pesce and Benezra 1993he HLH domain is required for homand hetero
dimerizzation of these proteins. Next to theHHdomain, E proteins contain a basic amino
acid domain which is fundamentairftheir binding to DNA within th& a n o n i-bcoaxl 6 @ E
recognition sequence, CANNT(Eigure 2)(Barone, Pepperkok et al. 1994 owever, Id
proteins do not possess the basic domain, thus they are not able DNodhandact by
inhibiting the transcriptional regulation of bHLH factors, in particuldie Eproteins
(Figure 3)(Lasorella, Uo et al. 2001Zebedee and Ha2001 O'Toole, Inoue et al. 2003

Id proteins,through theinhibition of E-protein transcriptional activitycontrol various
critical cells function, including cell cycle, differentiation, apoptosis, cell senescence,
tumorigenesis and neoplastic transformat{@arone, Pepperkok et al. 199¢Andres

Barquin, Hernandez et al. 2000
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Figure 2: Schematicstructure of Eproteins and ldproteins

The basic DNA binding region (b) that bound the HLH region is shownagi&d from
(Norton 2000).
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Figure 3: Id and Eprotein interaction

E-proteins form heterodimers that bind DNA and induce transcription of genes involved in
apoptosis and bloageof cell cycleprogressionWhen Id proteins bind to-proteins they

form a complex that cannot bind to DNA andushinhibits Eproteins transcriptional
activity (adapted from(Engel and Murre 20Q}L
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2.2 1d proteins in cell cycle control

The roleof Id proteins in regulating cell cycle has been shown in mice and cell line models.
These studies have shown that Id proteins are implicated in the G1/S transition of the cell
cycle. Lasorella et al. have demonstrated that restimyumdifferentiated dis have lower
levels of Id proteins ands expression increasewhen cells enter the cell cycle and
proliferate suggesting that Id proteins may play a role in regulating cell grwadorella,

Uo et al. 2001 Mechanistic studies via the use of small interfering RNA have shown that
the silencing otd proteins results in cell cycle arréBtarore, Pepperkok et al. 1994rwo

main pathways have been shown to correlate Id proteins to cell cycle control. The first one
IS by inhibiting thebinding of Eprotein transcriptiorfactors: following mitogenic signals,
increased levels of Id may sequedteproteins from forming heterodimers and prevent
them from binding the DNA. The & protein interaction results in a consequent inhibition
of E-protein target gene expression such as the egelpendent kinase (CDK) inhibitors,
(i.e. p21CIP1 and p27KIRXTrabosh, Divito et al. 2009 Moreover,lds can inhibit the
expression op16INK4a promoter through an-firoteindependent mechanismwhile 1d2
inhibits p15INK4b (Alani, Young et al. 2001 Id proteins have been shown to
preferentially target the ubiquitously expressegréteins (E12, E47, E2, and HEB),
(Benezra, Davis et al. 1990lorton and Atherton 19). In addition to E proteins, Ets
transcription factors and thliemor suppressor proteins of the RetinoblastopiRb) family

are also targets of Id protsir{lavarone, Garg et al. 1998iggs, Zhang et al. 1995
Lasorella, lavarone et al. 1996The direct interaction between pRB adgtoteins(ld2 in
particular) is thought to potentiate the S phase. This interagtidact results in the
dissociation of pRB fronthe E2F transcription factor. Once dissociated from pREBLO7

and pl13)Q E2F is free to bind to DNA and induce the expression of genes involved in cell
cycle progressiorkree E2F transcriptional complex thactivates the expression of genes

required for progression through S phase of the cell ¢iradeire 4)
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Figure 4: Id proteins in cell cycle control

Schematic representation shows havpioteins regulate cell cycle progressidhitogenic
signaling pathwag, during G1 phase dhe cell cycle, promotesevents that inducéhe
phosphorylation of theyclin-dependent kinase (CDKs). CDKs phosphorylate pRB (p107
and p130), leading teelease othe transcriptiorfactor E2F. Free E2F is able to bind to
DNA and thus to induce the expression of genes impdidatihie S phase of the cell cycle.
(Norton 2000.

2.31ds in Development and Differergition

Because of thability of Id proteins in regulating proliferation and differentiatidhese
proteins regulate many aspects of development. Studies in mice with Id protein knockout
have shown that the absence of Id1 and Id3 together leads to altered differentiation and
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proliferation of neural celland are embryonic lethakhereas the abace of 1d2 resulted

in decreased proliferation of many cell types and decreased body size was observed in these
mice (Lasorella, Uo et al. 20Q5ikder, Devlin et al. 20031d1 knockout mice alone have

no evident defects whereas I8Bockout mice exhibit defects in Bell proliferation and

humoral immunity The importance of 1d2 in regulating development was further
confirmed bya study wherethe loss of Id2 lead tdhe absence f Peyerod6s patc
lymph nodesas well aglecreased numbers of epidermal Langerhans cells and natural killer

cells(Sikder, Devlin et al. 2003

2.4Role 1d2 and I8 in memory CD8+ T celdlifferentiation

Few studis in mice have recently shown the new role of 1d2 and 1d3 in regulating the
differentiation of effector and memory CD8+ @ell formation. The first study fom
Cannarile et al in 2006 Hashown that after antigen stimulation, Idm@ession was
increased in effector cells and its expression remained high in the memory compartment
(Cannarile, Lind et al. 2006CD8+ T cells fromld2 knockout mice infected withisteria
monocytogenewere able to respond to the antigen, to proliferatel differentiatanto
effector cells but were more susceptible to spontaneous apoptosis compwaiketitype

cells, resultingin a decreaskability to clearListeria after infection(Cannarile, Lind et al.
2009. CD8+ T cells in absence of Id2 have decreased levels of thsuprval Bcl2
molecule andricreased levslof the proapoptotic Bim and C#fa suggesting that Id2 was
mediating the survival of effector cells that undergo contraction during the immune
response. Moreovethe few cells that survived ithe absence of 1d2 expression expressed

a different phenotype, maintaining CD27 and CD127 expression and exhibiting a more
central memory phenotype in comparison to wjide cells that had instead differentiated
into effector memory CD8+ T cell€annarile, Lind et al. 2006

Another more recent study in mice showhdtthe ratio between Id2 and Id8xpression
levels are important fatetermiring which cells become lorlgzed memory cells and those

that become girt-lived effector cells after an immune respoifgang, Best et al. 2011

Indeed, high levels of 1d3 preferentialgad tothe differentiation of longlived memory
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cells while low levels of Idpromoteshortlived effectorcell differentiation Contrary to
Id2 expression that is upregulated early after antigen stimuldt@nexpressionlevels
were decreaseih effector cellsand its expression became high wimeemory cellsvere
generatedId3 levels were found to be modited right before the change KiLRG-1 and
CD127 expression on the cell surfaceendiore,ld3 expression could be an indicator for
the identification of memory precursors (CDIRIRG-1°). 1d3 deficient mice were not
able to accumulate CD1%7memory cells.Moreover, #2 knockout cells were lacking
KLRG-1" short lived effector cells.This study suggest thatd2 and 1d3 regulate the
differentiation of effector and memory cells differently and that their esspra could be

used to predianemoly precursors.

