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Summary

Upon infection, HIV disseminates throughout the human body within 1-2 weeks. However, its
early cellular targets remain poorly characterized. We used a single-cell approach to retrieve the
phenotype and TCR sequence of infected cells in blood and lymphoid tissue from individuals
at the earliest stages of HIV infection. HIV initially targeted a few proliferating memory CD4*
T cells displaying high surface expression of CCR5. The phenotype of productively infected
cells differed by Fiebig stage and between blood and lymph nodes. The TCR repertoire of
productively infected cells was heavily biased, with preferential infection of previously expanded
and disseminated clones, but composed almost exclusively of unique clonotypes, indicating that
they were the product of independent infection events. Latent genetically intact proviruses were
already archived early in infection. Hence, productive infection is initially established in a pool
of phenotypically and clonotypically distinct T cells and latently infected cells are generated
simultaneously.
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The early cellular targets of HIV and the mechanisms of viral dissemination in humans remain
elusive. Gantner et al. demonstrate that the early targets of HIV rapidly change during acute
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infection and differ between blood and lymph node. They also observe that latent and genetically
intact proviruses persisting during therapy are archived from the earliest stages of acute infection.

Keywords

HIV; acute infection; lymph nodes; productive infection; memory CD4* T cells; proliferative cells;
HIV reservoir; clonal expansion; latency; inducibility

Main Text:

Studying acute HIV is key to understand initial infection events and to identify the
mechanisms leading to the establishment of the persistent viral reservoir. More than 40 years
after its discovery 1, the early cellular targets of HIV within the first days/weeks of infection
remain uncharacterized. Since accessing lymphoid tissues in people who recently acquired
HIV is difficult, viral dissemination is hard to study in humans and most observations

have been made in SIV-infected non-human primate models: Upon mucosal challenge, SIV
rapidly establishes a small pool of productively infected cells that disseminate within days to
lymphoid tissues and peripheral blood 2, following local replication of transmitted founders
at mucosal sites 34. This early phase of SIV infection is characterized by a profound
depletion of CD4* T cells in blood and tissues °, particularly in the intestinal tract 6. During
chronic infection, the bulk of SIV replication is thought to occur in gut and lymph nodes

7. However, several parameters differ between non-human primate models and HIV-infected
individuals (e.g. viruses, routes of infection, inoculum), hence the mechanisms of HIV
dissemination in humans remain elusive.

In humans, we previously reported that maximal copy numbers of HIVV DNA are reached in
lymph nodes as early as Fiebig stages 11/111 8. Although it is well established that T follicular
helper (Tfh) cells are preferential targets for HIV in chronic infection 9, their contribution

to the early dissemination of HIV is currently unknown. While productively infected cells
usually do not survive for more than 2 days 1011, they are rapidly replaced and maintain the
rate of new infections which causes a rapid rise in plasma viremia during the first few weeks
of infection 12, Little is known about the nature and the location of the cells in which HIV
establishes productive infection in lymphoid tissues and blood during the initial phase of
infection (i.e. before seroconversion, Fiebig stages | and I1), and how these cells contribute
to viral dissemination. Although duplications of HIV integration sites within the pool of
HIV DNA-bearing cells are rarely detected during late stages of acute infection 1314, jt
remains unclear whether antigen-driven expansions (particularly those resulting from HIV
antigens) contribute to the initial dissemination of productively infected cells.

HIV reservoirs are established in the form of latently infected CD4" T cells during acute
infection 215 and persist for decades on ART through clonal expansion 16-19, The cellular
and molecular mechanisms contributing to the establishment of HIV latency /n vivo are
still poorly elucidated. /n vitro, activated CD4* T cells transitioning to resting state in a
relatively narrow time window are highly permissive for latent infection of R5-tropic HIV
20 An alternative and non-exclusive mechanism for the establishment of HIV latency is
provided by the ability of specific chemokines to increase the permissiveness of resting
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CD4* T cells to HIV infection up to the proviral integration step 2122, The concept that
latency is established during acute infection essentially stems from observational studies
showing that viral rebound is observed upon treatment interruption even when ART is
initiated during acute HIV infection 21523 However, whether genetically intact genomes are
already archived in the latent reservoir at this early stage has not yet been reported.

We used a combination of single-cell approaches in blood and lymph nodes from individuals
at the earliest stages of HIV infection to investigate the location and mechanisms by

which productive infection is established in acute infection. As we previously reported that
most HIV genomes are not integrated during acute infection and cannot contibute to viral
dissemination &, we focused our analysis on cells producing the HIV capsid protein p24.

In addition, we obtained near full-length HIV genomes from longitudinal samples of early
treated individuals to characterize the fate, inducibility, and genetic intactness of proviruses
archived early in infection.

Productively infected cells are detected in blood and lymph nodes from the earliest stages
of acute HIV infection

The RV254/SEARCH 010 cohort enrolls acutely infected individuals in Fiebig stages I-V
who initiate ART within a median time of 2 days after diagnosis in Bangkok, Thailand

824 To quantify and characterize the initial pool of productively infected cells in blood

and tissues, leukapheresis and inguinal lymph nodes biopsies were obtained at the time of
diagnosis in acute infection prior to ART initiation in a subset of consenting participants.
Paired PBMCs (peripheral blood mononuclear cells) and LNMCs (lymph node mononuclear
cells) from 21 acutely infected participants of the RV254/SEARCH 010 study were
obtained (Table S1). PBMCs and LNMCs from 4 chronically infected and ART-naive Thai
individuals enrolled in the RV304/SEARCH 013 study were also obtained. To measure the
frequency of productively infected cells and assess their phenotype, we isolated CD4* T
cells by negative magnetic selection and used HIV-Flow 2%, which captures cells expressing
the p24 capsid protein (Fig. S1a). Productively infected cells were readily detected in blood
and lymph node samples from all participants (Fig. 1a), including in all 5 individuals at
Fiebig stage | (11 to 16 days post infection 26, median frequencies = 3.1 and 4.5 p24™ cells /
million cells in blood and lymph nodes, respectively). Median frequencies of productively
infected cells were higher during Fiebig stage 11, maximal at Fiebig stage Il (medians, 1,100
and 100 p24* cells / million cells in blood and lymph nodes, respectively) and were similar
afterwards, including during chronic infection. Frequencies of p24* cells strongly correlated
between blood and lymph nodes (Fig. 1b) and the frequency of p24* measured in the blood,
but not in the lymph nodes, correlated with plasma viremia (Fig. 1c). These results indicate
that the frequency of productively infected cells rapidly increases during acute infection and
that up to 1/1,000 circulating CD4* T cells is productively infected when plasma viremia
peaks (Fiebig stage 111).
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Several cellular markers are preferentially expressed by productively infected cells from
the earliest stages of acute infection

