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ABSTRACT

HIV-1 infection is characterized by a dynamic and persistent state of viral replication that
overwhelms the host immune system in the absence of antiretroviral therapy (ART). The impact
of prolonged treatment on the antiviral efficacy of HIV-1-specific CD8" T cells has nonetheless
remained unknown. We used single-cell technologies to address this issue in a unique cohort
of ageing individuals infected early during the pandemic and subsequently treated with
continuous ART. Counterintuitively, we found that long-term treatment was associated with a
process of clonal succession, which effectively rejuvenated HIV-1-specific CD8" T cell
populations in the face of immune senescence. Tracking individual transcriptomes further
revealed that antecedent clonotypes displayed signatures of exhaustion and terminal
differentiation, whereas newly dominant clonotypes displayed signatures of early
differentiation and stemness associated with natural control of viral replication. These findings
reveal a phenomenal degree of immune resilience that could inform adjunctive treatments for

HIV-1.

ONE SENTENCE SUMMARY
Newly dominant clonotypes rejuvenate HIV-1-specific CD8* T cell immunity after long-term

ART.
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INTRODUCTION

HIV-1 remains a serious public health challenge for which there is no existing cure or vaccine.
A definitive cure would entail complete eradication of the virus throughout the body. This
ambitious goal is hampered by the biological nature of HIV-1, which quickly establishes a
reservoir of latently infected cells that harbor replication-competent proviruses and persist
indefinitely ! 2. It may therefore be more realistic to reduce the size of the reservoir below a
certain threshold that might allow treatment-free remission without viral recrudescence, a
scenario known as functional cure. Most current approaches to functional cure are based on a
“shock and kill” strategy, which involves the use of experimental agents to reverse latency and
reactivate the reservoir under the cover of antiretroviral therapy (ART), consequently rendering
residually infected cells susceptible to immune destruction without further dissemination of
HIV-1 3. The qualitative properties of antiviral CD8" T cells will likely be critical for the
success of the “kill” component of this strategy, given precedent work in the context of natural

immune control of HIV-1 4.

Effective suppression of viral replication is limited to a rare group of individuals (controllers)
in the absence of ART °. This phenomenon has been linked with the antiviral efficacy of HIV-
1-specific CD8" T cells that deploy multiple effector functions and proliferate vigrously in
response to antigen stimulation % 7-3:% 1911 Similar attributes characterize CD8" T cells specific
for HIV-2, which is less pathogenic and more easily controlled than HIV-1 2 13:14 Tn contrast,
most people living with HIV-1 (PLWH) experience relentless viral replication in the absence
of ART, which culminates in the development of AIDS. In these individuals (progressors),
ongoing antigen stimulation continually activates and eventually exhausts HIV-1-specific
CD8" T cells, which are subsequently less able to control viral replication '% 1617, Under these
circumstances, HIV-1-specific CD8* T cells also differentiate progressively, losing expression
of CD28 and gaining expression of CD57 %, a phenotype associated with telomere length

erosion and reduced telomerase activity, which are characteristic of senescence > 2.

ART can reverse some of the cellular alterations typically observed in progressors by
minimizing antigen drive and promoting immune reconstitution 2!. These effects can even
extend to the entire CD8" T cell population, normalizing changes related to activation and
differentiation 2> 23. The extent to which the functionality of HIV-1-specific CD8" T cells can
be restored is nonetheless dependent on the timing of ART. If initiated during chronic infection,

ART has a relatively limited ability to correct HIV-1-specific CD8* T cell dysfunction 2% 2% 26,



but if initiated during primary infection, ART can preserve stem-like HIV-1-specific CD8" T
cells that display functional properties akin to those observed in controllers and individuals
infected with HIV-2 27 28, Accordingly, current evidence suggests that ART should be
administered at the point of diagnosis to limit immune damage, much of which occurs early

after infection with HIV-1.

The gradual loss of immune competence with age, known as immunosenescence, can further
undermine the quality of HIV-1-specific CD8" T cell responses in PLWH. In this context, the
most likely scenario to unfold is that HIV-1-specific CD8" T cells become progressively more
dysfunctional over time, especially if ART was initiated during chronic infection, thereby
limiting the chances of functional remission in older PLWH. Access to appropriate biological
material and technical constraints related to the waning frequencies of HIV-1-specific CD8* T
cells that accompany therapeutically limited viral antigen production have nonetheless thwarted
attempts to confirm or refute this possibility. In this study, we used polychromatic flow
cytometry and single-cell RNA sequencing (scRNAseq) to characterize the phenotypic and
transcriptomic attributes of increasingly rare HIV-1-specific CD8" T cells isolated from PLWH
over a median period of 25 years from diagnosis in the early years of the pandemic, before the
widespread introduction of ART. Unexpectedly, we found that long-term therapeutic
suppression of viral replication in these individuals was associated with a rejuvenation effect
among HIV-1-specific CD8" T cell populations attributable to the emergence of newly

dominant clonotypes, defined by the expression of unique T cell receptors (TCRs).



RESULTS

Ageing and long-term treatment of PLWH

To evaluate the durability of antiviral CD8" T cell immunity against HIV-1, we accessed a
unique biorepository established as part of an initiative termed IMMUNOCO 2 3% 3!, This
cohort study recruited 152 untreated HIV-1-infected adults between 1991 and 1992. Among
these participants, 28 underwent regular monitoring until 2016/2017, representing a median
duration of 25 years, and 20 donated blood samples at the beginning (EARLY) and end of this
time frame (LATE) (Supplementary Table 1). In some cases (n = 2), samples were available
from the late 1980s, and in other cases (7 = 15), samples were available from intermediate (INT)
time points in the mid-1990s. All samples were cryopreserved as peripheral blood mononuclear

cells (PBMCs).