3. CD8+ T cell exhaustion

During an acute infection, naive T cellare stimulated by antigen tondergo clonal
expansion, differentiate into effector T cells that secrete cytokines and exert cytolytic
activity. Once the infections resolvegda small subset of these furmmal effector T cells
survivethe contractiorphase and further differentiatgo highly polyfunctional memory T
cells. Memory cells have the capacity to rapidly respond to previously encountered
antigens, whichinclude the ability to reacquire the homingceptorsto secondary
lymphoid tissues, high proliferative capabilities, and the ability terseéw by undergoing
homeostatic proliferation driveby IL-7 and IL-15 (Becker, Wherry et al. 200%oldrath,
Sivakumar et al. 2002 These properties allow memory T cells to confer protective
immunity. However during a chronic viral infection T cells lose these characteristics
because of the contindeexposure to the antigen, a functional impairment known as
exhaustion. T cell exhaustion was described for the first time almost 10 yearsnagyine
LCMV modek whereresearchershowed that duringhronic infection antigenspecific T

cells weredysfunctional and were not able to kill virally infected céBsarbe, Wherry et

al. 2006. During exhaustionCD8+ T cells undergo a progressive losstlwdir effector
functions. The events that regulate this loss are influenced by the level and persiktence

antigen stimulation and bg€D4+ T cell help. If the viremia islow and CD4+ T cell
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numbers arenot lod, CD8+ T cells are still functional, asduring some latent infections.
Typically, when vial infectionpersiss, IL-2 production, proliferationand ex vivo killing
arethe first effectorfunctions to be lost duringhronic infection(exhaustion I\Wherry,
Blattman et al. 2003 This stage isfollowed by partial exhaustion 1l when TNF
a production begins to bémpaired. Reduction in INFg productionfollowing antigen
stimulationfollows, a stage of exhaustion thatthe result of high viral load and low CD4+
T cell numbers(Wherry, Blattman et al. 20Q03Finally, the continuous presentation of the
antigento antigenspecific CD8+ T cells leads toedth by apoptosis After these first
studies in mice, it became evident that humaasl similar kinds of CD8+ T cell
exhaustion. For exampl@uring human immunodeficiencyirus (HIV), hepatitis C virus
(HCV) or hepatitis B virus (HBV)nfections virus-specificCD8+ T cells appear to laek

vivo effector functios.

3.1HIV infection

Human immunodeficiency virus (HIV) ialentivirus, a member of the retrovirus family,
and if untreated leads to acquired immunodeficiency syndrome (AIDS). HIV is an
enveloped vl particle that contains two copies of gog singlestranded RNA that code
for nine genesgag, pol, env, tat, rev, nef, vif, vand vpu HIV infects CD4+ T ceH,
macrophages and dendritic cells. HIV infection leads to a gradual losSDd#+ T
cellsthrough direct or indirect mechanisms: killing of CD#+cells directly mediated by
the virus, indiect killing of infected cells bgytotoxic CD8+ T cellskilling of CD4+ T
cells mediated by abortive HIV infection and/or increased ratepajftosisof uninfected
cells (Banda,Bernier et al. 1992Groux, Torpier et al. 1992 ottrez, Manca et al. 1997
Herbein, Van Lintet al. 1998 Badley, Pilon et al. 20Q0Esser, Graham et al. 2001
McCune 2001 Alimonti, Ball et al. 2003 Doitsh, Cavrois et al. 20)0When the numbers
of CD4+ T cels become very low, the immune system is compromised andisbase is
characterized by susceptibility to infection with organisms that areypigiatly pathogenic
(McCune 2001 Mattapallil, Douek et al. 2005


http://en.wikipedia.org/wiki/T_cells
http://en.wikipedia.org/wiki/T_cells
http://en.wikipedia.org/wiki/CD8_cytotoxic_lymphocyte
http://en.wikipedia.org/wiki/Apoptosis
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3.1.1Clinical Course of HIV infection

HIV infection is characterized by a peak in plasma viremia, usually reaching more than a
million RNA copies/ml, and occurring -8 weeks after HIV entry. This period is
characterized by nesgpecific flulike symptoms and coincides with decrehsembers of
circulatng CD4 T cells (McMichael, Borrow et al. 2090 The partial viral control
correlates temporally with an H¥8pecific CD8& T cell response hich peaks just prior to

the decline in viremia and is important in maintaining the viral load at stable (&alp,

Safrit et al. 199% This essential role of CD8+ T cells in controlling HIV disease
progressionhas been confirmed in ndruman primate model@vatano, Shibata teal.

1998 Jin, Bauer et al. 199%chmitz, Kuroda et al. 1999Indeed it has been shown that
depletion of CD8+ T cells leads to a rapid increase in viremia while upon reappearance of
CD8+ T cells, viremia decreasesirohg acute and chronic SI\Jin, Bauer et al. 1999
Schmitz, Kuroda et al. 1999Chronic HIV infection, also known as the latent phase, lasts
an average of 10 yearsdahegins when the viral load decreases and CD4 T cell counts are
stabilized. Throughout this phase, CD# cells are gradually depleted from the circulation
(McMichael, Borrow et al. 2000 When CD4 T cells numbers decrease below 200
cell s/ el , the i mmune system is susceptible to
immune dysfunction leads to AIDS. The rate of this depletion vawas éme individual to
anothey for reasons that remain to be fully elucida{&ilin, Williams et al. 2004 The
depletion of CD4 T cellsis thought to contribute to the inability of CB& cells to mount

effective responses and control viremia during chronic infection.

3.1.2Role of CD8+ T cells itdIV infection:

CD8+ T cells play an important role during HIV infection and are essential in controlling
viral replication and for the killing of virally infected cells. Their ability in controlling
viremia is mediated by the secretion of soluble fact6®R, MIP-1 U, -IMd ,P RANTES)
and by the release of perforin and Grane A and B that mediate direct lysis of infected
cells.HIV-specific CD8+ T cells from patients in the acute phase of HIV infection are still

able to control viremia and exert strong atgixic activity. Indeed, the development of
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tetramer stainings have provided the data shguivat the frequency of antigepecific
CD8+ T cells can reach up to 18% during acute infedii@aBanacloche, Migueles et al.
200Q Addo, Yu et al. 200 As the infection progressethe CD4:CD8 Tcell ratio is
inverted asa conseguenceof CD4+ T cells loss(Chun, Justement et al. 200Puring the

late stages ofnfection, the frequency of CD8+ Tells begins to declingMargolick,
Munoz et al. 199b Furthermore, during chronic HIV infection, the capability of CD8+ T
cells to exe a cytolytic response diminishes andually, inthe absence of treatmerthe
disease progresses AdDS (Klein, van Baalen et al. 1995How CD8+ T cells are lds
during HIV infectionis still under debate and different mechanisms have been proposed
(Reviewed in(Gougeon 2008. HIV specific CD8+ Tcells have been shown to be more
sensitive to Fas/CD9fmduced apoptosis when compared dgiomegalovirus (CMV}
specific CD8+ Tcells(Mueller, De Rosa et al. 20p10ne possible mechanism of CD8+ T
cell apoptosis was shown tme the effectmediated by HIV infected macrophages
bystandercells (Cottrez, Manca et al. 199Herbein, Van Lint et al. 1998adley, Pilon et

al. 2000 Vlahakis, AlgecirasSchimnich et al. 20Q1In contrast, other groups have shown
that increased apoptosis of antigepecific CD8+ T cells was not dependent on Fas but
these cells were more sensitive to TNF réae@ and caspase mediated apoptosis leading
to decreastlevels ofthe pro-survival Bck2 molecule(Derby, Snyder et al. 20010ther
groups have shown that apoptosisanfigenspecific and total CD8+ T cells can ocaar
vitro by interaction between gpl120 and CXCR4 that is expressed on the cell surface of
CD8+ T cells. However, other mechanisms of CD8sell depletion as a consequence of T

cell exhaustion have been more recently described during HIV infection.

3.2T cell exhaustion during HIV infection

It has been shown that negative regulatpathways play an important rola T cell
exhaustion. Among then, three different pathways are theinmipal mediators of
exhaustioncell surface inhibitory receptors (such as-PDcytokines (such as HL0) and
immunoregulatory cells (such as Treg cellB)hibitory receptors have the important

function of limiting T cell activation by reducing downstreasignaling of the T-cell
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receptor (TCR)Thus, a robust immune responseniedided by a perfect balance between
positive and negative signals. Howevtite persisint expressionof negativeregulatory
receptors during chronic infection leads ao impaired ability to respond to infectia)

further leading to éhaustion.