To identify markers specifically expressed by productively infected cells, we analyzed the
phenotypes of p24+ cells in blood and lymph nodes from all participants (Fig. S1b). As
expected, most p24* cells expressed low cell surface expression of the CD4 receptor when
compared to their uninfected or latently infected counterparts (Fig. 1d), which likely resulted
from its downregulation by Nef, Vpu and Env 27 Productively infected cells from both
blood and lymph nodes frequently expressed CCR5 (the major HIV-co-receptor), displayed
a memory phenotype (CD45RA"), and were enriched in subsets of activated (Ki67", ICOS*,
PD-1%) and Thl-like (CXCR3") cells (Fig. 1d). Preferential expression of these markers by
HIV-infected cells was maintained when memory CD4* T cells rather than total CD4 T
cells were used as comparators (Fig. S2a). The phenotypic signature of productively infected
cells changed over time (Fig. 1e): whereas the contribution of lymph node T follicular
helper cells (Tfh, CXCR5*PD-1M9M) to the initial pool of infected cells was modest at all
stages of acute infection (<15%), Tth cells were major HIV producers in lymph nodes from
chronically infected participants 2 and encompassed 45% of all productively infected cells
(Fig. 1d-e and Fig. S2b). The frequencies of p24* cells expressing CCR5 tended to decrease
in the blood over time, whereas proportions of productively infected cells expressing
CXCRS5, PD-1 and ICOS increased in both blood and lymph nodes, which resulted in
increases in the fraction of p24* cells displaying cTfh and Tth cell phenotypes (Fig. 1e

and Fig. S2b). We also measured the fold enrichment of specific markers at the surface

of productively infected cells (Fig. S3a): When compared to their uninfected counterparts,
the initial pool of infected cells in the lymph nodes from acutely infected participants
(Fiebig I/11) were 27 times more likely to express Ki67 and 6 times more likely to express
CCR5, whereas productively infected cells from participants at a more advanced stage of
infection (Fiebig V/Chronic) were 11 times more likely to display a Tfh cell phenotype
(Fig. S3b). Altogether, these observations indicate that during acute infection, the majority
of productively infected cells are memory Thl-like T cells that frequently express activation
markers and the HIV co-receptor CCR5 and do not display a cTth or Tfh cell phenotype.

Of note, most productively infected cells do not express CD4, which likely results from its
downregulation from the cell surface by viral accessory proteins.

The phenotype of infected cells changes over time and varies between blood and lymph

nodes

We next sought to compare the phenotype of p24™ cells between blood and lymph nodes at
all stages of HIV infection. A UMAP analysis revealed that infected cells were distributed

in 8 cell clusters (Fig. 2a and Fig. S4a-b). The clustering of p24* cells was consistent across
different participants from a defined Fiebig stage, although some interindividual variations at
Fiebig stages IV and V were noted in both blood and lymph nodes (Fig. S5a-b, respectively).
The relative contribution of each cluster to the overall pool of infected cells changed rapidly
during acute infection and differed between blood and lymph nodes (Fig. 2b). Proliferating
T-cells (Ki67™, clusters 2, 3 and 4) were the major contributors to the pool of productively
infected cells in both blood and lymph node during early Fiebig stages (I and I1). There

was a rapid shift to non-proliferating cells (cluster 5 and 6) in both blood and lymph

node, some of which expressed high frequencies of CCRS5 (cluster 5), especially in blood
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(Fiebig I11, 1V, V; Fig. 2c¢). During chronic infection, Tfh (cluster 1) emerged as the major
contributor to the pool of infected cells in the lymph node, representing an average of 62%
of all productively infected cells, while the phenotypes of p24* cells in the blood were
more diverse. Altogether, these results indicate that the cell subsets that support productive
HIV infection rapidly change throughout acute HIV infection, differ between blood and
lymph nodes, and that in contrast to chronic infection, Tth cells marginally contribute to the
dissemination of HIV during acute infection.

Proviral diversity is limited in productively infected cells during acute infection

We then investigated if the diversity observed in the phenotype of productively infected

cells was accompanied by genetic diversity in the proviral populations. We obtained env
(C2-V5) sequences from 542 single HIV-infected cells from n=7 participants representing
all stages of infection (Fig. 3a). As expected in recently infected participants, the majority of
p24* cells harbored a single C2-V5 envsequence (all CCR5-tropic) that was shared between
blood and lymph nodes (mean, 87.4%, Fig. 3b). In sharp contrast, only a small proportion

of p24™ cells isolated during chronic infection harbored identical proviral sequences (6.2%),
reflecting the diversification of viral populations during untreated progressive HIV infection.
Altogether, these results suggest that a small number of viral quasispecies initially infects a
small pool of phenotypically diverse cells during acute HIV infection.

Productive HIV infection is established in clonotypically distinct T cells from the earliest
stages of HIV infection

To determine if the limited proviral diversity observed during acute infection was attributed
to clonal expansions of “founder” infected T cells or to independent infection events

with identical HIV variants, we combined single-cell sorting of HIV-infected cells with
sequencing of the V-J junction of the TCRp chain, which can be used as a measure of T

cell clonality 16. Clonotypes obtained from 1,048 single HIV-infected cells isolated from 17
participants were defined either as expanded (i.e. detected in at least two cells) or unique
(i.e. detected in no more than one cell). In sharp contrast to the restricted viral diversity
described above, unique TCRp clonotypes were retrieved in the overwhelming majority of
productively infected cells (median, >99%), at all stages of infection and both in blood and
lymph nodes (Fig. 4a). Small clonal expansions of productively infected cells (encompassing
2 to 12 p24* cells) were detected in 6/17 participants (PID# 6, 8, 11, 12, 15 and 16), with

an overall mean proportion of clonally expanded p24* cells of 2.2% in the blood (95% ClI,
0-5.1) and 0.6% in the lymph node (95% Cl, 0-1.6, Fig. 4b). Of note, shared p24™ clonotype
between blood and lymph nodes were not observed in any participant. Altogether, these data
indicate that multiple and independent infection events by homogeneous viral quasispecies,
rather than clonal expansions of infected cells, are driving the early dissemination of HIV.

In an attempt to predict if these highly diverse clonotypes could be specific to common
antigens, we compared our sequences to a CDR3 database of TCR sequences with known
specificities 1628, \Various antigen specificities were inferred for a small fraction (8%) of
p24* clonotypes (Fig. 4c), with no obvious temporal association (Fig. 4d). Interestingly, two
participants at Fiebig stage 111 displayed p24* clonotypes with different CDR3 sequences
sharing a same M. tuberculosis antigenic specificity in both blood and lymph node (Fig. 4e),
suggesting that M. tuberculosis-specific cells may contribute to HIV dissemination in these

Immunity. Author manuscript; available in PMC 2024 March 14.
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participants. However, M. tuberculosis-specific cells were underrepresented in the pool of
p24* cells when compared to total CD4* T cells (Fig. 4c). Altogether, these data indicate
that HIV-infection is established by a limited number of HIV variants infecting a large pool
of clonotypically distinct T cells in both blood and lymph nodes and suggest that CD4* T
cells specific to common antigens or vaccines may constitute early targets for HIV during
acute infection.

HIV preferentially infects cells expressing specific Vp and JB motifs

To identify potential biases in the TCR repertoire of productively infected cells, we
compared the TRBV and TRBJ usage in p24* cells with the global CD4* T cell repertoire
from the same participants. To achieve this, we applied the same TCRp chain PCR
amplification approach to 100,000 blood and lymph node CD4* T cells from 16 participants,
followed by MiSeq sequencing and analyzed by MiXCR 29. There was no systematic bias
in the total numbers of reads and clonotypes between blood and lymph node, allowing

us to compare the repertoires between these two compartments (Fig. S6a). TRBV and
TRBJ usage in total CD4™ T cells were highly conserved between participants and across
compartments, whereas they were more variable in p24* cells, probably due to lower
number of cells analyzed (Fig. S6b). TRBV3, 4 and 28 families and TRBJ2-1, 2-5 and

2-7 were more frequently used by p24™* cells compared to total CD4* T cells (Fig. 5a and
Fig. S6¢). Conversely, TRBV12, 18, 19, 29 and 30 families and TRBJ1-2, 1-6 and 2-6 were
underrepresented in p24* cells. Collectively, these results indicate that the TCR repertoire
of productively infected cells is biased when compared to the repertoire of all CD4* T cells
(Fig. S6d).