Participants were untreated at the EARLY time point, treated ineffectively with nucleoside
analogue monotherapy at the INT time point, and treated effectively with combination ART for
15 years before the LATE time point (Fig. 1a). After the initiation of ART, several individuals
continued to experience recurrent episodes of detectable viral replication, which gradually
subsided by 2007 (Fig. 1b and Extended Data Fig. 1). There was a median of 11.6 years
between the last major episode of viral replication, defined as >1,000 plasma copies/ml, and
the LATE time point. CD4" T cell counts and CD4/CDS ratios were significantly higher at the
LATE time point compared with the EARLY or INT time points (Fig. 1¢), consistent with the
known benefits of long-term ART.

Inevitably, all participants continued to age throughout the study (Fig. 1d). In line with the
process of immune senescence 2%, the absolute counts and relative frequencies of naive CD8* T
cells in these individuals had declined by the LATE time point, approximating levels observed
among older HIV-1-seronegative (age, >75 years) and HIV-1-seropositive individuals (age,
>65 years) (Fig. 1e¢). Moreover, these residual naive CD8" T cell populations harbored shorter
telomeres relative to naive CD8* T cell populations from younger uninfected adults (age, 25—
40 years) 3, with lengths approaching those of memory CD8" T cells expressing the senescence
marker CD57 (Fig. 1f). Ageing was also associated with the progressive accumulation of highly
differentiated memory CD8" T cells, defined by the loss of CD28 and/or the gain of CD57 (Fig.

1g).



HIV-1-specific CD8" T cells are less differentiated after long-term treatment of PLWH

To extend these findings, we used human leukocyte antigen (HLA) class I-matched tetrameric
antigen complexes (tetramers, n = 13) to enumerate and track HIV-1-specific CD8" T cells over
time (Fig. 1a and Fig. 2a), which was enabled by compatible genetic backgrounds in 11 of the
20 participants who had donated samples across the duration of the study (Supplementary
Table 1). In line with previous reports >* 3, we detected lower frequencies of tetramer” CD8"

T cells at the LATE time point compared with the EARLY time point (Fig. 2b).

We then assessed the expression of markers associated with cellular differentiation (CD27,
CD28, and CD45RA), activation (CD38 and HLA-DR), and replicative senescence (CD57)
(Fig. 2¢ and Extended Data Fig. 2a). As expected, tetramer” CD8" T cells less commonly
expressed CD38 at the LATE time point compared with the EARLY or INT time points (Fig.
2d), consistent with the long-term suppression of viral replication by ART. However, these
cells also less commonly expressed CD57 (Fig. 2e) and more commonly expressed the
costimulatory receptor CD28 at the LATE time point compared with the EARLY and/or INT
time points (Fig. 2f), indicating a counterintuitive rejuvenation effect after many years of
infection with HIV-1. This phenotype is reminiscent of HIV-2-specific CD8" T cells, which
typically display robust antiviral properties and maintain characteristics of early memory % 1%
14 suggesting that HIV-1-specific CD8" T cells might regain similar attributes under conditions
of viral suppression, including the ability to proliferate vigorously and self-renew, despite clear
ageing of the immune system. Direct functional verification was nonetheless precluded by the
rarity of HIV-1-specific CD8" T cells at the LATE time point (ranging from 50 to 300 tetramer”
events per 10 x 10° cryopreserved PBMCs).

HIV-1-specific CD8" T cells are rejuvenated after long-term treatment of PLWH

To circumvent this technical limitation, we harnessed the power of single-cell transcriptomics
to characterize HIV-1-specific CD8" T cells from donors PS03, PS14, PS24, and PS212, all of
whom had detectable tetramer” populations at both the EARLY and LATE time points for
comparison. HIV-1-specific CD8* T cells (n = 100 tetramer® events) spanning five viral
specificities (SL9/HLA-A*02:01, QKI10/HLA-A*03:01, EI8/HLA-B*08:01, FLS8/HLA-
B*08:01, and KF11/HLA-B*57:01) at both time points were index-sorted and processed for
scRNAseq. Rare events were accommodated using the SMARTseq approach to capture whole
transcriptomes reproducibly. The datasets from PS14 and PS212 did not pass rigorous quality

control checks and were excluded in totality. Complete transcriptomic analysis was therefore



limited to the two remaining individuals, namely PS03 (age, 55 years at the LATE time point)
and PS24 (age, 78 years at the LATE time point).

Two distinct HIV-1-specific CD8" T cell populations were analyzed from donor PS24, one
targeting the Gag-derived EI8 epitope, and the other targeting the Nef-derived FL8 epitope
(Fig. 3a). Uniform Manifold Approximation and Projection (UMAP) representation of the data
partitioned the transcriptomes into two groups corresponding to the EARLY and LATE time
points, irrespective of specificity (Fig. 3b). Datasets were therefore merged across specificities
to analyze differential gene expression as a function of time (Fig. 3¢, d). Among the top 142
genes enriched at the EARLY time point were Ly6e, Cemip2, Ifi44l, Ifi6, Riok3, and Ifitml,
suggestive of a type I interferon (IFN) signature. EARLY cells were characterized by an overall
effector-like profile (e.g., Gzmb, Gzmh, Fgfbp2, and Ccl4 — not shown) and exhibited relative
overexpression of genes associated with inhibitory pathways (e.g., Prdml and Adgrgl) and
exhaustion (e.g., Tox) (Fig. 3e). In contrast, LATE cells exhibited relative overexpression of
genes associated with self-renewal (e.g., I/7r and Cxcr4) and stemness (e.g., Gzmk, Ccr7, Sell,
Bcl6, and KIf2) (Fig. 3e). A similar picture emerged from analyses of HIV-1-specific CD8* T
cell populations targeting the Gag-derived KF11 epitope in donor PS03. In particular, EARLY
cells were characterized by an IFN-like signature (e.g., Ifi27, Ifi441, Ifi6, and Isg15) and relative
overexpression of genes associated with inhibitory pathways (e.g., Prdml and Havcr2),
whereas LATE cells preferentially expressed genes associated with self-renewal (e.g., Tcf7,
117r, and Nell2) and stemness (e.g., Gzmk) (Extended Data Fig. 3a—3e). Moreover, expression
of the stemness marker TCF-1, encoded by Tcf7, was largely confined to naive and CD28"
memory CD8" T cells (Extended Data Fig. 2b), and HIV-1-specific CD8" T cells from
untreated progressors less commonly expressed TCF-1 than HIV-1-specific CD8" T cells from
PLWH treated with long-term ART (Extended Data Fig. 2¢, 2d), consistent with the findings

of a previous study 2°.

