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ARTICLE INFO ABSTRACT

Keywords: Antigen-experienced memory CD4™ T cells are the major target of HIV infection and support both productive and
HIV latent infections, thus playing a key role in HIV dissemination and persistence, respectively. Here, we reviewed
Antigen-specificity studies that have shown direct association between HIV infection and antigen specificity. During untreated
E::;C;‘;Zc'gf;cm" infection, some HIV-specific cells host productive infection, while other pathogen-specific cells such as cyto-
Memory GD4" T cells megalovirus (CMV) and Mycobacterium tuberculosis also contribute to viral persistence on antiretroviral therapy
Persistence (ART). These patterns could be explained by phenotypic features differing between these pathogen-specific cells.
Mechanisms involved in these preferential infection and selection processes include HIV entry and restriction,
cell exhaustion, survival, self-renewal and immune escape. For instance, MIP-1§ expressing cells such as CMV-
specific memory cells were shown to resist infection by HIV CCR5 coreceptor downregulation/inhibition.
Conversely, HIV-infected CMV-specific cells undergo clonal expansion during ART. We have identified several
research areas that need further focus such as the role of other pathogens, viral genome intactness, inducibility
and phenotypic features. However, given the sheer diversity of both the CD4" T cell repertoire and antigenic
history of each individual, studying HIV-infected, antigen-experienced cells still imposes numerous challenges.

ART,**"*® which is considered as the major obstacle to HIV eradication.
Some studies have shown preferential infection and/or persistence of

1. Introduction

HIV-infected CD4" T cells have been characterized over the past
decades, unraveling their heterogeneity in terms of phenotype,' © pro-
viral landscape’ '? and capacity to produce HIV.>'*7'® Similarly,
several studies have been conducted to define the antigenic specificity of
cells that carry HIV genomes.'>'” > Only a small fraction of the highly
diverse repertoire of CD4" T cells harboring unique T-cell receptors
(TCR), which allows broad pathogen recognition, is infected by HIV.
Antigen specificity of infected cells can play a central role in HIV biology
for both infection establishment®* and persistence during antiretroviral
therapy (ART).>! Systemic infection is established within days of
infection during the viremic phase leading to the formation of two pools
of cells: productively and latently infected cells.***” Productively
infected cells support the active production of infective viral particles,
whereas latently infected cells do not produce viral particles but could
do so in certain circumstances. Although the half-life of productively
infected cells is short (approximately two daysgs’gg), the viral reservoir
(mostly composed of latently infected cells*>*!) has an estimated
half-life of 4 years.'® This pool of cells can persist for decades during

cells with given antigenspecificities that could be explained by distinct
functional and phenotypic characteristics of these cells.>!>*?* Also,
HIV-infected cells have been shown to persist mainly through clonal
expansion on suppressive ART,S’IO’“’“”47 undergoing expansion and
contraction processes in response to antigenic stimulations.***® Alto-
gether antigenic recognition by HIV-infected cells plays a key role at two
specific times of HIV infection: initial infection and selection of life-long
persistent cells. Here, we review the current knowledge in terms of
preferential infection of pathogen-specific cells, underlying mechanisms
and implications for future cure strategies.