Productive HIV infection is preferentially established in previously expanded and
disseminated clonotypes

We then examined the distribution of the TCR repertoires and searched for shared
clonotypes between p24* and total CD4™ T cells. The distribution of the CD4* T cell
repertoire revealed that expanded clones were usually larger in the blood than in lymph
nodes (Fig. S7a-b). Shared clonotypes were observed between compartments, accounting
for approximately 8% of clonotypes in both compartments, and were also more expanded
in the blood (median, 23% of reads) than in the lymph node (median, 11% of reads,
p=0.0017, Fig. S7c). Among those expanded T cell clones shared between blood and lymph
node, 82 clonotypes contained p24* cells and were identified in 14/16 participants (Fig.
5b). Fig. 5¢ shows data from a representative example (participant #11): 13 clonotypes
retrieved from p24* cells were also detected in total CD4* T cells (data from the other
participants are presented in Fig. S7d). Interestingly, the T cell clones in which p24* cells
were detected were significantly larger than those in which p24* were not retrieved (Fig.
5d), indicating that productive infection is preferentially established in unique or few CD4*
T cells belonging to relatively large T cell clones. In addition, the CD4* T cells clonotypes
in which p24* cells were detected were more likely to be shared between blood and lymph
nodes (Fig. 5e). Collectively, these observations indicate that previously expanded and
disseminated CD4* T cell clones are preferential targets for productive HIV infection.

Immunity. Author manuscript; available in PMC 2024 March 14.
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Intact and non-inducible proviruses are established during acute infection

Having demonstrated that productive HIV infection is rapidly established in phenotypically
and clonotypically diverse CD4" T cells, we sought to determine if latently infected cells
could also be generated during the acute phase of infection. We used longitudinal blood
samples from individuals initiating ART during acute (n=6) or chronic (n=2) infection
collected before ART initiation and after 96 weeks of suppressive ART. CD4* T cells
isolated by negative magnetic selection were rested or stimulated with PMA/ionomycin to
induce viral gene and protein expressions. In samples collected before ART, stimulation did
not significantly increase the frequency of cells producing the viral protein p24 (Fig. 6a), nor
the amount of cell-associated LTR-gag or tat/rev transcripts (Fig. 6b), indicating that latent
and inducible proviruses were rare during untreated infection. To determine if productively
infected cells display cellular features that may favor their long-term persistence during
ART, we analyzed their phenotype (Fig. S1c). Most p24* cells displayed a central memory
(Tcm, mean, 28.3%) or an effector memory (Tgp, mean, 50.4%) phenotype (Fig. 6¢) and
were in a resting state as shown by low to moderate frequencies of expression of the
activation markers CD69 and HLA-DR (median, 7.1% and 21.0%, respectively; Fig. 6d).

In addition, productively infected cells displayed lower mean fluorescence intensity (MFI)
of HLA class | and similar MFI of the pro-survival molecule Bcl-2 than their uninfected
counterparts, suggesting potential escape/survival mechanisms (Fig. 6e). These differences
were maintained when p24* cells were compared to uninfected Tcp and Tepm cells (Fig.
S7e). Upon stimulation, the memory phenotype of p24* and p24~ cells was maintained

and both subsets upregulated CD69 to the same extent (Fig. 6d). HLA-DR expression
frequencies were not significantly modified by the stimulation (Fig. 6d), whereas the lower
MPFI of HLA class | expression in p24* cells compared to p24~ cells observed ex vivo were
not maintained upon stimulation (Fig. 6e). Interestingly, Bcl-2 MFI increased in both p24~
and p24* cells upon stimulation, but to a higher extent in p24* cells (Fig. 6€), suggesting
that infected cells are endowed with a pro-survival program. However, after 96 weeks of
ART, none of the participants who initiated ART during acute infection displayed detectable
translation-competent reservoir cells, even after stimulation (Fig. 6a), which was consistent
with low to undetectable copy numbers of cell-associated viral transcripts in these samples
(Fig. 6b).

To determine if non-inducible proviruses could have been archived during acute infection,
we bulk-sorted p24~ cells at both time points and analyzed their proviral contents. Total
and integrated HIV DNA were readily detected in almost all samples both during viremia
and after 96 weeks of ART (Fig. 6f). Collectively, these data indicate that despite the fact
that most cells infected during the first weeks of infection harbor unintegrated genomes
that are rapidly cleared (Fig. 6g and 8), rare non-inducible proviruses are archived since
the earliest stages of acute infection and can persist on ART. To assess the genetic
integrity and persistence of these archived and non-induced proviruses, we performed near
full-length genome amplification in limiting dilutions of p24~ cells lysates followed by
PacBio sequencing. A total of 223 proviral sequences were obtained from the ex vivo

and stimulated conditions, representing the non-productive (no spontaneous production of
p24) and non-induced (no induction of p24 production upon stimulation) HIV-reservoirs,
respectively. Intact non-induced proviruses were observed in 6/8 participants (PID #13,
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17, 27-30; Fig. 7a) whereas only defective proviruses were detected in the last 2/8 (PID
#26 and 31; Fig. 7a). During untreated infection, a third of the viral genomes retrieved

from both non-induced and non-productively infected cells were genetically intact (Fig.
7b), indicating that deeply latent intact proviruses are archived since the earliest stage of
infection. Although the proportion of non-induced intact genomes diminished after 2 years
of ART (from 27.8% to 9.1%), they were still detected in most participants, demonstrating
that early ART does not prevent the establishment of latent and genetically intact HIV
genomes. Notwithstanding the limitation associated with the relatively small number of near
full-length genomes analyzed, identical sequences were rare both before ART initiation and
after 2 years of suppressive therapy (median, 0 and 5%, respectively; Fig. 7c), suggesting
that clonal expansions minimally contribute to the early dissemination and persistence of
latent HIV genomes (p24~ cells), similar to what we observed using TCR sequencing

(Fig. 4a). Nonetheless, identical and genetically intact non-induced proviruses were found
both in the pre- and post-ART samples from two participants (Participants #30 and #13,
who initiated ART during Fiebig stages IV and V, respectively; Fig. 7a), indicating that
genetically intact genomes that are refractory to viral reactivation are established early in
infection and can persist during ART.

Discussion

Using a combination of single-cell approaches, we extensively characterized the landscape
of productively infected cells at the earliest stages of HIV infection. We observed that

the frequency of these cells rapidly rises concomitant with plasma viremia and that their
phenotype changes throughout the different stages of acute infection. Using TCR and near-
full length HIV genome sequencing, we demonstrate that multiple independent infection
events both in blood and lymph nodes drive the production of a relatively homogeneous
viral population during acute infection and that a latent pool of cells harboring intact HIV
genomes is established early in infection and can persist during ART.

Using HIV-Flow, we measured the frequencies of productively infected cells in blood and
lymph node during acute infection and observed that these frequencies rise from less than
10 to up to 1,000 per million CD4" T cells (i.e. 100-fold) in a short interval (less than a
week during the transition from Fiebig stage I to 11126:30), demonstrating the extremely fast
dissemination of HIV and reflecting the kinetics of plasma viral load 28. This is in line
with the results from a previous study conducted in individuals infected for a median time
of 4 months in whom around 2,000 RNA+ cells/per million CD4* T cells were quantified
in lymph node 31. In our study, frequencies of p24* cells in blood and lymph node were
relatively similar, suggesting a possible recirculation of productively infected cells between
these compartments 32, which is supported by the shared env sequences between the two
sites.