These observations were confirmed using normalized counts to perform a gene set enrichment
analysis (GSEA), which further revealed that EARLY cells preferentially expressed genes
associated with apoptosis and programmed cell death (Fig. 3f and Extended Data Fig. 3f). In
addition, EARLY cells displayed a gene signature reminiscent of terminal differentiation,
typically associated with the expression of KLRG1. In contrast, LATE cells were enriched for
genes associated with early differentiation and protein translation (Fig. 3g and Extended Data

Fig. 3f), which have been linked with natural control of HIV-1 34,



HIV-1-specific CD8" T cells exhibit a controller-like profile after long-term treatment of
PLWH

To pursue this line of investigation, we mined publicly available datasets reporting the
transcriptomes of HIV-1-specific CD8" T cells isolated from individuals defined as natural
controllers or progressors in the absence of ART °. As expected, EARLY cells resembled HIV-
1-specific CD8" T cells from progressors transcriptomically, with gene expression profiles
indicative of IFN signaling (e.g., Ifi44]) and negative regulation (e.g., Adgrgl) (Fig. 4a). In
contrast, LATE cells were more akin to HIV-1-specific CD8" T cells from controllers
transcriptomically, with gene expression profiles characteristic of stemness (e.g., Ccr7, Cxcr3,

and Nell2) and upregulation of the protein translation machinery (e.g., Rps16) (Fig. 4b).

To validate this comparison, we index-sorted CD8" T cells targeting the HLA-B*53:01-
restricted Gag-derived epitope TL9 from two donors exhibiting natural control of HIV-2. These
cells typically display potent antiviral functionality and commonly express CD28 (Extended
Data Fig. 4a) 2 13- 14 We then analyzed the transcriptomes of these HIV-2-specific CD8" T
cells using scRNAseq. Principal component analysis (PCA) yielded three clusters matching
each group in comparisons with the transcriptomes of HIV-1-specific CD8" T cells, namely
EARLY, LATE, and HIV-2. LATE cells clustered in close proximity with HIV-2-specific
CD8" T cells and overlapped with cells expressing CD28 (Fig. 4¢). Unsupervised analyses of
differentially expressed genes (i.e. 532 genes with FDR-corrected P values < 0.001) further
yielded a clear partition between EARLY and LATE/HIV-2 (Extended Data Fig. 4b). These
latter cells were linked by relative overexpression of genes associated with early differentiation
and stemness (e.g., Gzmk, Tcf7, 1l7r, and Nell?) and relative underexpression of genes

associated with effector functionality and exhaustion (Fig. 4d).

To extend these findings, we performed functional assays of cytotoxic activity and proliferative
capacity, which are established correlates of CD8" T cell efficacy against HIV-1 %3¢, Cytotoxic
activity was assessed indirectly via the expression of granzyme B and perforin 37, and
proliferative capacity was assessed directly via numerical expansion in response to peptide
stimulation (Fig. 4e). Proliferative capacity was significantly impaired among HIV-1-specific
CD8* T cells from untreated progressors versus PLWH treated with long-term ART (Fig. 4f,
4¢g). The ability to upregulate cytotoxic molecules, especially granzyme B, followed a similar

pattern (Fig. 4h, 4i). No such functional differences were detected in similar comparisons of



HIV-1-specific CD8" T cells from natural controllers versus PLWH treated with long-term
ART.

HIV-1-specific CD8" T cells are replaced after long-term treatment of PLWH

The data presented above could potentially be explained by clonal succession, whereby new
clonotypes are recruited to replace old clonotypes with the same antigen specificity, or by a
process of dedifferentiation and recovery from exhaustion among HIV-1-specific CD8" T cells
expressing the same TCR. Each of these scenarios could further be influenced by immune
adaptation to viral escape, which can almost completely reshape the landscape of antigen
sequences in the latent reservoir after the initiation of ART 38, To address this issue, we first
sequenced the targeted viral epitope regions in PBMCs from donors PS03, PS14, PS17, PS24,
PS112, and PS114. Unexpectedly, the dominant antigen species were generally maintained
between the EARLY and/or INT time points and the LATE time point (Extended Data Fig.
5), excluding a primary role for viral evolution in the rejuvenation of HIV-1-specific CD8" T

cells after long-term ART.