3.2.1Programmed death 1 (PD1)

3.2.1.1Structure

Programmed death 1 (PD and its ligand PD-L1 and PDBL2, mediate inhibitory signals
that control the balance between T cell activation, tolerance and autoimrNisiymura,
Nose et al. 1999Nishimura, Okazaki et al. 201PD-1 is a 288 aminacid type |
transmembrane proteiconssting of one immunoglobulin (Ig) superfamily domain and an
intracellular domain containing an immunorecepor tyrefiaged inhibitory motif (ITIM)
as well as an immunoreceptor tyrostmesed switch motif (ITSM). P2 expressiols very
low or undetetable on resting cells and its expression is induced transiently on activated T
cells, B cells natural killer T cells, activated monocytes, and dendritic cells (DCs)L PD
binds to two ligands, both members of the B7 family, caBR&dL1 (programmed deht
ligand1 or B7-H1) andPD-L2 (B7-DC) (Chen 2004 Greenwald, Freeman et al. 2005
PD-L1 is constitutively expressed on many cell typgsereasPD-L2 is induced on
antigenpresenting cells during inflammatioRD-1 binding to its ligands (PR1 and PD
L2) induces a cascade of et®ithat inhibit TCR signalingl'his is a mechanisno control
autoimmunity and to prevent constant T cell activationliferation cytokine production
particularly FN-g, TNFa |IL-2, and cytolytic functionThe mechanisms that PDuses to
dampen TCRignaling are mediated, in part, by the inhibition of ZAP70 phosphorylation
and the association of the TCR wiiid3z. Moreover engagement of P inhibits glucose
metabolism mediated by CB3D28 andalso inhibits downstreansignaling of Akt by
inhibiting CD28 mediated activation of phosphatidylinositekidase The role ofPD-1 in
regulating peripheral tolerance to safftigen is mediated by itdunction in the

development of regulatory @ells and in inhibiting selfeactive T cells. The role of RD
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in regulating immune tolerance has been descntidd PD-1 knockout mice that develop
autoimmune diseag@ishimura, Nose et al. 1998lishimura, Okazakiteal. 200). Other
studies have demonstrated the treatment with blocking. Rbtibodies as a therapeutic

intervention for immunotherapy to cancer.

3.2.12 Role of PD1 in CD8+ T cell exhaustion

The signaling pathways that are mediated bylP&re still not well understood, however,
extensive studies have been conductetthénrole of PB1 for mediating T cell exhaustion
during immune response. The first studies that were done in order to understdnd PD
function during chronic viral infection have been conducted in a lymphocytic
choriomeningitis virus (LCMV) musemodel (Barber, Wherry et al. 2006Barber et al.
were the first to describe that PDexpression regulates CD8+ T cell exhaustion in mice
infected with LCMV clone 13 (a LCMV variant that genegatbronic viral infection). PB

1 expression levels were high on vhgecific CD8+ T cells and blocking the PD PD-

L1 interaction during chronic viral infection rescuesdll functionwhile decreasmg viral

load suggesting that the inhibition of PD crosslinking may be used as potential
application in the treatment of chronic infection. These first studies were conducted in
mice, howeverthe role of PBl in regulating exhaustion of CD8+ T cells was then
confirmed in humans during chronic viral infeets, such as HI\(Petrovas, Casazza et al.
2006 Trautmann, Janbazian et al. 20@hang, Zhang et al. 20pand in SIV infected
Rhesus macaquéBetrovas, Price et al. 200TVelu, Titanji et al. 2009 Different groups
have shownthat PD1 expression levels from chronically HIV infected donors are
upregulated in particulaon HIV-specific CD8+ T cells and its levels were positively
correlaed with viremia and negatively with CD4+ T cell numbéforeover, PBL1hi cells
show a decreased capacity to proliferate and to produce cytokines. Longitudinal studies
have shown that the use bfghly active antiretroviral therapgHAART) was able to
decreas PD1 levels orHIV-specific CD8+ T cells, suggesting that the continuous antigen

presentatiorto these cells and viremia are responsible for the increasetl &pression
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(Day, Kaufmann et al. 20Q6Trautmann, Janbazian et al. 2D0B support of this, other
groups have shown that SBpecific CD8+ T cells for a specific epitope that had
undergone mutational escape had dased PEL expression on their cell surface.
(Petrovas, Price et al. 2003alisch, Kaufmann et al. 20L@ther groups have shown that
dominant clonotypes within the H¥8pecific CD8+ T cellpool with increased levels of
PD-1 failedto survive in culture and produtéower levels of cytokine when compared to
subdominant clonotypg€onrad, Ramalingam et al. 2Q1Therole of PD1 in regulating
apoptosis haslso been shown by Petrovas @&t in 2006where they showed that PD
expression levels during HHRnhfection correlated with increased susceptibility to
spontaneous and CD95/Hasluced apoptosis and is associated with decrease@ Bcl
expression levelgPetrovas, Casazza et al. 2R0@IV -specific CD8+ T cells have been
shown to be more susceptible to apoptosis when compared togpkbific CD8+ T cells
from the sameHIV-infected patientspossibly due tahe higher levels of P2 on their
cells surfae. In fact, PBLhi populations were found to be more susceptible to apoptosis
than PD1 negative CD8+ T cellsndependent foantigen specificityMoreover,increased
PD-1 expressiomn CD8+ T cells from HIVinfected donors correlates with a gapoptotic
phenotypewith lower levels of the prsurvival Bck2 molecule, decreased levels of
CD127, and higher levels of CD95/Fas surface receptor when comigated PD-1lo
compartment. PELhi cells also showed increased binding of MitoTracker suggetiaiy
madification within the mitochondria of these cells may be responsible for increased

susceptibility to apoptosi®etrovas, Mueller et al. 20D7

3.3HIV Impairment of CD8+ T cell maturation

As discussed earlier, durirap ecuteinfection naive T cells after antigen stimulatigive

rise to effector and memory T cellThese populations are distinguished based on their
specific phenotype. Naive T cells express CD45RA, costimulatory molecules, and homing
receptors. As cellsifflerentiate into effector cells (CD45RA+ CDXBD27-CCR*7), Tem
(CD45RACCR%CD28CD27) and Tcm (CD45RACD28+CCR7+CD27+), -certain

markers, such as CCR7 for Tem and CD27 for Tamagained or lost. Appay at al. showed
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that duringthe chronic phase of HIVinfection, antigerspecific cells that were generated
expressed a distinguishable differentiation phenotype (based on CD28 and CD27) when
compared tdpsteinBarr Virus (EBV) and HCVspecific CD8+ T cell§Appay, Dunbar et

al. 2003. Other groups have shown that Hégecific CD8+ T cells expressed lower levels
of perforin on their cell surface and these cells were not algrext cytotoxic functions in
relation to CMV and EBVspecific cells in HIiinfected patients that instead @r@anzyme
Alperforint CD45RA+ CD27 (Strengell, Matikainen et al. 2003Zhang, Shankar et al.
2003. Moreover, different gnaps demonstrated that Hi&pecific CD8+ T cells have
lower CD28 expression and are CD27+, suggesting a decreased effector ph@agtype
Kostense et al. 1999Roo0s, van Lier et al200Q. CD28 and CD27 are costimulatory
receptors. CD28 mediatel CRactivation upon TCR triggering while CD2&cilitatesthe
generation of antigespecific CD8+ T cells. CD28+ cells have longer telomere lengths and
therefore, have increased proliferatipetentialin contrast toCD28 cells As a result,
decreasedevels of CD28 on HIVspecific CD8+ T cells are associated with diminished
proliferation(Speiser, Migliaccio et al. 2001CD27 negative cells that are associated with
an effector phenotype press more Granzyme A and perforin when compared to cells that
express CD27 on their cell surfapean Baarle, Kostense et al. 200Therefore, HIV
specific CD8+ T cells that express high levels of CD27 hade lower proliferative
capdilities and decreased perforin and cytotoxic activity. MeeepHIV-specific memory
CD8+ Tcells were also found to have a {eeminally differentiated phenotype (CD45RA
CCR7), when compared to CM¥pecific cells that instead expredsa terminally
differentiated CD45RA+CCRY¥) phenotypgChampagne, Ogg et al. 2Q@llefsen, Harari

et al.2002. In summary, during the chronic phase of HIV infectiantigenspecific CD8+

T cells should have an effector/effector memory phenotype, however these cells express a
preterminally differentiated phenotype The skewed mturation of these cells is
responsiblefor decreased effector functions and this &etw viral escape from immune

containment.
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3.4 Highly Active antiretroviral Therapy