2. Direct evidence of HIV infection of pathogen-specific cells

To this day, the antigen specificity of HIV-infected CD4" T cells has
been studied for some pathogens among which the most common ones
are reviewed here. In these studies, cells were obtained from viremic or
ART-treated individuals and stimulated with peptides/virus lysates from
different pathogens. The potential activation of T cells in response to this
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Table 1
Studies linking antigenspecificity and HIV infection.
Author Year Ref. Pathogen Antigen Specificity HIV detection Participants Cohort Status Conclusions
detection assay assay (n) details
Simonetti et 2021 ! CMV Lysate (Virusys) AIM assay (CD69,  Dilutions + 10 USA, men/  ART Larger infected
al HIV gag (JPT) CDA40L) HIV women, clones in CMV-
sequencing or age 39-65y specific cells
qVOA compared with HIV,
without difference
in intactness or
inducibility,
infection early or
late during
expansion
Cole et al 2021 12 CMV NA Single-cell TCR p24 (KC57/ 8 Belgium, ART Link between
M. tuberculosis NA sequencing + 28B7) + men, age integration in
specificity integration 37-66y cancer-related genes
prediction sites + HIV (STAT5B) and
sequencing antigen-specificty
(flu)
Cattin et al 2021 2 S. aureus Lysate Monocyte- Integrated HIV 8 Canada, ART Higher levels of HIV
CMV pp65 (Miltenyi) derived dendritic DNA + p24 men, age DNA in S. aureus-
cells + supernatant 21-62y specific cells
proliferation compared to CMV
(CFSE)
Gantneretal 2020 °° CMV NA Single -cell TCR HIV-Flow 8 USA, men,  ART Trend toward
Influenza NA sequnecing + age 32-67y infected-cells being
specificty more CMV-specific,
prediction high variability
between
individuals, clone
wax/wane over time
Mendoza et 2020 2 CMV pp65 (JPT) AIM assay (CD69, Q4PCR + HIV 8 USA, men, ART Levels of infection
al HIV gag (JPT) 4-1BB, PD-L1) sequencing age 30-48y highly variable
Influenza CEFT (JPT) between
individuals, clones
defective or intact in
all specificities
Hey-Nguyen 2019 % HIV gag (HRP) AIM assay (CD25, Total HIVDNA 5 Australia, ART Similar HIV DNA
et al CMV Cultured CMV on 0X40) (pol) + cloning men, age levels between
MRC5 gag/pol 34-59y memory CD4, CMV
and HIV-specific
cells, distinct
variants between
specificities
Kristoff et al 2019 ¥ HIV gag (HRP, Sigma) Monocyte- p24 expression 5 USA, age ART CMV and HIV but
CMV pp65 (Miltenyi) derived dendritic (KC57 only) + 47-77y not influenza drive
Influenza M1 antigen cells HIV RNA latency reversal
(eEnzyme, supernatant
Miltenyi)
Henrichetal 2017  2° CMV Lysate (Virusys) ICS (IL-2 and/or Total HIVDNA 5 USA, men ART Post-chemotherapy:
EBV Lysate (Virusys) IFNy) + HIV DNA was
cancer increased in CMV/
EBV responsive CD4
Yek et al 2016  *° S. pneumoniae/  Vaccine Blood draw after DNA ddPCR 13 Spain, ART Increase of
HBV vaccination (gag, 2-LTR) + men, age unspliced RNA (gag)
Influenza/HBV ~ Vaccine RNA ddPCR 29-52y after influenza/HBV
VZV/HBV Vaccine (gag, polyA, tat- vaccination Increase
VZV/HAV Vaccine rev) of unspliced and
MMR Vaccine polyA RNA after
DT Vaccine S. pneumoniae/HBV
vaccination
Hu et al 2013 > cMv CMV lysates Proliferation In vitro HIV 6 / HIV- HIV infection in
(Advanced (CFSE) infection + CMV-specific CD4 T
Biotechnologies) P24 expression cells remain low
+ pp65 (JPT) (KC57 only) + (post-entry HIV
Total HIV DNA restriction)
(LTR) compared to
C. albicans
C. albicans C. albicans Probable link with
sonicate (Greer Th17 inflammatory
laboratories) response in
C. albicans-specific
cells
Jones et al 2012 * Influenza Fluviral influenza Cytokine Proviral DNA 11 Canada, ART Higher levels of HIV
vaccine secretion assay men, age DNA in influenza
HIV gag p55 (Austral) 39-63y and CMV-specific

(continued on next page)
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Table 1 (continued)
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Author Year Ref.  Pathogen Antigen Specificity HIV detection Participants Cohort Status Conclusions
detection assay assay (n) details
CMV CMV Ag (Virion) cells compared to
HIV, no significant
effect of vaccination
Geldmacher 2010 ** M. tuberculosis ~ PPD + ICS (INFa £ IL-2/  Total HIVDNA 10 Tanzania/ VIR +  Higher levels of HIV
et al ESAT6+CFP10 IFNy) (gag) Ghana, active DNA in M.
men/ TB tuberculosis-specific
women cells compared to
other CD4 (effect of
IL-2 and MIP-1p)
Casazzaetal 2009 %! CMV pp65 (JPT) ICS (IFN) Total HIVDNA 8 USA, men, VIR Lower levels of HIV
(gag) age 21-62y DNA in CMV-
specific cells
compared to other
CD4 cells (effect of
MIP-1p)
Renoux etal 2005  *° TT/DT Vaccine Blood draw + SIV env 2 (SIV) / VIR Specific viral
M. tuberculosis PPD delayed-type sequencing quasispecies for
hypersensitivity each antigen
skin patches stimulation
Douek et al 2002 ¢ HIV Peptides (whole) ICS (CD69, IFNy) ~ Total HIVDNA 16 USA VIR/ Higher levels of HIV
CMV peptides (whole) (gag) ART DNA in HIV-specific
cells when
compared to other
CD4 and CMV-
specific cells
Demoustier 2002 HIV P24 (Protein Limiting dilution- ~ HIV RNA in 5 France ART Infected CD4" T
et al Sciences) nef based culture supernatants cells include HIV-
(Intracell) assay specific cells (5-100-
CMV CMV fold higher than
(Biowhittaker) those specific for
M. tuberculosis PPD (Pasteur- CMV or
Merieux) M. tuberculosis)
Cheynier et 1998 17 M. tuberculosis BCG Blood TCRBVPCR  SIV env 1 (SIV) France VIR Specific viral variant
al and skin tests sequencing emerging after