We then assessed the clonotypic composition of HIV-1-specific CD8" T cell populations over
time, identifying single-cell TCRa (7RA) and TCRP (7RB) gene rearrangements from the
scRNAseq data generated for PS03 (KF11/HLA-B*57:01) and PS24 (EI8/HLA-B*08:01 and
FL8/HLA-B*08:01). The repertoires of all three HIV-1-specific CD8" T cell populations
changed markedly between the EARLY and/or INT time points and the LATE time point, and
new clonotypes were detected at the LATE time point (Fig. 5a—c and Extended Data Fig. 6a—
¢). In donor PS24, an FL8-specific TRBV5-6/TRBJ2-5 clonotype was highly dominant at the
EARLY and INT time points but subdominant at the LATE time point, succeeded after 25 years
by an FL8-specific TRBV2/TRBJ2-7 clonotype (Fig. Sa and Extended Data Fig. 6a).
Similarly, an EI8-specific TRBV9/TRBJ2-5 clonotype was identified at all time points in donor
PS24, but newly detected EI8-specific clonotypes (TRBV9/TRBJ1-2 and TRBV20-1/TRBJ2-
7) predominated at the LATE time point (Fig. Sb and Extended Data Fig. 6b). In donor PS03,
a KF11-specific TRBVS5-6/TRBJ1-5 clonotype that predominated at the EARLY time point
was superseded by another KF11-specific TRBV5-6/TRBJ1-5 clonotype at the LATE time
point (Fig. Sc¢ and Extended Data Fig. 6c¢).

These findings were confirmed using samples from another donor, VA02, recruited from a

geographically distinct site. In this case, we were able to conduct a detailed longitudinal



analysis of CD8" T cells targeting the HLA-B*27:05-restricted Gag-derived epitope KK 10 over
a time period of 11 years from the initiation of ART (Extended Data Fig. 7a). KK 10-specific
CDS8"* T cells from donor VA02 more commonly expressed CD28 over time (Extended Data
Fig. 7b) and exhibited progressive changes in gene transcription, acquiring a less exhausted
and more stem-like profile by the LATE time point (Extended Data Fig. 7¢, 7d). Moreover,
these changes were associated with a shift in clonal dominance, as observed in donors PS03
and PS24. Specifically, the initially dominant TRBV5-4/TRBJ2-7, TRBV7-9/TRBJ2-3, and
TRBV4-3/TRBJ2-7 clonotypes were progressively superseded by a TRBV7-9/TRBIJ2-7
clonotype, which was subdominant before the initiation of ART (Extended Data Fig. 7e).

On the basis of these data, we were able to define the gene expression profiles of old and newly
dominant clonotypes at the LATE time point, although low cell numbers limited this analysis
to the FL8-specific population from donor PS24 and the KK10-specific population from donor
VAO2. A sparse Partial Least Squares Discriminant Analysis (SPLS-DA) of FL8-specific CD8"
T cells from donor PS24 highlighted a separation between the two clonotypes associated with
50 variables along component 1 (Fig. 5d). Many upregulated genes in the old clonotype were
associated with exhaustion and negative regulation, including Cd160, which encodes an
inhibitory receptor that interacts with TNFRSF14, Nr3cl, which encodes a glucocorticoid
receptor known to promote tumor-infiltrating lymphocyte dysfunction, and Mat2a, which
encodes an enzyme involved in methionine metabolism that drives exhaustion via the
production of S-adenosylmethionine % 4% 4! (Fig. 5e). Moreover, GSEA confirmed the
enrichment of inhibitory genes and revealed that several pathways characteristic of EARLY
cells were still active in the old clonotype at the LATE time point, highlighting signatures
associated with apoptosis, IFN signaling, terminal exhaustion, and the p53 pathway (Fig. 5f).
In contrast, the newly dominant clonotype exhibited gene signatures associated with naive cells
and central memory differentiation, indicating an antithetical transcriptomic profile that
segregated with the expression of a distinct TCR (Fig. 5f). Similarly, the newly dominant
KK10-specific clonotype in VA02 exhibited a more pronounced stem-like profile at the LATE
time point relative to the previously dominant clonotype, further linking a defined pattern of

gene expression with the phenomenon of clonal succession (Extended Data Fig. 7f).

The indexed nature of our flow cytometric sorting strategy for scRNAseq further allowed us to
track the phenotype of old and newly dominant clonotypes over time. Using this approach, we

found that newly dominant clonotypes more frequently expressed CD28, our initial parameter

10



of differentiation, compared with old clonotypes in donors PS03 and PS24 (Fig. Sg). We then
conducted a final series of experiments to exclude the possibility that these phenotypic and
transcriptomic differences were not simply related to corresponding differences in antigen
avidity, which is known to impact antiviral efficacy 7 !°. For this purpose, we transduced paired
TCRa and TCRp chains from old and newly dominant clonotypes into TCR-deficient Jurkat
cells and performed tetramer dilution assays, measuring uptake as a function of concentration
via flow cytometry (Extended Data Fig. 8). Similar profiles were observed for the old and
newly dominant KF11-specific clonotypes from donor PS03, whereas greater avidity was
observed for the newly dominant FL8-specific clonotype versus the old FL8-specific clonotype

from donor PS24 (Fig. Sh).
Collectively, the findings demonstrate that clonal succession, without a concomitant reduction

in antigen avidity, can rejuvenate HIV-1-specific CD8" T cell populations after long-term

treatment with ART.
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DISCUSSION

In this study, we tracked the evolution of HIV-1-specific CD8" T cells over a median time
period of 25 years, enabled by access to a unique biorepository of samples collected from
PLWH. Although rare, HIV-1-specific CD8" T cells were still detectable at the end point of
observation, despite effective long-term treatment of all participants with ART. Unexpectedly,
these cells displayed characteristics associated with early differentiation, including surface
expression of CD28 %2, and stemness, exemplified by the upregulation of Tc¢f7, which encodes
TCF-1. CD28 is a costimulatory receptor that facilitates antigen-driven activation, proliferation,
and survival among cognate T cell populations 43, where loss of expression acts as a marker of

senescence %

, and TCF-1 is a critical regulator of memory differentiation and persistence 4.
TCF-1 is considered essential for the maintenance of CD8" T cell efficacy #’. It is notable here
that virus-specific CD8" T cells expressing TCF-1 have been associated with natural control of
HIV-1 and SIV 264849 The functional preservation of HIV-1-specific CD8" T cells in patients
who initiated ART during primary infection has also been linked with a stem-like phenotype,
defined by the expression of TCF-1 28,