When we analyzed the phenotype of productively infected cells, we observed that the
vast majority of p24* cells displayed a memory phenotype. Low cell surface expression
frequencies of CD4 and MHC-I molecules suggest that nefwas functional in most
productively infected cells. The observation that not all p24* cells expressed CCR5
suggests that this chemokine receptor may also be downregulated from the cell surface
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as previously proposed 33 or that HIV may use alternate coreceptors during acute infection
34 Unexpectedly, we observed that only 20-40% of p24* cells expressed the proliferation
marker Ki67, suggesting that HIV can productively infect cells that have not entered

the cell cycle, as reported previously in several studies performed in vitro 3536, The
contribution of Tfh cells to the pool of productively infected cells was minimal throughout
all stages of acute infection. While we cannot exclude that these cells were actually
infected and immediately depleted, our observations argue against this model: We observed
extremely low frequencies of Tfh in lymph nodes in acute infection, and their infection
was concomitant with their development during chronic infection. Hence, our results are
consistent with a model in which Tfh cells are scarce during acute infection, expand during
early chronic infection when they become major targets for HIV replication. Therefore, our
results suggest that Tth cells have a limited role when plasma viremia peaks but are major
contributors to the set point viremia. This is also supported by the delayed formation of
germinal centers in SIV-infected macaques 37 and in HIV-infected individuals 38.

While we cannot exclude that changes in the phenotype of p24* cells over time could be
attributed to the modulation of the expression of cellular markers by HIV proteins, our data
are consistent with a model in which HIV initially infects a small pool of proliferating
cells expressing high surface expression of CCR5 in lymph nodes and then disseminates

to other, possibly less permissive cell subsets. This is unlikely to be attributed to changes
in the tropism of the viral populations since envelope sequences remain largely conserved
throughout all stages of acute infection.

An unexpected finding was the fact that the overwhelming majority of productively infected
cells expressed distinct TCRs during acute infection. This observation excludes two models:
One in which an infected cell proliferates to disseminate HIV and one in which a clone
proliferating actively at the time of infection supports viral dissemination. Instead, HIV
targets individual cells belonging to distinct clonotypes that can be specific for several
pathogens including HIV 39, M. tuberculosis*° or influenzae 41. Since the repertoire

of p24™ cells was heavily biased, it is likely that cells reactive to specific antigens and
expressing specific TRBV and/or TRBJ regions were more susceptible or, on the contrary,
more resistant to infection. For instance, in individuals from our cohort who had either

been vaccinated or who have latent tuberculosis, we found that M. tuberculosis-specific cells
were less frequently infected than cells from other specificities. This relative resistance to
HIV infection may be attributed to high amounts of MIP1-g production by M. tuberculosis-

specific cells in this particular context 394042 as previously reported for CMV specific cells
43

The fact that HIV preferentially infects cells belonging to large clones 44 that recirculate
between blood and tissues is consistent with the preferential infection of effector memory
CD4* T cells during acute infection, as we previously reported 845, Indeed, when compared
to less differentiated central memory cells, effector memory cells are known to display
restricted TCR repertoire as a result of their expansions 4647 to contain clones shared
between anatomical sites 48, and to express higher surface expression of CCRS5.
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An outstanding question in the field of HIV reservoirs is how viral latency is established.
While some studies have suggested that HIV latency can be directly established in resting
CDA4* T cells (pre-activation latency) 4920, others have proposed that latency is primarily
established when HIV infects cells that transition from an activated phenotype to a resting
memory state 20. Although it is likely that both models coexist, our observations are
consistent with a model in which latency can be directly established in a minority of the
CD4* T cells initially targeted by the virus: we found translationally inactive and genetically
intact proviruses even at the earliest stage of infection (Fiebig Il; before peak viremia).
The vast majority of these latently infected cells resisted reactivation /n vitro, suggesting
that “deep latency” was already established at this early stage. Within the pool of cells
harboring non-inducible proviruses, those with intact proviruses decreased after 2 years of
ART, indicating that they were preferentially cleared ®1. This could suggest that a fraction
of these intact proviruses underwent reactivation and were eliminated. Alternatively, intact
non-induced genomes may have integrated into the chromatin of cells that are relatively
short-lived compared to those in which defective proviruses were archived 22, As we
observed in p24™ cells, duplication of HIV genomes was also rare in latently infected cells.
We conclude that clonal expansion has a minimal contribution to the establishment of both
the latently and productively infected pools of cells.

This study provides insight into the nature of the cells and the initial events that contribute
to the dissemination of HIV in humans. We also report on the simultaneous establishment
of two pools of productively and hard-to-reactivate latently infected cells. Therefore, our
findings suggest that unlike pre- or post-exposure strategies which block early replication
events, early ART will not prevent the establishment of CD4* T cells harboring genetically
intact and deeply latent proviruses.

Limitations of the study

Our study has several limitations. First we did not analyze the early dissemination of

HIV in the gut, which is thought to be very important for the establishment of productive
infection and persistence on ART 7:53. In addition, even after stimulation /n vitro, we

did not detect p24* cells in samples from these early treated individuals after 2 years of
ART: This precluded the study of the reactivatable reservoirs on ART. Although our data
suggest that most of the latently infected cells persisting in these early treated individuals
carry proviruses that are difficult to reactivate, we previously observed that 8/8 Fiebig |
participants experienced viral rebound upon treatment cessation 1°. Our Jn vitro stimulation
assay may not be sensitive enough to recapitulate this rebound. Larger amounts of blood
cells or access to tissue cells may be required to mimic viral reactivation. Alternatively, our
/n vitro stimulation may not have recapitulated the complex mechanisms that are causing
viral resurgence /n vivoand it is possible that proviral genomes of the CRFO1_AE clade may
require different stimuli to be optimally reactivated.
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STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Dr Nicolas Chomont
(nicolas.chomont@umontreal.ca).

Materials availability—This study did not generate new unique reagents.

Data and code availability

. All data generated or analyzed during this study are included in this published
article (and its supplementary information files). Source data are provided
with this paper within Supplementary Files. TCR sequences from CD4* T
cells and p24™* cells are provided as an Auxiliary Supplementary file. HIV
env and HIV near-full length sequences have been deposited in GenBank and
are publicly available from the date of publication. Accession numbers are
listed in the key resources table. External databases used in this study are
available online: IMGT® database (IMGT®, the international ImMunoGeneTics
Information system®) [http://www.imgt.org]); McPAS-TCR database ([http://
friedmanlab.weizmann.ac.il/McPAS-TCR/]).