stimulation

CFSE: Carboxyfluorescein succinimidyl ester, AIM: Antigen-induced marker, ICS: Intracellular cytokine staining, TCR: T-cell receptor, SIV: Simian immunodeficiency
virus, qVOA: quantitative viral outgrowth assay, Q4PCR: quadruplex PCR assay, VIR: Viremic, ART: Antiretroviral therapy, PPD: purified-protein derivative, TB:
tuberculosis, MMR: measles-mumps-rubella, DT: Diphteria toxin, TT: Tetanus toxoid,CMV: cytomegalovirus, HBV: hepatitis B.

antigenic stimulation was then determined by measuring either activa-
tion markers (e.g. CD69, CD40L), cytokine production (e.g. IL-2, IFNy)
or cell proliferation (i.e. CFSE). By combining single-cell sorting of
infected cells (p24+) to TCRP DNA sequencing, other investigators have
identified T cell antigen specificity by predicting it from the TCR
sequence, which is limited by the inference of TCRp chains only, and by
the limited number of public data sets of CD4-derived TCRs. In all these
studies, HIV was detected by measuring HIV DNA, viral RNA/protein
expression or viral particle release (Table 1).

3. Productive infection in untreated HIV-infected individuals
3.1. HIV

HIV-specific CD4" T cells have been the first population studied for
hosting productive infection as they are activated by HIV antigens and
also exposed to infection by antigen presenting cells, making them at
high risk of HIV infection. The first studies assessing the specificity of
infected cells were thus done on samples collected in a population of
mostly viremic individuals (a mix of different clinical settings including
acute infection and post-ART interruption) with a high CD4" T cell
count (median 600 cells/mm?). Douek et al. demonstrated that HIV-
specific cells are enriched in HIV DNA compared to CMV-specific or
total CD4" T ones.'® Besides, they have shown that during post-ART
interruption, HIV-infected HIV-specific cells re-expand preferentially.
This indicates that the contribution to the pool of infected cells from a
certain antigenic specificity may vary according to the stage of HIV
infection. However, one cannot exclude that productively infected cells
do not respond properly to antigenic stimulation due to CD4

downregulation by HIV proteins (nef, env and vpu) and that these
HIV-specific HIV-infected cells in the study above mentioned were in
fact latently infected.*”

3.2. Cytomegalovirus (CMV)

Most people living with HIV are co-infected with CMV,”*>! which
after an acute phase causes a chronic infection with episodic reac-
tivations. When measuring HIV DNA in untreated individuals, total DNA
levels were lower in CMV-specific CD4" T cells than in other CD4" T
cells.”! This relative low permissiveness to HIV infection was explained
by the autocrine secretion of MIP-1p blocking/downregulation of CCR5
on CMV-specific cells. Interestingly enough, it has been observed that
CMV-specific CD4" T cells have a lower rate of in vitro HIV infection,
even when MIP-1f was neutralized, thus suggesting post-entry HIV re-
striction, compared with Candida albicans-specific cells.”* These differ-
ences might be explained by polarization differences as CMV-specific
cells are mostly Thl and regulatory T cells (Tregs) and
C. albicans-specific cells mostly T helper 17 cells (Th17).