TCR repertoire analyses revealed that old clonotypes present at the EARLY and/or INT time
points were generally replaced by newly dominant clonotypes at the LATE time point,
indicating clonal succession. This phenomenon was not associated with viral escape. Our
experimental approach further allowed us to characterize the gene expression profiles of
individual clonotypes at the LATE time point, generating unique insights into the coincident
process of apparent rejuvenation. Of particular note, we found that newly dominant clonotypes
overexpressed genes associated with early differentiation and a stem-like profile, whereas old
clonotypes overexpressed genes associated with apoptosis, exhaustion, IFN signaling, negative
regulation, and terminal differentiation. Index tracking confirmed the observation that newly
dominant clonotypes preferentially expressed the early differentiation marker CD28. Moreover,
these phenotypic and transcriptomic differences were not obviously related to differences in
antigen avidity, which can regulate cell fate as a function of signals transduced via the TCR. It
therefore seems likely that ongoing viral replication below the limit of detection, especially in
the context of full immune reconstitution, resulted in the de novo priming of new clonotypes
and/or the expansion of early memory clonotypes exhibiting optimal functional properties
associated with natural control of HIV-1. These observations are consistent with recent work

demonstrating that HIV-1-specific CD8" T cell frequencies correlate directly with measures of

12



cell-associated HIV-1 DNA and RNA during continuous ART % 5! and could also help explain

the link between antiviral efficacy and the expression of distinct TCRs 2.

Our investigations were constrained by sample size, reflecting the inherent challenges
associated with longitudinal human studies in terms of recruitment, retention, and the collection
and storage of biological material over extended periods of time. Functional studies were also
hindered by the very low frequencies of HIV-1-specific CD8" T cells detected after prolonged
therapeutic suppression of viral replication in PLWH. Our phenotypic and transcriptomic data
nonetheless provide a first glimpse into a process of clonal succession that rejuvenates HIV-1-
specific CD8" T cell populations after long-term ART. It remains unclear to what extent this
effect might be associated with genuine antiviral efficacy. However, the existence of such a
mechanism could facilitate the development of new interventional approaches to boost antiviral

CDS8"* T cell immunity, potentially enabling functional cure of HIV-1.

PLWH typically exhibit sustained immune dysfunction reminiscent of senescence, even after
treatment with ART 333435, These features, including the accumulation of CD8" T cells with a
CD287/CD57" phenotype, become exacerbated with age, reflecting a progressive loss of naive
precursors and hematopoietic progenitors over time 6. It is particularly remarkable in this
context that clonal succession occurred despite a limited capacity for immune reconstitution in
our cohort of ageing PLWH. The phenomenon of rejuvenation via this process under such
extreme circumstances nonetheless highlights the resilience of the cellular immune system.
Accordingly, our findings could have broad implications for the prophylactic or therapeutic
induction of de novo CD8" T cell responses in people with various forms of immune

compromise, including the elderly and PLWH.
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ONLINE METHODS

Donors

HIV-1-infected adults (n = 152) were enrolled in a prospective study between 1991 and 1992.
Exclusion criteria were haemophilia and ongoing intravenous drug use. Seropositivity was
confirmed via Western blot and ELISA. A subset of these patients (n = 28) underwent continual
monitoring every 2-3 months until 2016/2017 (median duration = 25 years). Nucleoside
analogue therapy was initiated or maintained according to local clinical practice from
November 1991 to March 1996. Combination therapy was used to control viral replication from
2001/2002. Longitudinal samples from another HIV-1-infected adult were obtained from the
National Institutes of Health (NIH). In this case, ART was initiated in February 2008, and
follow-up occurred until September 2019. Additional samples from untreated progressors,
untreated controllers with HIV-1 load below 400 copies/ml for >3 years, and PLWH with
effective therapeutic suppression of viral replication for >10 years after the initiation of
continuous ART were obtained from the Pitié-Salpétriere Hospital (Paris, France). All donors
provided written informed consent in accordance with the principles of the Declaration of
Helsinki. The use of blood products from anonymized HIV-l-infected participants was
approved by the Comité de Protection des Personnes of the Pitié-Salpétriere Hospital (Paris,
France) or the National Institute of Allergy and Infectious Diseases (NIAID) Institutional
Review Board (NIH, USA).

Flow cytometry

HIV-1-specific CD8" T cells were identified using the following HLA class I tetramers
conjugated to PE: SLYNTVATL (SL9/HLA-A*02:01), QVPLRPMTYK (QK10/HLA-
A*03:01), RLRPGGKKKY (RY10/HLA-A*03:01), EIYKRWII (EI8/HLA-B*08:01),
FLKEKGGL (FL8/HLA-B*08:01), KRWIILGLNK (KK10/HLA-B*27:05), KAFSPEVIPMF
(KF11/HLA-B*57:01), and TSTLQEQIGW (TW10/HLA-B*57:01). PBMCs were labeled
with LIVE/DEAD Fixable Aqua (Thermo Fisher Scientific) for 10 min at room temperature
and then stained consecutively with tetramer—PE for 15 min at 37 °C and the following directly
conjugated monoclonal antibodies for 15 min at room temperature: anti-CD4-BV650 (clone
SK3, BD Biosciences), anti-CD8—APC-Cy7 (clone SK1, BD Biosciences), anti-CD27-AF700
(clone 0323, BioLegend), anti-CD28-PE-CF594 (clone CD28.2, BD Biosciences), anti-
CD38-APC (clone HB7, BD Biosciences), anti-CD45RA-V450 (clone HI100, BD
Biosciences), anti-CD57-BV605 (clone NK-1, BD Biosciences), anti-CD95-FITC (clone
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DX2, BD Biosciences), and anti-HLA-DR—PerCP-Cy5.5 (clone L243, BD Biosciences).
Stained cells were fixed in 1% paraformaldehyde (Thermo Fisher Scientific). In some
experiments, cells were fixed/permeabilized using a Transcription Factor Buffer Set (BD
Biosciences), stained intracellularly with anti-TCF-1-AF647 (clone S33-966, BD Biosciences)
for 40 min at 4 °C, and washed in Perm/Wash Buffer (BD Biosciences). Data were acquired
using an LSRFortessa (BD Biosciences) and analyzed using FlowJo software version 10.8

(FlowJo LLC). The gating strategy is shown in Extended Data Fig. 9.