. All codes used were downloaded from Github and are publicly available.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Participants and sample collection—The RV254/SEARCH 010 cohort study
(clinicaltrials.gov NCT00796146) enrolls participants at the earliest stages of acute HIV
infection at the Thai Red Cross AIDS Research Centre in Bangkok. High-risk volunteers
are screened for acute HIV infection (AHI) in real time with pooled nucleic acid testing
and sequential immunoassay (IA). Individuals with AHI were enrolled if they had a positive
HIV RNA with or without a reactive IA. Participants were then categorized as Fiebig
stages | to V as follows: Fiebig | - positive HIV RNA, negative p24 antigen, non-reactive
3" generation IA; Fiebig Il — positive HIV RNA, positive p24 antigen, non-reactive 3"
generation IA; Fiebig 111 - positive HIV RNA, positive p24 antigen, reactive 3" generation
IA, negative western blot; Fiebig IV - positive HIV RNA, positive or negative p24 antigen,
reactive 3 generation IA, indeterminate western blot; Fiebig V - positive HIV RNA,
positive or negative p24 antigen, reactive 3 generation IA, positive western blot except
p3126. ART was voluntary and offered to all participants and was initiated at a median
(IQR) of 2 (0-5) days after enroliment & under a separate protocol (NCT00796263).
Samples from chronically infected naive individuals enrolled in the RV304/SEARCH 013 8
(NCTO01397669) studies were also obtained.

For the present study, paired PBMCs and LNMCs samples from 25 untreated individuals
were analyzed. Eight participants also provided before and during suppressive ART (96
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weeks) PBMCs samples. Both PBMCs and LNMCs were isolated by Ficoll density gradient
centrifugation and were cryopreserved in liquid nitrogen. Participants’ characteristics are
presented in Table S1.

Ethics statement—All clinical studies were approved by the Institutional Review Boards
(IRBs) of Chulalongkorn University in Thailand, Walter Reed Army Institute of Research
(WRAIR) and the Centre Hospitalier de I’Université de Montréal in Canada. All participants
gave written informed consent.

METHOD DETAILS

Cell culture—The HIV-Flow assay was used to quantify and analyze the phenotype of
cells expressing p24 protein 25, Briefly, CD4* T cells were isolated by negative magnetic
selection using the EasySep Human CD4* T Cell Enrichment Kit (StemCell Technology,
Cat#19052). Purity was typically >98%. 5-15x108 CD4* T cells were resuspended at 2x10°
cells/mL in RPMI + 10% Fetal Bovine Serum and antiretroviral drugs were added to the
culture medium (200nM raltegravir, 200nM lamivudine). Cells were then rested (18h) or
stimulated, depending on the experiment. Stimulation included a pre-incubation of 1h with
5ug/mL Brefeldin A (BFA, Sigma, Cat#B2651) before stimulation in order to prevent the
upregulation of cell surface markers, and BFA was maintained in the culture until the end of
the stimulation. Cells were then stimulated with 1ug/mL ionomycin (Sigma, Cat#19657) and
162nM PMA (24h) (Sigma, Cat#P8139).

Flow cytomety—After resting or stimulation, cells were collected, resuspended in PBS
and stained with the Aqua Live/Dead staining kit for 20min at 4°C. Cells were then

stained with antibodies against extracellular molecules in PBS + 4% human serum (Atlanta
Biologicals, Cat#540110) for 20min at 4°C. After a 45min fixation/permeabilization step
was performed with the FoxP3 Transcription Factor Staining Buffer Set (eBioscience,
Cat#00-5523-00) following the manufacturer’s instructions, cells were then stained with
anti-p24 KC57 and anti-p24 28B7 antibodies for an additional 45min at room temperature
in the FoxP3 Buffer. Cells were then washed and resuspended in PBS for subsequent cell
sorting.

p24 KC57-PE was purchased from Beckman Coulter (Cat#6604667, Dilution 1/1000)

and p24 28B7-APC was purchased from MediMabs (Cat#MM-0289-APC, Dilution
1/1000). CD4-APC-H7 (Clone: RPA-T4, Cat#560168, Dilution 1/100), CD45RA-A700
(Clone: HI100, Cat#560673, Dilution 1/50), CXCR5-BB515 (Clone: RF8B2, Cat#564624,
Dilution 1/50), CXCR3-PerCP-Cy5.5 (Clone: 1C6/CXCR3, Cat#560832, Dilution 1/25),
Ki67-PE-Cy7 (Clone: B56, Cat#561283, Dilution 1/50), CCR5-BV421 (Clone: 2D7/CCR5,
Cat#562576, Dilution 1/25), CD45RA-BV786 (Clone: HI100, Cat#563870, Dilution 1/50),
HLA-DR-BV605 (Clone: G46-6, Cat#562845, Dilution 1/50), CCR7-BB515 (Clone: 3D12,
Cat#565870, Dilution 1/25), were purchased from BD Bioscience. PD-1-BV605 (Clone:
EH12.2H7, Cat#329923, Dilution 1/25), ICOS-BV785 (Clone: C398.4A, Cat#313534,
Dilution 1/25), HLA-ABC-AT700 (Clone: W6/32, Cat#311437, Dilution 1/100), CD69-
PerCP-Cy5.5 (Clone: FN50, Cat#310926, Dilution 1/50), Bcl-2-BV421 (Clone: 100,
Cat#658709, Dilution 1/50), were purchased from BioLegend. Live/Dead Aqua Cell Stain
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(405nm) was purchased from ThermoFisher Scientific (Cat#L34957). Flow cytometry

data of p24* cells were analyzed using FlowJo version 10.7.1. To gather an overview

of the immune populations present in the pool of p24* cells from our samples, flow
cytometry data were visualized using uniform manifold approximation and projection
(UMAP)-dimensionality reduction on the total concatenated pool of p24* cells from each
Fiebig stage and chronically-infected participants >4. The total number of cells depicted

per UMAP visualization could not be normalized per Fiebig group. p24* cells were then
further grouped using FlowSOM, a self-organizing map that clusters cells depending on their
overall similarities in marker expression 2.

Flow cytometry cell sorting—The frequency of p24 double positive cells (KC57%,
28B7%) was determined by flow cytometry in gated viable T cells. Examples of gating
strategies are represented in Fig. S1 and S9. In all experiments, CD4* T cells from an
HIV-uninfected control were included to set the threshold of positivity. Single p24 double
positive (p24* cells) were indexed-sorted and p24 double negative (p24~ cells) were bulk
sorted on a BD FACS ARIA IlI. Single-cells were sorted in 96-wells PCR plates containing
7.6L of DirectPCR Lysis Reagent (Viagen Biotech, Cat#301-C) and 0.4 uL of 10mg/mL
proteinase K (Wisent, Cat#25530-015). The PCR plates were subsequently incubated at
55°C for 1 hour for cell lysis followed by 10 min at 95°C to inactivate proteinase K.
Bulk-sorted and pelleted cells were digested in 30uL of Proteinase K (Cat#25530-015,
Invitrogen; final concentration 400 pg/ml, TriS HCI (10mM) and KCI (50nM) overnight at
55°C followed by 10 min at 95°C to inactivate proteinase K. Cell lysates were then used for
TCR sequencing or near-full length HI\VV genome sequencing.