Highly active antiretroviral therapy (HAART) is the treatment for HIV infected individuals.
HAART is able to decrease the rates of viral replication tlalayidg the progression to
AIDS. HAART is a combination therapy of three different drugs: two nucleoside reverse
transcriptase inhibitors (NRTIs) and protease inhibitors (PI), two NRTIs and non
nucleoside reverse transcriptase inhibitors (NNRTI) or other such combinations. HAART
therapy hadeenshown to efficiently decrease viremia and increaseD4ell numbers

in the majority of casesJpon initiation with HAART, the plasma viral load undees two
exponential phaseof decay (Perelson, Essunger et al. 1997he first phase is
characterized by a rapid decline of the viral load as resuthefoss of productively
infected CD4+ T cellswhich are mainly activated CD4+ T cellBhe second phase is less
rapid and consists of the lossinfected macrophages adendritic cells which are more
resistant @ virug induced cytopdiic effects than CD#4 T cells. The majority of the
patients treated with HAART have a reduction in viremia that drops below 25 copies of
viral RNA per ml of plasmatlge detection limit of sensitive assay) by week 20 and remains
low to undetectable except for occasional increasesiral loadc al | ed vi r al
(Perelson, Essunger et al. 19%osevitz, Arndt et al. 2008 Following HAART, the
recovery of C[3+ T cell numbers undergoes two phases. First, there is a rapid increase in
the CD4+ T cells that mostly have a memory phenotype, which happens during the first
weeks from the treatmerfAutran, Carcelain et al. 19R7This phase is followed by an

increase inlte naive CD4 + T cell numbef&utran, Carcelain et al. 1997

Abl
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HYPOTHESIS AND AIMS:

We have previously shown that during chronic HIV infectidinere is an impaired
distribution of the memory CD8+ T cell subsets that is assocratacigh levels of PEL.
The majority of CD8+T cells arearrestedn a transitional memoryTtm) phenotype are
not able to differentiate to effector/effector memoryerf) cells and lack cytotoxic
functions. Functional and phenotypical defects are not restored even under HAART
treatment. PEL limits T cell activation by attenuating T cell receptor signaling, howdver
is not known whether P2 also acts by downregulating genes importantdiiferentiation
and T cell functions

In the first part of my thesis (Chapter Ryiseda system biology approach as an unbiased
methodology in order to identify pathwagewnstream of PEL that areassociated ith
CD8+ T cell dysfunction and cell exhaustionl analyzedglobal gene expression profile
of highly purified PD1 high HIV-specific CD8+ T cells when compared to PDlow
CMV-specific CD8+ T cells from the same chronic Hhfected individualsand found
that HIV-specific CD8& T cells express low levels of the transcriptional modulator Id2.
Due tothe fundamental role of 1d2 in mediagi effector CD8+ T cell differentiation we
decided to further investigate whether dedéatid2 expression could be responsifidethe
impaired maturation of the RD high cells during chronic HIV infectioW/e hypothesized
that

- PD-1 crosslinking infbits T cell function by interfering with the expression o,

leading to decr@sed maturation of CD8+ T cells and exhaustion

In the second part of my thesis (Chapter 5) | wanted to identify upstream signals that can
upregulate 1d2 expression and ttheould restore CD8+ differentiation during HIV
infection. 1d2 and thecommong-chain cytokine IE15 play similar roles in mediating
survival and differentiation of effector CD8+ T elboth 1d2 or IL-15 knockout mouse

lack cells with aneffecto/TemphenotypeMoreover, I@ has two potential STATS binding

sites at its promoter and 415 mediates survival of effector cells by inducing

phosphorylation and transcriptional i@ty of STATS5. Finally, both I@ and 115
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upregulate the preurvival Bct2 ard downregulate the papoptotic Bim molecuke Thus
| focused on defining the mechanisms of action oft8in promoting CD8+ T cell
differentiation and defining the role of Id2 in this outcoM& hypothesizethat:
a) Id2 upregulation by IE15 is resporible for human effector CD8+ T cell
differentiation
b) treatment with 115 will rescue di2 expression and differentiation of H&pecific
CD8+ T cells and effector function
In order toassesshe impact of 115 on effector function dfllV-specificCD8+ T cells |
optimized a celbased flow cytometry assay (Chapter 4) that measures the cytolytic activity
at the single cell level.
A betterunderstanding of the molecular events involved in the generation of effector cell
mediated by IE15 is criticalfor the development of effective strategies for HIV treatment

that aim at the restoration of effector and cytotoxic ability of anigpatific CD8+ T cells
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ABSTRACT

Background: During chronic HIVinfection virusspecific CD8 T cells develop functional
defects such as loss of-B_secretion, decreased proliferation andisetiewal capability
and high levelof expression of canhibitory molecules, most notably PD We have
shown that PELhi cellsaccumulate at thetf/Tem memory subsets and do not progress
to fully differentiated effector celld.ittle is known on the mechanisms downstreanPaf

1 signaling thatinfluence transcriptional/epigenetic events involved in T cell differentiation

and dfector function.

Results: Transcriptional profiling allowed us show thatthe transcriptional modulator
Id2, which is important for proliferation and survival of many cell types, was
downregulated during HIV infectiorin cells expressing high levels of PD We
hypothesized that PRI might be inhibiting T celldifferentiation to effector cells by
interfering with the expression of Id2. We found that Fédecific CD8 T cells from
viremic donorsshowed decreased levelof Id2 mRNA when compared to CMipecific
CD8+ T cells from the same HPhfected individual. 1d2 levels were most profoundly
decreased in the RDhigh population compared to RDnegativecounterpartsWe further
showed thaengagement dPD-1 inhibited expression of 1d2 mRNA and protein in CDi8
cells from healthy uninfected subjects that resulted in decreased proliferation and increased
apoptosisTransfection of PBELhi effectorcells from HIV infected individuals with a Tat
Id2 construct that locales in the nucleus can reverse #poptoticdefect and restore

effector function of these cells associatedh the exhausted phenotype.

Conclusion: This study provides anolecular mechanism for RD)PD-L1 interaction in
downregulation of Id2 expressioand decreased differentiation of CD8 effector cells in
chronic infection and strongly supports the potential therapeutic benefit ePRuiti
blocking antibody in restoring immune function in individuals with HIV infection and other

chronic viral disease
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INTRODUCTION

CD8+ T cels play a fundamental role in chronic vinafections they are essential for
controlling viral replication and fokilling of virally infected cells During chronic HIV
infectionHIV -specific CD8+ T cell@re continuouslgxposed to the antigen and are found
to be functionally impairedas measured by reduced proliferative abilities, decreased
capacity to produce cytokinemnd effector molecules leading to exhaustiGreenwald,
Freeman et al. 2008Barber, Wherry et al. 20060thers and we have shown that HIV
specific CD8+ T cells during chronic HIV infection upregulate the levels of the
programmed death PD-1) receptor(Day, Kaufmann et aR00§ Trautmann, Janbazian et

al. 2006 Zhang, Zhang et al. 20D7PD-1 expression levelstrongly correlate both with

viral load and with the reduced capacity produce cytokines and to proliferae.
Cytomegalovirus (CMVi)specific CD8+ T cells from the same donergpressdecreased
levels of PD-1 on their cell surfaceand their cytokine production is not affected
(Trautmann, Janbazian et al. 2Da8IV -specific CD8+ Fcellshave been shown txgress

a preterminally differentiatedphenotype (CD45RA-CCR7 CD274), when compared to
CMV-specific cellsthat instead express terminally differentiatedeffector phenotype
(CD45RA+-CCRT-CD27-) suggesting that H\specific CD8+ T cells may not complete
their differentiation during the immune respor(&hampagne, Ogg et al. 2Q0Appay,
Dunbar et al. 20QZEllefsen, Harari et al. 2002PD-1 crosslinking results in attenuation of
the signaling pathways downstream of TM®R{ it can also induce the expressiorgehes

that are specifically modulated upon its engagement by the ligand leading to decreased T
cell function(Quigley, Pereyra et al. 20l1Patsoukis, Sari et al. 20LZHowever, it is not
known whether PEL crossliniking also inhibits genes that are involved in CD8+ T cell
differeniation during infection. Extensive studies have recently shown that transcription
factors are important in regulating the memory versus effector differentiation of CD8+ T
cell subsets during an immune response. Among théet &nd eomes, Blimp and Bcl6

and the inhibitors of DNA binding (Id2 and 1d3) have been shown to act as pairs of
antagonistic transcriptional regulators that play critical roles in this prqbetsskofer,
Takemoto et al. 20Qdoshi, Cui et al. 20Q'Banerjee, Gordon et al. 201Ripkin, Sacks et
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al. 201Q (Cannarile, Lind et al. 200650ng and Malek 20Q7/Kwon, ThierryMieg et al.