3.3. Mycobacterium tuberculosis

Both M. tuberculosis infection and vaccination are frequent in people
living with HIV worldwide."> Firstly, in a non-human primate model,
simian immunodeficency virus (SIV) sequencing after recall vaccination
has shown that different viral quasispecies emerged following recall
with M. tuberculosis.”® Similarly, the emergence of a distinct SIV variant
was noticed after vaccination with BCG.'” In untreated humans, total
HIV DNA quantification revealed an approximately 2.5-fold enrichment
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in HIV infection in M. tuberculosis-specific CD4™ T cells, in comparison
with other CD4%" T cells.?? The authors, also showed that
M. tuberculosis-specific CD4™ T cells expressing IL-2 (showing a capacity
to proliferatez) but not MIP-1f (allowing CCR5 recognitionZI) were
more susceptible to HIV-infection.

4. Latent infection on antiretroviral therapy
4.1. HIV

Conflicting results obtained in individuals on ART showed both
enrichment and depletion of HIV-infected cells in the pool of HIV-
specific cells. Demoustier et al. have shown that, infected CD4™ T cells
are highly enriched in HIV-specific cells, much more than CMV or
M. tuberculosis-specific ones (5-100 fold enrichment).19 When quanti-
fying HIV DNA, Hey-Nguyen et al. have shown that total DNA levels are
similar in HIV and CMV-specific memory CD4" T cells.”® However,
Jones and al. have focused on proviral DNA and described lower levels
in HIV-specific CD4" T cells than in CMV and influenza-specific cells.”®
These differences could be explained by technical variations in the ways
of measuring specificity, HIV infection and using other pathogens as
comparators. Ultimately, it has been observed that monocyte-derived
dendritic cells (MDC1) presentation of HIV and CMV peptides to their
specific CD4" T cells facilitates HIV latency reversal, much more than
with influenza peptides, suggesting that HIV-specific and CMV-specific
cells can be infected and produce viral particles upon stimulation.?’
These experiments were done in the absence of ART, making it impos-
sible to precisely quantify the frequency of reservoir cells. These results
might thus be explained by a higher activation in response to stimula-
tion, allowing for more efficient virus replication ex vivo.

4.2. CMV

Total HIV DNA levels were increased in CMV-specific CD4™ T cells in
individuals on ART post-chemotherapy.?® Also, using specificities pre-
dictions based on TCRf sequences and clonotypes analysis, some
expanded clonotypes were shown to be reactive to CMV and influenza,
with high variability between individuals on ART.>’ Combining T cell
stimulation and HIV sequencing, Mendoza et al. showed a clonal
expansion of T cell clones carrying defective or intact latent proviruses
in CMV-specific cells.” Using a similar approach, Simonetti and al. have
described that the antigen stimulation of T cells is followed by a clonal
expansion with larger clones in CMV-specific CD4" T cells, in compar-
ison with HIV-infected CD4 " T cells and that infection could occur early
or late during the expansion process.*!

By combining TCR and integration sites sequencing in single cells,
Cole et al. have revealed that HIV-infected CD4" T cells predicted CMV-,
influenza-, and M. tuberculosis-specific harboring provirus integrated in
cancer-associated genes (e.g. STAT5B) in individuals on ART. Thus, we
can hypothesize that mechanisms driving HIV persistence (integration-
induced and antigen-induced proliferation) could be intermingled.'?
Altogether, a positive selection via both antigen and HIV integration
driven expansion has also been suggested by others,' given the high
frequency of proviruses in genes linked to HIV persistence.”

4.3. Influenza

Flu incidence in individuals living with HIV is similar than in HIV-
negative individuals®* and vaccination has been recommended for de-
cades for individuals living with HIV,>® which makes influenza-specific
cells potential targets for HIV. Viral reactivation in individuals on ART
after vaccination has shown increased levels of HIV transcription after
influenza vaccination (unspliced gag RNA). However, there were no
measurable changes in HIV DNA or plasma HIV RNA.” Also, clonal
expansion of an emerging influenza-specific clone has also been iden-
tified during ART.>"
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4.4. Miscellaneous

When measuring HIV DNA in individuals on ART after stimulation
with S. aureus and CMV antigens, it has been observed that HIV reservoir
levels were higher in S. aureus-specific compared with CMV-specific
CD4™" T cells (around 5 fold higher). Cattin et al. have also described a
role of dendritic cells driving the proliferation of these specific cells.>?
S. pneumoniae/hepatitis B (HBV) vaccination led to viral reactivation in
individuals on ART as shown by increased levels of unspliced gag and
polyA HIV RNA.%°

Altogether, the antigen specificity of HIV-infected cells seem to vary
according to the clinical and therapeutic history of people living with
HIV. Also, the individual infection/vaccination history plays a role in
the availability of memory cells from a given antigen specificity at the
time of infection and can thus create a high inter-individual variability.