Telomere length measurement

Telomere lengths were measured as described previously *2. Briefly, genomic DNA was
extracted from flow-sorted cells using a QIAmp DNA Mini Kit (QIAGEN) and quantified using
a NanoDrop 2000 (Thermo Fisher Scientific). Relative telomere length was measured as the
ratio of standard DNA quantities for telomere template (T) over single-copy gene 36B4 (S)
determined via qRT-PCR from 2 ng of genomic DNA. Actual telomere length was derived from
simultaneous analyses of serially diluted DNA extracted from 293T cells and run in parallel

using Southern blotting and qRT-PCR.

scRNAseq

HIV-1-specific CD8" T cells (n = 100 tetramer” events) were index-sorted into 96-well
microtiter plates containing lysis buffer (Takara Bio) using a BD FACSAria II (BD
Biosciences) and frozen immediately at —80 °C. Libraries were prepared using a SMART-Seq
v4 Ultra Low Input RNA Kit (Takara Bio). cDNA was amplified and indexed using a Nextera
XT DNA Library Preparation Kit (Illumina). Hashtag-labeled KK 10-specific CD8" T cells (n
= 4,903-10,000 tetramer” events) from donor VA02 were bulk-sorted and processed using
standard procedures for scRNAseq (10x Genomics). Pooled libraries were quantified and

sequenced across 150 bp using a paired-end strategy with a HiSeq 3000 System (Illumina).

Transcriptome analysis

Fastq files were aligned to the hg38 genome build using STAR software version 2.7.0. Aligned
files were pooled and imported in R. Quality control was performed using scater version 3.19
with the following metrics: library size, number of expressed features, and proportion of reads
mapped to the mitochondrial genome *’. Outlier cells were identified for each metric based on
the median absolute deviation (MAD) from the median value of each metric across all cells,

with the cutoff for exclusion set at >3 MADs. Fixed thresholds were also used to exclude cells
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expressing <500 or >5,000 genes, or expressing more than 5 % of mitochondrial genes. This
approach yielded 73, 230, and 123 quality-controlled cells from PS03, PS24, and HIV-2
controllers (n = 2), respectively. Retained cells were normalized using scran version 1.20.1,
which implements the deconvolution strategy for scaling normalization . For VA02, cells
were excluded when expressing less than 200 genes or more than 2500 genes or when
expressing more than 5 % of mitochondrial genes, retaining a total of 18.268 cells after quality
control (between 2095 and 3967 cells at each time point). Gene expression normalization was
performed using the NormalizeData() function from Seurat. Differentially expressed genes
were detected using the findMarkers function (scran), with the FDR-corrected cutoff set at P <
0.05 (Wilcoxon unpaired test). Violin plots were generated using the VInPlot function in Seurat
version 4.1.1. Heatmaps and volcano plots were generated using pheatmap version 1.0.12 and
ggplot2 version 3.3.6, respectively. GSEA was conducted using software developed by the

Broad Institute 3°. SPLS-DA was performed as described previously .

Functional assays

PBMCs were thawed and resuspended at 5 x 10° cells/well in 48-well culture plates (Thermo
Fisher Scientific) containing AIM V medium (Thermo Fisher Scientific) supplemented with 50
ng/ml FMS-like tyrosine kinase 3 ligand (FLT3L, R&D Systems). After 24 h (day 1), cells were
stimulated with the relevant cognate peptide at a final concentration of 0.1 pM. On day 2, fetal
bovine serum was added at a final v/v ratio of 10%. Medium was replaced every 3 days
thereafter with fresh RPMI 1640 (Thermo Fisher Scientific) supplemented with 10% fetal
bovine serum (Thermo Fisher Scientific) and 1% penicillin/streptomycin (Thermo Fisher
Scientific). On day 0 and day 12, cells were labeled with LIVE/DEAD Fixable Aqua (Thermo
Fisher Scientific) for 10 min at room temperature, stained consecutively with tetramer—PE for
15 min at 37 °C and anti-CD8-APC-Cy7 (clone SK1, BD Biosciences) for 15 min at room
temperature, fixed/permeabilized using a Transcription Factor Buffer Set (BD Biosciences),
stained intracellularly with anti-granzyme B—V450 (clone GB11, BD Biosciences) and anti-
perforin—FITC (clone B-D48, BioLegend) for 40 min at 4 °C, and washed in Perm/Wash Buffer
(BD Biosciences). Data were acquired using an LSRFortessa (BD Biosciences) and analyzed

using FlowJo software version 10.8 (FlowJo LLC).

Clonotype analysis
Fastq files were processed for TRA and TRB annotation using MiXCR version 3.0.13

(https://mixcr.com). Sequence data were analyzed using immunarch version 0.7.0 in R.
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PCR amplification and sequencing of Gag and Nef

Viral DNA was extracted from PBMCs. Gag and Nef were amplified from extracted DNA
using previously reported primers ' and ThermoStar 2 Hot Start Taq (Eurobio). PCR products
were sequenced across both strands using an Applied Biosystems 3500xL Dx Genetic Analyzer

with primers from the second PCR.