2009 Kalia, Sarkar et al. 201@®ipkin, Sacks et al. 201Cui, Liu et al. 2011Yang, Best

et al. 201]).

Id proteins together ith the Eproteinsbelong to the family of thaelix-loop helix (HLH)

family of transcriptional regulator§Barone, Pepperkok et al. 1994varone, Garg et al.
1994 Lasorella, Uo et al. 200X AndresBarquin, Hernandez et al. 2000d proteins are

not able to bind to DNA because they lack a basic DNA binding domain and instead they
function by inhibiting Eprotein transcriptional activity leading to increased survival, cell
cycle and differentiation of many cell typéblorton 2000 Engel and Murre 20Q1
Recently it has been shown that Id proteins regulate T cell differentiation of mature CD8+
T cells(Cannarile, Lind et al. 20Q06/ang, Best et al. 201Masson, Minnich et al. 20).3
Knockout studies in mouse models demonstrated that, in the absence of Id2 ,CD8+ effector
cells were morasusceptible to apoptosighen compared twild type cells, and these cells
consistently shoed decreaselkvels of the presurvival Bcl-2 and increased levels of the
pro-apoptotic Bim mRNA (Cannarile, Lind et al. 2006 This study was confirmed by
others where they show that Id2 is required for the formationhoftBved effector
memory CD8+T cells after infectionwhile 1d3 expression is required for the generation of
long lived memory cell§Yang, Best et al. 20)1

Here we used systens biology approach to identify genes that are mathd in exhausted

cells from chronically HIV infected individuaiga order to assess if the downregulation of
genes involved in the generation of effector CD8+ T cell could explain the decreased
differentiated phenotypand effector functions of RDhi antigenspecific CD8+ T cells.
Transcriptional profiling allowed us to show tHd2 was downregulated in H¥Pgpecific

CD8+ T cells when compared to CMS$pecificCD8+ T cellsfrom the same subjectdNe
hypothesized that inhibitory receptors such RI3-1 act by inhibiting T cell effector
functionsnot only by reducing TCR signalindgput also by decreasing the expression of
genes that controbifferentiation of antigen specific CD8+ T cellstonterminally

differentiated effector cells.
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RESULTS

1. Ex vivo Id2 levels are greatly reduced in HI\{specific CD8+ T cells

We compared th&anscriptional profile®f sorted HI\(specific and CMVspecific CD8+

T cells from HIV viremic individuals using BioConductor Linear models (LIMMA
Extracted RNA from thesegpulations was analyzed for global gene expression in order to
identify a unique signature for exhausted Hipecific CD8+ T cell{Fig.1). We found

that HIV-specific and CMV-specific CD8+ T cell populations exhibited differential
expression (upregulateat downregulated) of 307 genes. Among them 149 mRNAs were
downregulated in HIWspecific CD8+ T cells and 158 were upregulated when compared to
CMV-specific CD8+ T cellsBy microarray analysis we found that gengsegulated in

HIV -specific CD8+T cells were enriched for thos¥# inhibitory receptors such as PD

and CD160. Surface expression of-B@lso showedhcreasedevelsof PD-1 in the HIV-
specific CD8+ T cellsas previously reported (Supplementary Figure {Dautmann,
Janbazian et al. 20R6HIV-specific CD8+ T cells have a poorly differentiateflector
phenotype indeed we found that they expreskigher levels of CD27 andecreased
expression ofll killer cell lectinlike receptors(KLRS); the latter molecules regulate
effector memory differentiatio(Sarkar, Kalia et al. 2008 At the cell surface levels when
we stained HIVspecific CD8+ T cells for CD45RA, CCR7 and CD27 we found that more
than 606 of the cells expressed a transitional memory (Ttm) phenotype £63%nd only
20% of them had an effector memory (Tem) phenotype (299 while a small fraction

of these cells differentiated into TEMRA suggesting thasé¢hcells were blocked dtet

Ttm stage and could not progress to fully differentiated effector ¢8igplementary
Fig.3). By gene array analysis wieund thatld2, which inhibits E protein transcription
factors and is associated wigurvival and differentiation aéffector CD& T cells in mice
(Cannarile, Lind et al. 2006rang, Best et al. 201Masson, Minnich et al. 20}3was
downregulated during HIV infection in HPgpecific CD8+T cells when compared to
CMV-specific CD8+ T cells from the same HIV infected individu&lg).1). The array data
werevalidated by Real Time PCénhd wefound thatfor all theepitopes examined &ble I)

not only Id2 levels were decreased in the Hégeciic CD8+ T cells when compared to
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CMV-specific CD8+ T cells (0.8+ 0.1, 4.9+ 0.7, P<0.01), but ahso prosurvival 1d2
target molecule Bcl-2, (1.1+ 0.5, 3.2 £0.2 , P<0.pWhile we found increased levels of the
pro-apoptotic Bim molecule (22.1+2, 1.74.8, P<0.01) $upplementaryFig.1A, B,C).
Studiesin vivo have shown that members tbfe Bcl-2 family play an important role in
regulating the contraction phase and that loss 0f2Bigl associated with a decreased
number of effector CD8+ T cells suggesfithat loss of both 1d2 and B2lin the HI-
specific CD8+ T cells may be responsible for the decreasedival of these cells
especially of those with an effector phenotypiddeman, Zhu et al. 20Q02Pellegrini, Belz

et al. 2003 Wojciechowski,Jordan et al. 2006 1d2 has been shown taind to E-protein
transcription factorsthusinhibiting E-protein target genes that are involved @il cycle
arrest and apoptos{®lorton 2000 Cannarile, Lind et al. 2006 Therefore, we examined
the global gene expression profile of genes downstreampobtEin transcriptiorfactors
(supplementary Fig.2). We identified sets of genes upregulated irspHvuific CD8+ T
cells that regulate apoptosis (increased levels of Caspase 9 and Bid motietieased
Bcl-2 expression) and genes associated with blockage of the cell cycle (upregulation of the
cyclin-dependent kinase inhibitors p21CIP1, and p15). Of nu2&CIP1 and pl5 are
upregulated by PEL crosslinking most probably as a result of the degulation of 1d2
expression(Kowanetz, Valcourt et al. 200&chlegel, Eichhoff et al. 280 Patsoukis, Sari
et al. 2012

Taken together, these results show #iatl high HIV-specific CD8+T cellsfrom viremic
patientsdo not differentiate to terminal effector cellsthis is associated with distinct
gene expression profile when compared to Ghpécific cells from the same patients
Moreover, genes involved in survival of effector CD8+ T cells leading to cell
differentiation, such as Id2 were decreased in the-$fiific CD8+ T cells when

compared to CMVspecific CD8+ T cell subset

2. Effector memory and transitional memory subsets from chronically infected
HIV+ individuals have decreased levels of Id2 when compared to healthy donors.

Other groups have already shown that-PExpression levels are increased not only in

HIV-specific CD8+ T cells, but also correlates with cellular differentia(iBatrovas,
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Chaon et al. @09 Yamamoto, Price et al. 20L1To study the impact of RID on Id2
expression and CD8+ T cell differentiation, we further investigateether the defect of
Id2 expression during HAL infection was specific t@ntigenspecific CD8+ T cells or
whether it was a gerardefect ofeffector cellsWe sorted memory CD8+ T cell subsets
(gating strategy on Supplem. Fig. d)d we comparedd2 expression from chronically
HIV infected and uninfected individuai® the dfferent subsetsComparison of gene
expression okach subsetshows that in healthy individuald2 was expressed at higher
levels in effector and transitional memory CD8+ T eselfhen compared to ¢ (Fig.2
A,B,C). However during chronic HIV infection em and Tm failed to upregulateld2
expression levels that we found to be significantly lower in viremic patients when
compared to healthy individua{Big. 2 A,B). No significandifferences were found in the
Tcm compartment between the two groups of eaty Fig 2C). PD-1 levels gatédon naive
CD8+ T cellswere used as a negativeontrolfor PD-1 expression. The decreased levels
of Id2 in Temand Tm from viremic subjects correlated with increadegdels of PD1 in
these cellsAs previously describedave found that @&mand Ttm expressed higher levels of
PD-1 comparedo Tcm andthat PD-1was increased in all memory subsktsn viremic

patients when compared to healthy dor{&ig.2D, E, Frespectively.