5. Host cell factors influencing susceptibility to HIV infection
5.1. HIV entry

Cells expressing CCR5, the major HIV coreceptor, are highly infected
with HIV and support both productive and latent infections.®>>°°
Conversely, low CCR5 expression was shown to protect HIV-specific
CD4" T cells from infection in elite controllers.”” CCR5 expression
varies according to T cell lineage, memory differentiation and locali-
zation.”® Peripheral blood Th1l express high levels of CCR5.°%°" Pe-
ripheral blood Th17 (CCR4+CCR6+ and CXCR3+CCR6+) and cervical
Th17 were shown to be highly permissive to HIV-1 infection due to
increased CCR5 expression.®:°? T follicular helper (Tfh) cells from
lymph nodes and spleens express CCR5°> and have been shown to be
highly HIV-infected.®® Interestingly enough, CCR5 is increasingly
expressed as cells become more differentiated (e.g. central memory to
effector memory)66 and central memory cells have been shown to harbor
most of the HIV DNA®” and effector memory cells inducible HIV.®
M. tuberculosis specific CD4" T cells show increased expression of
CCR5°® and thus higher HIV infection rates (2.5 fold enrichment).””
CMV-specific CD4" cells that produce MIP-1p either block and/or
display lower expressions of CCR5 and are thus less frequently infected
by HIV (Fig. 1A).%! Other memory CD4" T cells targeting other patho-
gens, such as rhinoviruses,®® have been shown to express high levels of
CCRS5, but their role as HIV reservoirs has not been investigated.

5.2. Restriction

Factors targeting multiple steps of the viral replication cycle such as
CCR5-mediated entry, the uncoating, reverse transcription, release and
env processing (recently reviewed in°”) have been described. These re-
striction factors are able to block HIV replication and include the
following proteins: apolipoprotein B mRNA-editing enzyme catalytic
polypeptide-like 3G (APOBEC3G), tetherin/bone marrow stromal cell
antigen 2 (BST2)/CD317, sterile a motif and histidine-aspartate
domain-containing proteinl (SAMHD1) and tripartite-motif-containing
5a (TRIM5q, essentially in non-human primatesm). The APOBEC3G
levels have been shown to be increased in Th1 cells’”! but not in Th17
cells.”? HIV-specific cells from elite controllers maintain a highly
differentiated Th1 phenotype through infection,”® and could thus resist
infection in part through APOBEC3G restriction. Functional cell subsets
express various levels of SAMHD1.”* The SAMHD1'®% CD4* T cells are
highly enriched in both productively and latently infected cells.”® Also,
CMV-specific cells express higher levels of TRIM factors.>* Altogether,
some restriction factors are differentially expressed during infection and
according to compartments’® and T cells subsets,”*”””® likely modu-
lated by cytokines and interferons,”® ®? which could be linked to
specificity.
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5.3. Exhaustion and infection

Immune check point molecules are co-inhibitory receptors which
downmodulate immune responses to prevent hyperimmune activation,
minimize collateral damage, and maintain peripheral self-tolerance. The
expression of several of these molecules by HIV-infected cells, including
the programmed cell death protein 1 (PD-1), cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4), T -cell immunoreceptor with immuno-
globulin and ITIM domains (TIGIT), T-cell immunoglobulin and mucin
containing protein-3 (Tim3) and lymphocyte-activation gene 3 (LAG3),
has been reported in numerous studies.>*%>383-8¢ productively infec-
ted cells were shown to be highly enriched PD-1+ CD4 T cells in
blood®** and lymph nodes.>°* However, targeting PD-1 in vitro did not
show an effect on the frequency of productively infected cells.*® Cells
from different antigenic specificities (e.g. HIV, CMV, EBV,
M. tuberculosis) displayed various levels of immune check point mole-
cules, with sometimes some conflicting results that may be explained by
some clinical differences in the cohorts studied (e.g. PD-1, TIGIT,
CTLA-4).5%%7-89 As an example, PD-1, TIGIT and CD200 expression on
HIV-specific CD4" T-cells depends on their polarization and cytokine
production profile.®* Also, CMV-specific effector memory CD4" T cells
did not show an increase in PD-1 expression when compared to other
effector memory cells.”’ These differential expression levels could
explain preferential infection of pathogen-specific T cell populations.