Env C2-V5 amplification on proviral DNA—To amplify the Env C2-V5 region, we
developed a semi-nested PCR method that amplifies a 600bp fragment of the env gene.
Sequences of primers are listed in Table S2. The first PCR reaction was performed using the
Phusion Master Mix (Cat#F531S, Thermo Fisher Scientific), in a total volume of 50 uL: 25
pL of Phusion master mix, 2.5 uL of Env7 primer and 2.5 of uL OutV5R_AE primer (each
at a concentration of 10 pM, providing a final concentration of 500 nM per primer), 1.5 uL
of DMSO, and 10 pL of the single-cell lysate. First PCR conditions were as follows: 2 min
at 98°C followed by 40 cycles of 30 s at 98°C, 30 s at 60°C and 30 s at 72°C with a final
elongation for 5 min at 72°C. A semi-nested PCR reaction was performed using the Taq
DNA Polymerase kit (Cat#18038-042, Invitrogen), in a total volume of 50 pL: 5 pL of 10X
PCR buffer, 3 uL of MgClI2 (50 mM), 1.5 pL of dNTPs (10 mM), 2 pL of Env7 primer and 2
uL of InV5R_AE primer (each at a concentration of 10 uM, providing a final concentration
of 400 nM per primer), 0.5 ul Tag DNA Polymerase (5 U/ pL), 26 pL H20 and 10 pL of the
first PCR products diluted 1:10. The amplification conditions for the second PCR reaction
were as follows: 3 min at 94°C followed by 40 cycles of 45 s at 94°C, 30 s at 55°C and

45 s at 72°C with a final elongation of 10 min at 72°C. Successful amplification of the

env C2V5 region was verified by electrophoresis on a 2% agarose gel and purification and
Sanger sequencing were performed by Eurofins Genomics, with Env7 and InV5R_AE as
sequencing primers.
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TCR amplification on genomic DNA—We developed a two-step PCR method to
amplify a portion of approximately 260bp of the TCRP encompassing: (1) the end of the

V segment, (2) the CDR3, and (3) the J segment, on genomic DNA from lysed single-cells
or 100,000 bulk CD4* T cells. We used a set of 22 forward primers complementary to

the 23 functional V segments families, and 13 reverse primers complementary to the 13
functional J segments, to amplify the target portion of the TCRp in a first multiplex PCR
reaction, as previously described 16. M13 forward and reverse tags were added to the 5’

end of these primers, to allow a second PCR amplification, which was followed by Sanger
sequencing. Sequences of all primers are listed in Table S2. The first PCR reaction was
performed using the Qiagen Multiplex PCR kit (Cat#206143, Qiagen), in a total volume of
50 pL: 25 pL of Qiagen Multiplex PCR master mix, 10 pL of a mix of all primers (each
primer at a concentration of 1.25 uM in the mix, providing a final concentration of 250 nM
per primer), 5 L of Q-Solution, and 10 pL of the single-cell lysate. First PCR conditions
were as follows: 15 min at 95°C followed by 40 cycles of; 30 s at 95°C, 90 s at 68°C and 20
s at 72°C; with a final elongation for 5 min at 72°C. A second round of PCR reaction was
performed using the M13F and M13R primers (see Table S2) and the Tag DNA Polymerase
kit (Cat# 18038-042, Invitrogen), in a total volume of 50 pL: 5 pL of 10X PCR buffer,

3 pL of MgCl, (50 mM), 1.5 pL of dNTPs (10 mM), 2 puL of M13F primer and 2 uL

of M13R primer (each at 10 uM, providing a final concentration of 400 nM per primer),

0.5 pl Tag DNA Polymerase (5 U/ pL), 26 pL H20 and 10 pL of the first PCR products.
The amplification conditions for the second PCR reaction were as follows: 3 min at 94°C
followed by 40 cycles of; 45 s at 94°C, 60 s at 55°C and 30 s at 72°C; with a final elongation
of 10 min at 72°C. A third round PCR adding next-generation sequencing adaptors to the
TCR amplicons was performed for bulk cells to allow for further MiSeq sequencing. The
third PCRs were performed using the same amplification conditions as for the second one
(see MiSeq adaptors primers in Table S2).

TCR sequencing and analysis—Successful amplification of the TCR region was
verified by electrophoresis on a 2% agarose gel and followed by gel purification of the
TCRP bands using the Buffer QG and the QIAquick 96 PCR Purification kit (Cat#28181,
Qiagen), according to the manufacturer’s instructions. Sanger sequencing was performed
by Eurofins Genomics, with M13F and M13R as sequencing primers. TCRp sequences
were re-constructed using both forward and reverse sequences, and were analyzed using
the V-QUEST tool of the IMGT® database (IMGT®, the international ImMunoGeneTics
information system® [http://www.imgt.org]®®) to retrieve TCR information, including V
and J segments usage and junction/CDR3 analysis. Next-generation sequencing (MiSeq,
[llumina) was performed by Genome Quebec. TCR reads were aligned, identified and
grouped using the regular pipeline of MiXCR version 3.0.13 29, Clonotypes with less than
10 reads were removed, and clonotypes representing at least 0.1% of the total read count
for each sample were considered as expanded. TCR sequences were analyzed using an
algorithm to predict antigen specificity: CDR3 sequences were compared to the McPAS-
TCR database of TCRs of known antigenic specificity ([http:/friedmanlab.weizmann.ac.il/
MCcPAS-TCR/]%7) and sequence similarities were identified. We predicted TCR specificity
using the three criteria described by Meysman et al. 28: 1) CDR3 sequences should have
identical length, 2) CDR3 sequences should be long enough and 3) CDR3 sequences should
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not differ by more than one amino acid. Among all CDR3 sequences, those fulfilling these
three criteria with matched CDR3 sequences from the database were considered at high
probability of sharing the same specificity.

Near-full length HIV genome amplification on genomic DNA—We developed a
two-step PCR method to amplify a portion of approximately 9,000bp of the HIV genome
on lysed bulk cells. Sequences of primers are listed in Table S2. Both PCR reactions were
performed using the Platinum SuperFi Il Master Mix (Cat#12368010, Life Tech). The first
PCR was prepared in a total volume of 40 pL: 20 pL of Platinum SuperFi Il master mix,
0.8 pL of each primer (each primer at a concentration of 10 pM in the mix, providing a
final concentration of 200 nM per primer), 8.4 uL. H,0. and 10 pL of the cell lysate. First
PCR conditions were as follows: 30 s at 98°C followed by 25 cycles of; 30 s at 98°C, 10

s at 60°C and 5 min at 72°C; with a final elongation for 5 min at 72°C. A nested PCR,
with PacBio barcoded primers was then performed prior to PacBio sequencing. The nested
PCR was prepared in a total volume of 30 pL: 15 pL of Platinum SuperFi Il master mix,
0.6 pL of each primer (each primer at a concentration of 10 pM in the mix, providing a
final concentration of 200 nM per primer), 8.8 uL H,0. and 5 L of the first PCR products
diluted 1/3. Nested PCR conditions were as follows: 30 s at 98°C followed by 30 cycles of;
30 sat98°C, 10 s at 60°C and 5 min at 72°C; with a final elongation for 5 min at 72°C.

Near-full length HIV genome sequencing and analysis—Successful amplification
of the HIV genomes was verified by electrophoresis on a 0.5% agarose gel followed

by AMPure XP (Cat#A63881, Beckman Coulter) purification with a beads/PCR products
ratio of 1.6. Purified amplicons were then quantified using Nanodrop (Thermo Fisher
Scientific) and pooled. PacBio sequencing was performed by Genome Quebec on

a PacBio Sequel Il instrument. Obtained sequences were then demultiplexed and

those blasting the HIV genome, with at least 30 reads, containing both primers

sequences on their ends and clustering together within the same individual were

then aligned. Alignments were then used for phylogeny and clonality analysis using
Maximum-Likelihood tree GTR+1+G model, with 1000 bootstraps in igtree2, version
2.1.2. Trees were annotated with FigTree version 1.4.4. Sequences were also analyzed

for integrity using HIVVDatabase QCTool (https://www.hiv.lanl.gov/content/sequence/QC/
index.html) and the ProseqlT (https://psd.cancer.gov/tools/pvs_annot.php). Start and stop
codons were confirmed using GeneCutter tool (https://www.hiv.lanl.gov/content/sequence/
GENE_CUTTER/cutter.html), and the integrity of the packaging signal was manually
determined. Defects were evaluated in the following order: inversion, hypermutation, length
(large deletion, i.e. <8800 pb), stop codon, frameshift, packaging signal (), as previously
described %8. If no defects were found (excluding defects in nefand in tat2), the sequence
was considered genetically intact.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analyzed and represented using Graphpad Prism version 9.1.0. Results were
represented as median or mean values, with interquartile range or minimum and maximum
values, as indicated in the figure legends. Correlations were determined using nonparametric
Spearman’s test. For group comparisons, non-parametric Wilcoxon matched-pairs signed
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rank or Mann-Whitney or Fisher’s exact tests were used. P values of less or equal to 0.05
were considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Analyzed phenotype and TCR of single HIV-infected cells at earliest stages of
infection.