3. High levels of PD1 during HIV -infection negativelycorrelate with 1d2 expression

The low levels of 1d2 expression in Ttm and Tem, the subsets that express the highest
levels of PD1 during chronic HIV1 infection, prompted us to further validate our
hypothesis ofdecreased 1d2 exmsion during HIV infection as a consequence of1PD
expressionThusCD8+ CD45RA PD-1 positive and negativeells from 9 HV viremic
patients were highly purified (>95%) as shown in supplementary Figurand5 Id2
expression was assessed by Real Tim&.P@e found thaPD-1 hi cellshad decreased
levels ofld2 mRNA when compared to tHeD-1 negative counterpaf@.1+ 0.05, 0.20.2
respectivelyP=0.0@15) (Fig.3 A). Moreover, levels ofd2 negatively correlatkwith PD-1
expressior{p=0.M45spearman r=8) (Fig.3B). We assessed the expression levels of2Bcl

and Bim by Real Time PCRind showed that Bct2 expression was also drastically
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decreased in theD-1 positive compartment when comparedPtid-1 negative populations
(51, 256 respectivelyP<0.®)(Fig.3D) while Bim mRNA levels were increasetl /3,
2+0.9, P=0.007)(Fig.3C). When we measured PDligand £D-L1) on monocytegrom

the same donors we found that there was a significant positive correlation b&ixden
and PD-L1 expression levels (p=0.0150.7)(Fig.3D). Interestingly Id2 expression levels
were not decreased in successfully HAART treated patients (ST) or in HIV infected
patients that controlled infection without treatment (elite controllers) (data not shown). Of
note, CD8+ T cells from #& controllers and ST patients express lower levels ofLlRID

their cell surface(Day, Kaufmann et al. 2006Trautmann, Janbazian et al. 2006
Collectively, thesedata show that during chronic HIV infection the levelsld#f andits
target molecule Be? are decreased in tiD-1 high population when compared RD-1
negative cellsn patients that express high levels of-BDsuggesting thaPD-1 modulates

of their expression levels.

4. PD-1 crosslinking decrease 1d2 mRNA and protein levels

The inverse correlation between RDand Id2 levelpprompted us to further investigate
wheter the crosslinkg of PD-1 by its ligand,PD-L1, resulted in thedownregulation of

Id2 expression level€rimary human CD8+ T cells were cultured wiht-rCD3-CD28&
isotype beads dPD-L1-anttCD3-CD28 beads for 24 to 48h and we assess2dnRNA
levelsby Real Time PCR or protein levels by Western Blot. Incubation of CD8+ T cells
with PD-L1 anttCD3-CD28 beads for 24h resulted in downregulation Id2 gene
expression Kig.4A) when compared to the Isotype bsawbntrol (3+£0.5, 0.1 +0.07,
P=0.008). ID2protein levels were also found to be drastically reducker @8h of
incubation withPD-L1 CD3-CD28 when cmpared to ISGCD3-CD28 beadsKig.4 D,E)

(25¢ 5, 100 +0, P=0.004)Incubation with PDLICD3-CD28 beads resulted in a
significantly decreasegroduction of I-:2 as measured by ELISA when compared to cells
incubated with ISGCD3-CD28 beads (Fig.4C) (358+74, 7+2 P=0.009). Triggering oflPD
resulted in increased apoptosis most probably as a consequence of decreased lev2ls of Bcl
expression (FigdB)( 1SO 1.7+0.2PD-L1 0.08+0.03, P=0.013).
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We investigated the signaling pathways that were modulated duringnifistion after

PD-1 crosslonking. We found that many of the signaling pathways downstream of 1d2 were
downregulated in the RD positive cls after PD1 crosslinking when compared to the
PD-1 negative compartment. We found decreases in the cyclins and cell cycle regulation,
and in G1/S checkpoint regulation. Increased TNF&hd TNFR2 signaling was observed
within the PD1 positive cells ad more interestingly there was a downregulation ef3L

and Jak/STAT signaling involved in effector CD8+ T cell differentiatiéiy. 4F) These

data suggest th&D-1 ligation in CD3CD28 stimulated cells induces both decreased T cell
function such as$lL-2 production and a specific transcriptional program in primary human

cells that leads to a loss ko2 expression.

5. Ectopic 1d2 expression rescues the survival of RD hi effector memory CD8+ T
cells

Finally, we tested whether overexpressionld# would improve the function of HIV
specific T cells. To resculel2 expression we cloneldi2 cDNA into atat vector, purified
the protein and labeleithis recombinant proteirwith FITC in order to track transduced
cells by flow cytometry(Supplementary Fi§A) (BeckerHapak, McAllister et al. 2001
Tat peptide allows the protein to enthe cells by micropinocytosi@Vadia, Stan et al.
2009. To track the cellular localization of the proteiwe extracted nuclear and cytosolic
fraction and assessd®2 protein expressionby Western Blot analysisS(pplenentary
Fig.6B). We found that 1 hposttransductionby ld2-tat all the protein wasocalized
within the nucleus of CD8+ T cellprobably due told2 nuclear localization signals
(Kurooka and Yokota 2005This system allowed us to overexpréd® in CD8+ T cells
purified from chronically HIV infected donordransduced cells and contralgere then
recultured inthe presence of autologous PBMCs depleted of CD8+ T,dellallow PD1
triggering by its ligand that is highly expressed on antigen emisg cells (#0).
Overexpression ofd2 resulted in a significant decreaseapoptosis of PEL hi effector
CD8+ T cells as measured by Annexin %taining when compared tocontrol tat
transfected cell$22% + 9%, 72%z+ 7%, respectively P=0.014) (Fig.5®). CD8+ T cells

that were transduced with the two proteins were sorted after 12h for TerRITO2
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positive and TaFITC positive cells to assess whether ID2 overexpression was able to
restore CD8+ T cell effector function at the molecular level. We fabat Ttm and Tem
transfected cells with ID2 had increased levels of the effector molecule Granzyme B, and
decreased levels of the inhibitor of cell cycle p21CIP1 (Fig.5C,D). Moreover, ID2
expression also rescued cells from their apoptotic phenotype asineeay increased
levels of Bcl2, Myc and decreased Bim expressidhpy also expressed a more
differentiated phenotype as mes=ii by decreased levels of CDZFig.5 E,F,G,H).
Therefore enforcedID2 expression increases survival of axkted PEL hi efector T cells

and leads to their differentiation into effector cells.

DisSCcUSSION

During an immune response, naive T cells are primed by antigen to undergo clonal
expansion ath to differentiate into antigespecific effector cells that secrete cytokines
and exert cytolitic activity. Once the antigen is cleared, most of the effector cells (90%
95%) die by apoptosis (contraction phase) while the remaining cell8%g establish the

pool of longlived population of memory cells. Under normal conditions, sdve
transcription factors have been shown to regulate effector and memory CD8+ T cell
development. Among them Id2 plays a critical role in the generation of effector CD8+ T
cells during an immune response and its expression levels are maintained in they mem
compartment both in mice and humans in the most differentiated Ttm and Tem
populations(Cannarile, Lind et al. 200§ Chapter 4). Effector CD8+ T cells from mice
lacking Id2 are not able to survive and this results in decreased antigen clearance
(Cannarile, Lind et al. 2006 We (chapter 4) and othersave also shown that after
antigen priming, activated virus specific CD8+ T cells receive signals that induce 1d2
expression (Cannarile, Lind et al. 2006 The increased levels of Id2 promote
differentiation and survival of effector cells which are important to exert cytotoxic
function, proliferation and cytokine production. Antigepecific CD8+ T cells that are

able to limit infection, as during CMV infection, have a terminally differentiated

phenotype, they lack the expression of CD27, CCR7 and CD28 molecules, and have a
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better &ility to produce granzyme BAppay, Dunbar et al. 200Jdaspan, Gaumer et al.
2003 Trautmann, Janbazian et al. 200®hus, transcriptional regulation is required for
memory differentiation to confer protective immtyni During chronic infection, such as
HIV, the continued exposure to the antigen leads to a functional impairment of T cells
known as exhaustio(Barber, Wherry et al2006. It has been already shown that the
functional exhaustion of CD8+ T cell is affected alsaha&ttranscriptional level and this
might reflect their altered phenotypic and effector characteristics.-1 Rilays an
important role in T cell exhaustiomnd its engagement BYD-L1 has been shown to
affect both genes downstream of TCR as well as specific gene expression signature that
reflects the transcriptional consequences oflP@ceptor ligatiorfQuigley, Pereyra et al.
2010.