TCR avidity measurements

FL8-specific and KF11-specific TCRs from old and newly dominant clonotypes identified via
scRNAseq were reconstituted in TCR-deficient Jurkat cells %2, alongside CD8c and CDS8f 3.
CDS8/TCR-transduced Jurkat cells were magnetically enriched using anti-CD3—FITC (clone
SK7, BioLegend) in conjunction with Anti-FITC MicroBeads (Miltenyi Biotec). TCR avidity
was measured using tetramer dilution assays. Briefly, CD8/TCR-transduced Jurkat cells were
incubated with serial 1/3 dilutions of cognate tetramer spanning concentrations from 200 pg/ml
to 0.0008 pg/ml for 30 min at room temperature, and tetramer” cells were quantified via flow
cytometry. TCR-expressing Jurkat E6.1 cells were used as a control for nonspecific tetramer

uptake.

General statistics

Group comparisons were performed using a two-tailed Mann—Whitney U test. Correlations
were assessed using Spearman’s rank test. All statistical analyses were performed using
untransformed data in Prism version 9 (GraphPad) and/or R. Significance was assigned at P <

0.05.
Data availability

All data reported in this paper will be shared by the corresponding author upon reasonable

request.
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Figure 1 — Ageing and infection history of PLWH.

(a) Graphical representation of the experimental approach. (b) Viral load trajectories in

representative patients (n = 4) from February 1996 to October 2017. EARLY, INT, and LATE

time points are highlighted in red, orange, and blue, respectively. (¢) Absolute CD4" T cell
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counts (EARLY, n = 14; INT, n = 15; LATE, n = 20) and CD4/CD8 ratios (EARLY, n =9;
INT, n = 10; LATE, n = 20). Bars indicate median values. Each dot represents one donor. P
values were determined using a two-tailed Mann—Whitney U test. (d) Age of individuals from
the IMMUNOCO cohort at the EARLY (n = 20), INT (n = 15), and LATE time points (n = 20).
(e) Left: frequencies of naive CD8" T cells (EARLY, n=20; INT, n=15; LATE, n=18; OLD
HIV, n=20; OLD HD, n = 14). Right: absolute counts of naive CD8" T cells (EARLY, n=09;
INT, n=10; LATE, n=18; OLD HIV, n=18; OLD HD, n = 13). Bars indicate median values.
Each dot represents one donor. P values were determined using a two-tailed Mann—Whitney U
test. HD, healthy donor. (f) Telomere lengths in flow-sorted naive and CD57" memory CD8" T
cell populations from young infected adults (green; age, 25—40 years; n = 10) and individuals
from the IMMUNOCO cohort (EARLY, n=10; INT, n =9; LATE, n = 10) color-coded as in
(a). Bars indicate median values. Each dot represents one donor. P values were determined
using a two-tailed Mann—Whitney U test. (g) Expression of CD28 and CD57 among total CD8"
T cells at the LATE time point plotted as a function of age. Correlations were determined using

Spearman’s rank test.
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FIGURE 2
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Figure 2 — Phenotypic analysis of HIV-1-specific CD8" T cells.

(a) Representative flow cytometry plots showing EIS/HLA-B*08:01 tetramer staining of CD8*
T cells at the EARLY, INT, and LATE time points from donor PS24. (b) Frequencies of
tetramer” CD8" T cells at each time point (EARLY, n=21; INT,n=11; LATE, n=21). Bars
indicate median values. Each dot represents a distinct tetramer” population. P values were
determined using a two-tailed Mann—Whitney U test. (¢) Representative flow cytometry plots
showing the expression of CD28 (top), CD38 (middle), and CD57 among total and EI8-specific
CD8" T cells (bottom) identified in (a). Numbers indicate percentages in the drawn gates. (d—
f) Frequencies of tetramer” CD8" T cells expressing CD38 (d), CD57 (e), or CD28 (f) at each
time point (EARLY, n = 11; INT, n = 6; LATE, n = 8). Bars indicate median values. Each dot
represents a distinct tetramer” population. P values were determined using a two-tailed Mann—

Whitney U test.
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FIGURE 3

CD8-APC-Cy7 ———

Wt et o 1°

Tetramer-PE

10.0

142 87

7.5

—log10 adjusted p-value

log Fold Change

EARLY LATE

TIME POINT SPECIFICITY
[ J [ ]
FL8 / B*08:01 © ‘oP o’y
s & %
6, % @0 o G0 &g 6 % & 2° &
% % o%® o o ®9% S %o % °e®
§ ot ey T o leed
@ L] (d
> ©® 2 2.0 °,° 0% Jéae o, o
o e é s © 2o & °
g o‘=¢ o @ .\." o, 0 °® ® "
El8 / B*08:01 S %% 0 @ c0ee,"To ¢ ° 0’
L0 ° 0 ° o 9 _© o
%’ g8 e og®
® $%e @ EARLY ° FL8-spec EARLY
: ge°® ® LATE ¢ gece® o @ El8-spec EARLY
% H 32 % o ® FL8-spec LATE
oe El8-spec LATE
UMAP X axis >
e

(]