The phenotype of productively HIV-infected cells rapidly evolves in acute
infection.

The initial pool of HIV-infected cells is the product of independent infection
events.

Latent and genetically intact proviruses are archived early and persist on
therapy.
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Fig. 1. The phenotype of productively infected cells differs between blood and lymph nodes and

changes over time.
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A. Frequencies of p24* cells in CD4* T cells measured by HIV-Flow in paired blood and
lymph node samples from participants at different Fiebig stages of acute infection and in
chronically infected controls. B. Correlation between p24* cells frequencies in blood and
lymph nodes. C. Correlations between p24* cells frequencies in blood or lymph nodes
with plasma viremia. D. Phenotype of productively infected cells. Frequencies of p24*
and p24~ cells from blood and lymph node expressing each marker or combination of

markers (CD4~, CCR5*, CD45RA™, Ki67*, CXCR3*, CXCR5*, PD-1*, ICOS*, circulating

T follicular helpers (cTfh) cells and Tfh cells) are depicted for each participant (n=23). E.
The frequency of p24* (solid lines) and p24~ (dotted lines) cells from blood (red) and lymph

node (blue) expressing each marker or combination of markers (CD4*, CCR5%, CD45RA™,
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Ki67*, CXCR3*, CXCR5*, PD-1%, ICOS™, circulating T follicular helpers (cTth) cells and
Tth cells) is depicted for each Fiebig stage (I to V and Chronic infection). Median values are
plotted with 95% CI.
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Fig. 2. Temporal changes in the cell subsets contributing to viral production during HIV
infection.

A. p24* cells phenotypic data were integrated in a UMAP analysis and generated 8 cell
clusters. B. Dot plots of the UMAP analysis of all p24* cells (in grey) as shown in panel
A, on which the p24™ cells by stage of infection and compartment are overlaid in colors.
Numbers of samples analyzed are indicated at the top of the dot plots. C. The frequency
of each of these clusters among p24* cells is depicted in bar graphs according to the stage
of infection for both blood and lymph node. Numbers of samples analyzed are as in B.
The table shows the phenotype of each cell cluster. Statistically significant differences are
highlighted (Wilcoxon; p<0.05, *; p<0.01**; p<0.001, ***; p<0.0001 ****),
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Fig. 3. Proviral diversity is low in productively infected cells during acute HIV infection.
A. Phylogenetic trees representing HIV C2-V5 env proviral sequences obtained from single-

sorted p24* cells from n=7 participants (PID#18 to #25). Trees were rooted on a CRF01_AE
consensus (grey square) and envsequences from each single p24* cell are depicted in

red or blue according to their compartments (blood or lymph node, respectively). Identical
sequences are shown as aggregated on the same branch of the tree. B. Pie charts representing
the relative proportion of each C2V5 env sequence for each participant in both blood and
lymph node. The number of p24™* cells analyzed is indicated in the center of the pie.
Identical sequences are depicted in colors, whereas unique sequences are depicted in grey.
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Fig. 4. Productive HIV infection is established in clonotypically distinct T cells since the earliest
stages of HIV infection.

A. Frequencies of TCRp clonotypes in p24* cells are represented for n=17 participants
(PID#01 to #17) and ordered according to the stage of acute infection (Fiebig | to V)
followed by chronic controls (columns) and according to the compartment (i.e. blood and
lymph node, rows). For each sample, the proportion of each clonotype in the pool of

p24* cells is represented in a pie chart. The number of p24* cells analyzed is indicated

in the center of the pie. Expanded clonotypes are depicted in colors; Unique clonotypes
are depicted in grey. B. The proportion of clonal expansions in the pool of p24™ or total
CD4™* T cells is depicted for each participant. Frequencies were calculated as follows: (1)
for p24* cells, the proportion of expanded cells within the pool of p24* cells; and (2) for
total CD4* T cells, the number of reads of expanded cells within the total number of reads
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in CD4* T cells. C. The frequency of predicted antigen specificities is represented in the
pool of p24* or total CD4* T clonotypes recovered from 17 participants. The frequency
of M. tuberculosis specific clonotypes was lower in p24* cells than in total CD4* T cells
(Fisher’s exact Test; p<0.001). D. The number of predicted antigen specificities for p24*
clonotypes is represented according to the stage of infection (n=34 samples). E. Example
of two participants who harbored distinct p24* clonotypes with common antigenicity

(M. tuberculosis). Significant differences are highlighted (Wilcoxon; p<0.05, *; p<0.01**;

p<0.001, ***: p<0.0001 ****).
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Fig. 5. Productive HIV infection is preferentially established in previously expanded and
disseminated clonotypes.

A. Frequency of TRBV and TRBJ segment usage for the clonotypes identified by TCRp
sequencing in p24* cells and in total CD4* cells in both blood and lymph nodes from 17
participants. Significant differences between p24* and total CD4* T cells are highlighted
with a red or blue background depending on the trend (see Fig. Séc). B. Venn diagrams
showing the number of unique and shared clonotypes in the four subsets: blood and lymph
node total CD4* T cells and p24* cells for all participants C. Example (Participant PID#11,
data from other participants are shown in Fig. S7d) of frequency distribution (based on
bulk deep sequencing data and single-cell sorting/Sanger sequencing) of the clonotypes
corresponding to the clones that were found in a single subset (empty circles) and in
multiple subsets including p24+ cells (colored circles). Frequencies are shown as percentage
of total reads for total CD4* T cells and as the frequency of cells determined by HIV-Flow
for p24* cells. D. Median frequency of reads of CD4* T cells clonotypes from blood
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and lymph node in which p24* cells were identified (p24*) or not (p24~) (data from n=9
participants with at least n=3 p24* clonotypes shared with blood or lymph nodes are shown).
E. Pie charts representing the median frequency of p24* cells and total CD4* T cells
clonotypes from a given compartment (blood or lymph node) that were shared with the other
compartment (lymph node or blood), respectively (data from n=9 participants). The total
number of cells (p24™* cells) and median number of reads (total CD4™ T cells) per condition
is indicated at the center of the pie. Significant differences are highlighted (Wilcoxon or
Fisher’s exact test; p<0.05, *; p<0.01**; p<0.001, ***; p<0.0001 ****),
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Fig. 6. Limited inducibility of HIV genomes archived during acute infection and persisting on
ART.