In this study, we show that PD hi HIV-specific CD8+ T cells from chronic HIV
infected individuals are blocked in a teational memory phenotype and this is associated
with a downregulation in 1d2 expression levels when compared to -Gpe¢ific CD8+ T
cells from the same HNhfected donor. Moreover not only was |d2 downregulated in
the HIV-specific CD8+ T cells, but tme was a modulation of its target genes with
decreased levels of the psorvival Bck2 molecule and increased levels of the-pro
apoptotic Bim. Members of the B@ family have been shown to regulate survival of
effector cells during the contraction phadean immune response. Indeed overexpression
of Bcl-2 mediated survival of antigen specific cells that survive the contraction phase
(Hildeman, Zhu et al. 20QZPellegrini, Belz et al. 20Q3Wojciechowski, Jordan et al.
2006. These findings suggest that the decreased frequency of cells that have an effector
phenotype within the HIMspecific CD8+ T cells may be due to decreased levels of genes
involved in the survival and differentiation of effectalls.

Here we have also compared Id2 expression levels in memory CD8+ T cell subsets from
chronic HIV-infected subjects and healthy individuals. Under normal conditions 1d2
expression levels are upregulated on transitional memory and effector memory CD8+ T
cells and lower 1d2 expression levels are found in the central memory compartment.

However, when we compared the gene expression profiles of CD8+ T cell memory
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subsets from chronic to healthy individuals we found that only in Tem and Ttm
populations fron HIV infected individuals was Id2 expression reduced, and these two
memory subsets are those that express the highedtlBP&els. No significant differences

in Id2 expression were found in the Tcm compartment between the two groups of subjects
probably kecause Tcm express lower levels of-PDn their cell surface. Indeed, when

we compared Id2 expression from total memory-Ppositive and PEL negative
populations 1d2 expression levels were found to be drastically decreased in the cells with
high PD1 levels and we also found a negative inverse correlation between 1d2 expression
levels and PBEL MFI. PD-1 expression during HIV infection has been associated with an
apoptotic phenotype as measured by decreased levels of the prosurvival moleces Bcl
and CI127 (IL-7 receptora) and increased binding of MitoTrackea, marker that
measures mitochondrial magBetrovas, Chaon et al. 200Here we show that the
apoptotic phenotype of the PDhigh cells is mediated by its engagementR&¥L1.

During chronic HIV irfection, the continuous antigenstimulation is responsible of the
increased levels of botAD-L1 on monocytes and RD on preterminally differentiated

cells (Trautmann, Janbazian et al. 2QQ@eier, Bagchi et al. 2008Our results show that
PD-1 crosslinkingon CD8+ T cells from healthy individuals with ariD3-CD28-PD-L1

beads results ithe downregulation of both Id2 protein and mMRNA expression levels
which leads to decreased survival abilities (measured a Belels) and decreased
proliferation (measured by 2 production).

Finally we have shown that restoration of 1d2 expression aiiditfusion proteinrescues
survival of PD1 hi effector CD8+ T cells from chronic HHAhfected individuals
measured by Annexin V levels and that at the molecular levebtdBexpression restores
Bcl-2 upregulatiorand decreases Bim. 1d2 overexpresseaus to increased Granzyme B
expression and decreased levels of the maturation marker CD27, showing that these cells
are able to exert cytotoxic function and to differentiate into effector cells.

In conclusion, this study identifies a new molecular paghthat is important for CD8+ T

cell differentiation that is negatively regulated during chronic HIV infection and is
downstream of PEL. Our studies do not identify the mechanism by which1Piigjation
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induces downregulation of Id2, or whether this happganslirect or indirect pathways.
However, our results suggest further investigations into how Id2 regulates T cell
differentiation of antigerspecific cells and how we may reverse the decreased Id2 levels

observed in patients with chronic phase HIV irife.

METHODS

Study population

Study population included 9 chronically progressing subjects (CHI) infected for more than

6 months based on CD4 T cell counts under 500/mm3 or declining CD4 T cell counts.

Informed consent was obtained and reseaactiormed to ethical guidelines established by

the ethics committee of Centre Hospitalier de

Peptides ad Tetramers

Soluble pMHC monomers were generated as previously desddthedan, Moss et al.

1996. The peptides and tetramers used to aeatiie CMV and HIVspecific CD8+ T cell

response were: NLVPMVATV (A*02 CMV), TPRVTGGGAM (B*07 CMV),
FLGKIWPSYK (A*02 Gag), ILKEPVHGV (A*02 Pol), SLYNTVATL (A*02 Gag),

RLRPGGKKK (A*03 Gag), RPGGKKKYKL (B*07 Gag), TPGPGVRYPL (B*07 NEF),
GEIYKRWII (B*08 Gag),FLKEKGGL(B*08 NEF),RLRPGGKKK (A*03 POL)

Phenotypic analysis

PBMCs were resuspended in PBS containing 2% FCS and stained with Teddanaér
0. 3¢ g °gelisrTheXfdlowing cocktail was used for phenotyp@B8+ T cells: CD3
Alexa 700 (BD), CD8 PB (B), CD45RA H7 (BD), CCR7 R€y7 (BD), CD27 Qdot655
(Invitrogen) and PEL APC (eBioscience). Dying cells were eliminated with
LIVE/DEAD viability dye (Invitrogen). We acquired a minimum of 1R1évents for all
cytometryrelated experiments using a BD L$Robw cytometer and analyzed with DIVA
software v5.0 (BD).
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Real Time PCR

Primers and probes were obtained from IDT and Roche respectively. Multiple 100 cell
samples from healthy or HIV infected individuals where sorted by FACS ARIA (BD) in

a 96 well pate gating on the population of interest. We used the Cells DireciStpe

gRT-PCR Kit for reversetranscription and preamplification (18 cycles) of the RNA targets

of interest without a separate RNA purification stef?CR wvas performed on a Roche
Light Cycler 480 and analysis was perfor med

Gene array analysis of HIV vs CMV specific CD8+ T cells

Sorted HIV and CMYV specific CD8+ T cells were processed as previously described
(Peretz, He et al. 20).2Analysis of the genome array output data was conducted using the
R statistical language (R Development Core Team) and various softackages from
Bioconductor, an open source project for the analysis and comprehension eof high
throughput genomidata (Gentleman et al., 200#)irst, arrays displaying unusually low
median intensity, low variability, or low correlation relative to the lnflkhe arrays were
discarded from the rest of the analysis. Quantile normalization was applied, followed by a
log2 transformation. The LIMMA package (Bioconductor; Smyth, 2004) was used to fit a
linear model to each probe and to perform a (moderated§ Stutlt@st on differences of
interestHere, samples were stratified into HIV and CMV specific groups. The contrast was
designed and fit into a liner model. The results were displayed in individual heatmaps of
genes differentially expressed between th#ekent groups KIIV and CMV). Gene
expression within each heatmap is represented as-weeestanderized expression-(Z
score), with |[FC|>1.3 andvyalue <0.05 and FDR <5% chosen as the significant levels
unless specified otherwise in the title or legehthe heatmap. The expected proportions of
false positives (FDR) were estimated from the unadjustealye using the Benjamini and

Hochberg method (Benjamini and Hochberg, 1995).
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Pathway analysis of P2 high and PD1 negative cells after P
crossliniking

Highly purified CD8+CD45RA PD-1 high and PD1 negative cell{based on Suppl.
Flg.5) from chronic HIV infected individuals were stimulated for 3h or 12h WARL1-
ant-rCD3-CD28 beads and samples weregassed as previously descrif@eretz, He et

al. 2013. lllumina Probe IDs were imported into the Ingenuity software and mapped to the
Gere Symbol from Ingenuity database. Genes that had adjustatue < 0.05 at each
comparison and Fold change > 1.3 o+l<3 and associated with a canonical pathway in

I ngenuityds Knowledge Base were wused for
theratio of regulated genes / pathwafter stimulation withanttCD3-CD28-PD-L1 beads
(pathways not overepresented are dark blue). Pathways were regrouped according to some
key immune or biological pathways. The ovepresentation test was performedngsi