Exhaustion/inhibition

Sla2
*%

Pelit
L

IFN signaling

Ifiddl
9
61 3
31
0

e
Stemness

Expression level

Enrichment score

Gzmk
*kRR

IFN signaling

6 2500 5000 7500

Apoptosis

NES: 1.95

FDR: 2.43¢6

10000

0.2-

0.0~

—02-

Cer7 Cxcrd

Coinhibitory molecules

NES: 1.32
FDR: 0.06

0 2500 5000 7500 10000

Stabilization of p53

)
>

Enrichment score

o
5

Enrichment score

_ FDR: 1.15¢°

6 2500 5000 7500

Translation initiation

NES: -2.6

0 2500 5000 7500

NES: 1.68
FDR: 6.46%

10000

10000

NES: 1.84
FDR: 8.13¢

4 2500 5000 7500 10000

rRNA processing

Sell

KLRG1" EFF vs MEM CD8 T cells

NES: 1.4
FDR: 0.04

10000

0 2500 5000 7500

/N Enriched in

EARLY

Central memory signature

Enriched in
LATE

NES: -2.04
FDR: 6.18¢¢

0 2500 5000 7500 10000

Figure 3 — Transcriptomic analysis of HIV-1-specific CD8" T cells.
(a) Representative flow cytometry plots showing EIS/HLA-B*08:01 and FL8/HLA-B*08:01
tetramer staining of CD8" T cells at the EARLY and LATE time points from donor PS24.
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Numbers indicate percentages in the drawn gates. (b) UMAP projection of tetramer™ CD8" T

cells. Each dot represents one cell. Each cell was color-coded according to time point (left) or
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specificity (right). (¢) Volcano plot showing differentially expressed genes between the
EARLY and LATE time points (red, upregulated at EARLY ; blue, upregulated at LATE). The
x-axis represents log fold change, and the y-axis represents —logio-adjusted P values. (d)
Heatmap representation of the top 229 differentially expressed genes between the EARLY and
LATE time points as defined in (¢). Significance was determined using a Wilcoxon unpaired
test. (e) Violin plots showing genes associated with exhaustion and inhibition (top), IFN
signaling (middle), and stemness (bottom) at the EARLY (red) and LATE time points (blue).
Each violin represents the probability density at each value. Each dot represents one cell. *P <
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (FDR-adjusted values). Significance was
determined using a Wilcoxon unpaired test. (f) GSEA showing the enrichment of genes
associated with IFN signaling, coinhibitory molecules, effector differentiation, apoptosis, and
stabilization of p53 among EARLY cells. FDR-adjusted P values are shown. NES, normalized
enrichment score. (g) GSEA showing the enrichment of genes associated with protein
translation, rRNA processing, and central memory differentiation among LATE cells. FDR-

adjusted P values are shown. NES, normalized enrichment score.
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Figure 4 — Gene signatures and functional potential of HIV-1-specific CD8" T cells.

(a) GSEA showing the enrichment of genes associated with the progressor phenotype among

EARLY cells from donors PS03 and PS24. FDR-adjusted P values are shown. NES, normalized
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enrichment score. (b) GSEA showing the enrichment of genes associated with the controller
phenotype among LATE cells from donors PS03 and PS24. FDR-adjusted P values are shown.
NES, normalized enrichment score. (¢) PCA plots showing the segregation between EARLY
and HIV-2/LATE cells (left) and the corresponding overlap with cells expressing CD28 (right)
from PS03. (d) Heatmap representation of differentially expressed genes between EARLY and
LATE cells from donor PS03 and HIV-2-specific CD8" T cells (n = 2 donors). (e)
Representative flow cytometry plots showing tetramer staining of HIV-1-specific CD8" T cells
(top) and the expression of granzyme B (middle) and perforin among total and tetramer” CD8*
T cells (bottom) before (day 0) and after cognate peptide stimulation of PBMCs (day 12) from
an untreated progressor (left) and a donor treated with long-term ART (right). Numbers indicate
percentages in the drawn gates. (f) Frequencies of tetramer” CD8" T cells before (day 0) and
after cognate peptide stimulation of PBMCs (day 12) from untreated progressors (n = 17-18),
PLWH treated with long-term ART (n = 12), and natural controllers (n = 7). (g) Fold change in
the frequencies of tetramer” CD8" T cell before (day 0) and after cognate peptide stimulation
of PBMCs (day 12) from untreated progressors (n = 16), PLWH treated with long-term ART
(n=12), and natural controllers (n = 7). (h, i) Frequencies of tetramer” CD8" T cells expressing
granzyme B (h) or perforin (i) before (day 0) and after cognate peptide stimulation of PBMCs
(day 12) from untreated progressors (n = 11-15), PLWH treated with long-term ART (n = 7—
12), and natural controllers (n = 7). (f—i) Bars indicate median values. Each dot represents a
distinct tetramer” population. P values were determined using a two-tailed Mann—Whitney U

test.
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FIGURE 5
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Figure 5 — Clonal evolution of HIV-1-specific CD8" T cells.
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(a—c) Evolution of FL8-specific (a) and EI8-specific clonotypes (b) from donor PS24 and
KF11-specific clonotypes (c¢) from donor PS03. Each color represents a distinct clonotype
paired for TCRf (top) and TCRa (bottom). Solid and dashed lines represent newly detected
and old clonotypes, respectively. Alluvial flows are colored to highlight shared clonotypes over
time. Sequences identified in only one cell are shown merged in grey. Numbers indicate cells
per clonotype. (d) Segregation of old (violet) and newly detected FL8-specific clonotypes
(orange) from donor PS24 based on gene expression at the LATE time point. Top: sample
representation of the two clonotypes using the first two components of the sPLS-DA. Right:
projection of SPLS-DA-selected variables on correlation circles. (e¢) Heatmap representation of
differentially expressed genes between the two clonotypes as defined in (d). Highlighted genes
are associated with exhaustion or inhibition. (f) GSEA showing the enrichment of genes
associated with IL6-JAK/STATS3 signaling, terminal exhaustion, IFN signaling, stabilization of
p53, negative regulation of the immune response, and apoptosis in the old clonotype (violet) or
naive and central memory differentiation in the newly detected clonotype (orange) as defined
in (d). (g) Index-linked expression of CD28 on old and newly detected clonotypes as defined
in (a—c). (h) Tetramer titration curves for Jurkat cells transduced with KF11-specific TCRs
from donor PS03 (top) or FL8-specific TCRs from donor PS24 (bottom).
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