A. Frequency of p24™* cells measured by HIV-Flow in longitudinal blood samples of
participants enrolled at different Fiebig stages (week 0) and after 96 weeks of ART.
Frequencies were measured ex vivoto detect productively infected cells and after
stimulation with PMA/ionomycin for 24h to detect the inducible reservoir. B. Total RNA
from unstimulated or stimulated CD4* T cells was used to quantify unspliced (LTR-gag)
and multiply spliced RNA (tat/rev). HIV transcripts were normalized to the number of input
cells. C. Proportion of each memory subset in p24* cells and total CD4* T cells at the
viremic and on ART time points, both ex vivo or after stimulation with PMA/ionomycin
(n = 16 samples). Infected cells were overrepresented in the Tgy subset. D. Activation
status of infected cells. The frequency of each subset (CD69*, HLA-DR™) is depicted ex
vivo or after stimulation with PMA/ionomycin for each participant according to the cell
population (p24* and total CD4" T cells). E. Phenotype of infected cells. The median
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fluorescence intensity (MFI) for each marker (HLA-ABC, Bcl2) is depicted ex vivo or after
stimulation with PMA/ionomycin for each participant according to the cell population (p24*
and total CD4* T cells). F. p24~ cells were bulk sorted for total (LTR-gag) and integrated
(alu/LTR-gag) HIV DNA quantification. Frequency of HIV DNA+ cells are presented in bar
charts. Empty bars represent undetectable measures, and the limit of detection is plotted. G.
Frequencies of CD4* T cells harboring unintegrated HIV DNA, integrated HIV DNA and
producing p24 proteins during untreated HIV infection. Integrated HIVV DNA was measured
by alu/LTR-gag PCR. Unintegrated HIVV DNA was evaluated by subtracting the measure

of integrated HIV DNA from the measure of total HIV DNA. Frequencies of p24* cells
were measured by HIV-Flow. All samples from participants from whom NFL HIV genome
sequences were obtained are shown. For each sample, measures performed ex vivo and after
24h stimulation with PMA/ionomycin are represented.
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Fig. 7. Intact and non-inducible proviruses are established during acute infection and persist on
ART.

A. Near-full length genome amplification was performed in p24~ cells to assess the
intactness of latent genomes. To assess the inducibility of these proviruses, p24~ cells from
both the ex vivoand stimulation conditions were included (n=8 participants). Phylogenetic
trees representing the proviral landscape of five participants are depicted. Sequences
obtained before (week 0, red) and during suppressive ART time point (week 96, burgundy)
are included; Sequences obtained from p24~ cells sorted directly ex vivo (circle) or after
stimulation (triangle), representing the non-productive and the non-induced latent HIV
reservoirs, respectively, are also included. Identical sequences are framed and represented
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on the same tree branch. On the right of the graph, proviral sequences are mapped to the
HIV genome, and color-coded as follows: intact sequences in green, inversions in blue,
hypermutations in grey, large deletions in orange and stop codons in yellow. B. Pie charts
summarizing the frequency of defects and intact proviruses obtained from p24~ cells sorted
ex vivo (non-productive) and after stimulation (non-induced) before (week 0, n=8) and after
ART initiation (week 96, n =8). The total number of sequences per condition is indicated

at the center of the pie (sequence color categories are as in A.). C. The frequency of
identical proviral sequences before and after ART in p24- cells is represented for each
participant. Significant differences are highlighted (Wilcoxon or Fisher’s exact test; p<0.05,
*; p<0.01**; p<0.001, ***; p<0.0001 ****),
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

p24 KC57-PE Beckman Coulter Cat#6604667
p24 28B7-APC MediMabs Cat#MM-0289-APC
CD4-APC-H7 (Clone: RPA-T4) BD Bioscience Cat#560168
CD45RA-A700 (Clone: HI100) BD Bioscience Cat#560673
CXCR5-BB515 (Clone: RF8B2) BD Bioscience Cat#564624
CXCR3-PerCP-Cy5.5 (Clone: 1C6/CXCR3) BD Bioscience Cat#560832
Ki67-PE-Cy7 (Clone: B56) BD Bioscience Cat#561283
CCR5-BV421 (Clone: 2D7/CCR5) BD Bioscience Cat#562576
CD45RA-BV786 (Clone: HI100) BD Bioscience Cat#563870
HLA-DR-BV605 (Clone: G46-6) BD Bioscience Cat#562845
CCR7-BB515 (Clone: 3D12) BD Bioscience Cat#565870
PD-1-BV605 (Clone: EH12.2H7) BioLegend Cat#329923
1COS-BV785 (Clone: C398.4%) BioLegend Cat#313534
HLA-ABC-AT700 (Clone: W6/32) BioLegend Cat#311437
CD69-PerCP-Cy5.5 (Clone: FN50) BioLegend Cat#310926
Bcl-2-BV421 (Clone: 100) BioLegend Cat#658709
Live/Dead Aqua Cell Stain (405nm) ThermoFisher Scientific Cat#L34957
Biological samples

Human serum Atlanta Biologicals Cat#540110
Demographics of study participants, see Table S1 This paper N/A
Chemicals, peptides, and recombinant proteins

Lamivudine (3TC) NIH HIV Reagent Program ARP-8146
Raltegravir (RAL) NIH HIV Reagent Program HRP-11680
Brefeldin A (BFA) Sigma Cat#B2651
ionomycin Sigma Cat#19657
PMA Sigma Cat#P8139
DirectPCR Lysis Reagent Viagen Biotech Cat#301-C

Proteinase K

Wisent

Cat#25530-015

Proteinase K

Invitrogen

Cat#25530-015,

Critical commercial assays

EasySep Human CD4* T Cell Enrichment Kit

StemCell Technology

Cat#19052

FoxP3 Transcription Factor Staining Buffer Set

eBioscience

Cat#00-5523-00

Phusion Master Mix

ThermoFisher Scientific

Cat#F531S

Tag DNA Polymerase kit Invitrogen Cat#18038-042,
Qiagen Multiplex PCR kit Qiagen Cat#206143
QIAquick 96 PCR Purification kit Qiagen Cat#28181
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REAGENT or RESOURCE SOURCE IDENTIFIER
Platinum SuperFi Il Master Mix Life Tech Cat#12368010
AMPure XP Beckman Coulter Cat#A63881

Deposited data

HIV env GenBank Genbank accession numbers ON500682 to
ON500846

HIV near full length sequences GenBank Genbank accession numbers ON500847 to
ON501069

TCRp sequences This paper N/A

Oligonucleotides

TCRP HIV envand HIV near full length This paper N/A

amplification and sequencing primers, see Table S2

Software and algorithms

MiXCR version 3.0.13

Bolotin et al.2°

https://github.com/milaboratory/mixcr

IMGT® database

IMGT®, the international
ImMunoGeneTics information
system®

http://www.imgt.org

MCcPAS-TCR database Friedman lab http://friedmanlab.weizmann.ac.il/McPAS-
TCR/

Prism version 9.1.0 Graphpad https://www.graphpad.com

FlowJo version 10.7.1 FlowJo https://www.flowjo.com/solutions/flowjo

igtree2, version 2.1.2 IQTREE http://www.igtree.org

FigTree version 1.4.4 Figtree http://tree.bio.ed.ac.uk/software/figtree/

HIVDatabase QCTool

HIV Los Alamos

https://www.hiv.lanl.gov/content/sequence/QC/
index.html

ProseqIT

NIH

https://psd.cancer.gov/tools/nvs_annot.php

GeneCultter tool

HIV Los Alamos

https://www.hiv.lanl.gov/content/sequence/
GENE_CUTTER/cutter.html
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