Fisher Exact Test. Statistical significance achieved at p < 0.05

Construction and Purification of Tatl2 Protein

We cloned thdd2 cDNA into pTATv2.2 vector and expressed it in 2L (DE3) star E.

coli (Novagen). Theexpression of the protein was dorusingl mM isopropyl
thiogalactoside« After 5 h of induction at 37 °C and an additional overnight culture at 25
°C, cells were harvested and sonicated in 6 M guanidine buffer containing 10 mM Tris-HCI
and 100 mM NaH2PO4 (pH 6.3). Lysates were claribgdccentrifugation and loaded (10
mL/500 mL culture) on HisTrap chelating columns (Qiagen). Bound proteins were washed
with 6 M urea buffer (pH 6.0), and the target proteins were eluted with 6 M urea buffer (pH
4.5). The eluted proteins were desalted usiig10 Sephadex @5 columns (GE
Heal t hcare) with PBS (10% glycerol ), and
proteins was characterized by limulus amoebocyte lysate (LAL) (Lonza) and Picogreen
assays (Invitrogen). The endotoxin level was 27.0nigd) and the bacterial DNA level was

8.6 ng/mg of protein in four independent preparatioriMichelle BeckerHapak et al.
2001).

pat't

a l
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Preparation of antibodygoupled beads

Combinations of aMCD3 (clone 2C11), Pih1-higGl or IsehlgGl were covalently
attachedo Dynabeads M450 glycidyl ether beads following the manufacturer's directions
(Invitrogen). Weloaded same ammouat proteins during preparation by keeping constant

the molar ratios of the proteins using hamster IgG or HEGhAntibodies as filler, as
appropriatg Broeren, Gray et al. 200®Riley, Mao & al. 2003. WeusedL € g -€GD3 ant i
(20% of total ROLD(BO) ar dontral hgdverd used ger tFads

Statistical analysis

We usedGraphPad Prism 5.0c (GraphPad software, San DiegofdtAjatistical analysis
Statistical analysis of group differences was examined using the nonparametric Mann
Whitney U test or unpairedtwoa i | ed Studentds t tests. * P

corsidered to be significant.
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FIGURE LEGEND

Table I: Clinical characteristics of study population

Figure 1: HIV -specific CD8+ T cells represent a distinct subset with a unique
transcriptional profile : PBMCs were stained withive/deadcell viability dye, antiCD3,

anti CD8 andsorted forHIV -specific and CMVspecific CD8+ T cellsising MHClI/peptide
tetramer stainingdeatmap illustrating the differentially expressed genes between HIV and
CMV-specific CD8+ T cellss shown

Figure 2: Effector memory and transitional memory subsets from chronically infected
HIV+ individuals have decreased levels of Id2 when compared to healthy donors.
PBMCs wee stained with antibody against CD3, CD8, CD45RA, CCR7@p&7, and
memory CD8+ T cell subsetwere sorted from Healthy donors and HIV+ chronically
infected patientsa) I1d2 mRNA levels on memory CD8+ T cell subsets was assessed by
Real Time PCR and normalized by GAPDb). PD1 MFI on EM, TM and CM subsets

from the two groups of subjects.

Figure 3: 1d2 expression is downregulated in exhausted PD1+ population cells during
HIV chronic infection : PBMCs were stained with ar@iD3, antitCD8, anttCD45RA, and
memory CD8+ T cells were sorted by gating on-P[positive and PEL negative
populations form HIVchronic infected patients. Relative expressiom)ad2 d), Bcl-2 e)
andBim mRNA levels measured by Real Tini®.MFI of PD1 expression on sorted cells
in relation to 82 mRNA levels and in relation ©) PD-L1 MFI on CD14+ cells.

Figure 4. PD-1 crosslinking leads to decreased Id2 mRNA and protein levels and a
consequent decrease in T cell functiorPrimary human CD8+ T cells were cultured with
CD3-CD281S0O or PDL1 beadsa) I1d2 andb) Bcl-2 expression measured by Reah@&
PCR at 24hc) Expression of Il-2 cytokine was measured by ELISHTotal lysates of
equal amount of cells were subjected to immunoblotting as indicad@doradtein and actin

blots were performed in parallel as loading contreJsDensitometric quantification was
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performed using ImageQuant softward=) Heat map showing statistically significant
canonical pathways (Ingenuity PathwayAnalysis Software) commonly regulated at 3h and
12h when comparing®D-1 high versusPD-1 low to baseline. Columns represent high
versus low comp#ons at each time poinfRows represent significantly regulated

canonical pathways.

Figure 5: Ectopic 1d2 expression rescues the survival of P hi effector memory
CD8+ T cells We cloned theld2 cDNA into the pTATv2.2 vectorpurified the
recombinant tatagged ID2 protein and labeled it with FITC. Primary human CD8+ T cells
from chronic HIV infected donors were transduced with 3ug of thetéBBITC construct

or tatFITC alone and cocultured with CD8 depleted PBMQsGating strategy of Tem
cell ploted for Annexin V after transfection with IBt or tat aloneb) Histograms
representAnnexin V levelsin 5 chronic HI\¢infected individuals after tranfectiod2h
post transductiomvith tat or D2-tat construct 10@D8+ Tem and Ttntells were sorted
and expression ofc) GranzymeBd) p21 e CD27 f) Bcl-2, g) Bim andh) Myc was
assessed by Real Time P@Xpression was measured by Fold change.

Supplementary Figurel: Ex vivo Id2 levels are greatly reduced in HI\fspecific CD8+
T cells. Sorted HI\tspecific and CM\tspecific CD8+ T cells were analyzed for the mRNA
expression of) 1d2 b), Bcl-2 ¢) andBim, while d) MFI of PD1 was measured by flow

cytometry.

Supplementary Figure 2 HIV -specific CD8+ T cells represent a distinct subset with a
unique transcriptional profile: Heatmap illustrating the differentially expressed genes
with the 1d21d3 filter between HIV and CM\specific CD8+ T cells.

Supplementary Figure 3 HIV -specific CD8+ T cells have a Ttm phenotypePBMCs
were stained for HIV-tetrames; HIV-specific CD8+ T cellswere plotted based on
CD45RA, CCR7, CD27, expression for Tem (CD45RER7-CD27), Ttm (CD45RA
CCRTCD27+), Tcm (CD45RACCR7+CD27+) and naive (CD45RA+CCR7+CD27+)

Supplementary Figure 4 Gating strategy for memory CD8+ T cell substs PBMCs

were plotted for CD3+, CD8+ cells viable cells and CD45RA negative cells to sort memory
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subsets. Memory subsets were sorted based on CCR7, CD27 expression for Tem
(CD45RACCR*CD27-), Ttm (CD45RACCRT-CD27+), Tcm (CD45RA
CCR7+CD27+).

Supplementay Figure 5: Gating strategy for sorted PD1 high and PD1 negative
cells. Total PBMCs were stained with antibodies against CD3, CD8, CD45RA, arid PD
Deadcells were excluded biIVE/DEAD staining. CD3+, CD8+ cells were plotted for
CD45RA. CD45RA negater cells were plotted for RID and 100 positive and negative
cells weresorted by FACS ARIA (BD).

Supplementary Figure 6: ID2-TAT construct localizes into the nucleus of CD8+ T
cells a Schematic representation of the H&t construct.b) Nuclear and cytsolic
fractions were extracteth postiransduction and ID2 expression was measured by Western
blot. 1mM of the ID2tat was loaded directly on the gels of the WB anédsmsed as

positive control.

Supplementary Figure 7: 1d2 expression levels are decreas@d PD-1 hi population
independently of other negative regulators. PBMCs were sorted for double positive
(CD160+, PD1+), double negative (CD160PD-1- ) and single positive (CD160PD-1+)
memory (CD45RA-) CD8 + T cells from 9 chronic HIV infected indduals. A) 1d2
expression was assessed by Real Time PCR; B) RIBI on the different subsets.

Contributions

A.N. performed all theexperiments analyzeeinterpreted data and prepared graphics.
F.A.P.supervised the project, designed experiments, patédipan performing
experiments. H.T and F.D. and J.A. helped in analysis and preparation of graphics. Z.H.
prepared plasmids for positive controls. R.B. provided with the sampl€s.afd C.S.

analyzed gene array data. R.P.S. supervised the project.
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