5.4. Miscellaneous

Infected cells are also enriched in cell subsets expressing other
markers. For instance, CD2M#%°! cD30"2 cD57~ ! cD20"°° cD161
were all enriched in latently infected cells in individuals on suppressive
ART. Recently, controversial data showed CD32a expression could be a
marker of HIV replication-competent reservoir.”> °° Besides, both cell
subsets harboring integrins a4f7 and a4p1, mediating migration to the
gut or inflamed tissues, respectively, have been shown to be highly
susceptible to HIV infection.®'°%'%! Although, this could play a role in
the selective infection of pathogen-specific cells, the frequency of these
cell subsets in antigen-specific cell populations, has not yet been
evaluated.

Mechanisms involved in these preferential infection and selection
processes include HIV entry, restriction, exhaustion, survival, self-
renewal and immune escape.

Bcl2: B-cell lymphoma 2, FasL: Fas ligand, MHC-I: major histocom-
patibility complex class I, MIP-1f: macrophage inflammatory protein 1,
PD-L1: Programmed cell-death ligand 1, PD-1: Programmed cell-death
protein 1, TRIM5a: tripartite-motif-containing 5a.

6. Host cell factors influencing persistence
6.1. Self-renewal

Effector cytokine IL-2 is an early cytokine expressed by less differ-
entiated memory CD4" T cells, such as central memory cells that is
involved in both proliferation and differentiation of antigen-specific
cells. The capacity of central memory cells to produce IL-2 upon anti-
gen stimulation'®?> maintains the pool of latently infected central
memory cells by self-renewal, whereas the effector memory reservoir is
maintained by homeostatic proliferation.” Furthermore, cells expressing
the IL-2 receptor o chain (CD25) were shown to predominantly support
productive'?® and latent infection.'** Similarly, Tregs, expressing high
levels of CD25, were highly enriched in HIV DNA and could produce
infectious virions during ART.'%>'%® Some CMV-specific CD4" T cells
were shown to be Tregs'®” that express high levels of CD25, which could
explain the preferential persistence of HIV-infected CMV-specific during
ART through clonal expansion (Fig. 1B).>! However, CMV-specific do
not express high levels of CD127 (IL-7 receptor), which might be due to
their Treg polarization as well, and thus may not be sensitive to IL-7-
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induced proliferation.”’
6.2. Survival

Overexpression of pro-survival factor B-cell lymphoma 2 (Bcl2) and
serinen proteinase inhibitor B9 (serpin B9) have been recently described
among latently (but not productively) infected cells,'°*!%° causing a
possible resistance to CD8" T cell-mediated killing. Besides, Collora et
al. have also noted a trend toward higher levels of expression of serpin
B9 in HIV- and CMV-specific cells compared to memory cells. Thus,
persistence of HIV-infected CMV-specific cells on ART could be attrib-
uted to preferential survival.

6.3. Immune escape

HIV has evolved mechanisms to evade the host’s immune responses.
For instance, HIV proteins such as nef, vpu and env mediate CD4 and/or
MHC class I downregulation, allowing infected cells to avoid cytotoxic
CD8* T lymphocyte killing.' ' ''® Recently, it was shown that nef ac-
tivity is higher in cells with a more differentiated memory subset.''*

Other molecules expressed by HIV-infected cells could induce
apoptosis or senescence of cytotoxic CD8" T lymphocytes and thus be
involved in HIV immune escape mechanisms. Fas ligand (FasL) expres-
sion has been shown to be higher on infected cells in SIV and Friend
virus models.' ' FasL may protect infected cells from cytotoxic CD8*
T cell killing, thus providing a route for escaping immune responses.

Similarly, both virions and infected cells were recently shown to
display high levels of PD-L1, an immune check point ligand that could
induce exhaustion of CD8' T cells.!'® PD-L1 expression differs at the
specificity level''® and could thus be a mechanism of preferential
persistence.

6.4. Exhaustion and persistence

Immune check point molecules may play a role in HIV persistence as
infected cells expressing multiple immune check points simultaneously
including PD-1, TIGIT, and the lymphocyte-activation gene 3 (LAG3)
were found to be highly enriched during ART.*° In a recent large im-
mune profiling analysis, it was shown that reservoir cells were pro-
gressively selected, starting at ART initiation (including cells that
undergo clonal expansion), according to their phenotypic features,
including immune check point markers.'?° Altogether, this suggests that
these inhibitory receptors not only suppress T-cell activation but
consequently also HIV transcription and therefore favor HIV la-
tency.®>'2° Thus, targeting PD-1 in vitro could induce latency reac-
tivation.®»'?! PD-1 and CTLA-4 are expressed on HIV-specific cells at
higher levels then on CMV-specific or their memory counterparts'?>23
and could thus help selecting persistent HIV-infected HIV-specific cells
during ART.

Altogether, some key phenotypic features have been highlighted
from previous studies, but these features have not been characterized in
all types of antigen-specific cells and some data remains controversial.
Also, these pathways may not solely explain preferential infection/
persistence and researching other pathways is needed.

7. Conclusions

HIV-infected cells consist mostly of antigen-experienced memory
CD4" T cells.” Given the diversity of both their repertoire and the
antigenic history of each individual living with HIV, studying
HIV-infected, antigen-experienced cells is challenging. Some CD4" T
cells were shown to support productive infection such as HIV- and
M. tuberculosis-specific cells during untreated infection. The work of
Koup and colleagues has identified host cell factors that could shape the
landscape of HIV-infected cells, showing that MIP-1f expression on
CMV-specific cells renders them less permissive to infection. However,
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specific cellular factors favoring permissiveness and persistence of other
antigen-specific cells are still to be identified. On the other hand, latent
HIV infection during ART has been described in HIV-, CMV-, influenza-,
M. tuberculosis- and S. aureus-specific cells, with various degrees of
enrichment. Interestingly enough, although HIV-infected CMV-specific
cells are less permissive to HIV infection, they undergo a clonal expan-
sion process called memory inflation which does not contract in the long
term.'?* These cells become an important pool of latently infected cells
during ART, likely due to repeated antigenic exposures associated with
frequent CMV reactivations (Fig. 2).

However, several limitations to these studies can be highlighted.
Most of those providing direct evidence of infection of antigen specific
cells used several assays aimed at determining both antigenspecificity
(e.g. differences between assays, peptides, markers) and HIV infection,
that prevent straight forward comparisons of their results. Although Th1
cells were described to harbor more frequently intact HIV proviruses,'°
intactness and inducibility information in latently infected antigen
specific cells is scarce. Untreated/on ART comparisons are rarely
possible: the role of influenza-specific cells to support productive
infection during untreated infection and the contribution of
M. tuberculosis-specific cells as viral reservoir during ART have not been
studied as yet and are to be further studied. Some antigens remain un-
explored; as an example, it was shown that Th17 cells are particular
targets of HIV, thus, the role of intestinal and vaginal microbiota-specific
cells should be evaluated.'*>'?® Indeed, most studies have included
mainly men (sometimes only them). There may be some variation in
antigen specificities and phenotypic features of infected cells in women.

Overall, we know that latent proviruses are archived in memory cells
during untreated infection before ART is initiated.>**> Thus, latent
infection is established in antigen-experienced memory cells that reflect
previous immunizations with common and opportunistic pathogens (e.
g. CMV, M. tuberculosis) or vaccines (e.g. influenza). Depending on the
history of immunizations, the pool of latently infected cells is likely to be
both diverse and variable between individuals. Further persistence of
these cells during ART could then depend on both their phenotypic
characteristics (e.g. pro-survival signaling) and the persistence of their
antigen (e.g. chronic versus acute resolutive infections). HIV-infected
cells specific to chronic infections with reactivations like CMV infec-
tion are thus at higher risk of expanding and persisting than in other cells

such as influenza-specific cells. Targeting cells reactive to a given
pathogen highly susceptible to harbor HIV might be of interest in an HIV
cure perspective. Removing antigen exposures could favor the contrac-
tion of some HIV-infected clones, but it is unknown is this would help
decreasing the size of the viral reservoir. Another issue is
antigen-specificities of infected cells variability, that should be defined
in a personal antigenic-profiling of infected cells before any interven-
tion. It could be of interest to retrospectively analyze reservoir modifi-
cations in HIV/CMV vaccine trials, to see if some specific clones were
expanded after vaccination. Conversely, letermovir (a recently approved
anti-CMV drug) could dampen CMYV reactivation and thus decrease an-
tigen exposure and thus stop inflationary memory and maybe help the
contraction of CMV-specific HIV-infected clones.

Preferential infection drives productive infection during off ART,
whereas preferential persistence of latently infected cells occurs during
ART.
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