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SUMMARY

Spontaneous control of HIV infection has been repeatedly linked to antiviral CD8* T cells but

is not always permanent. To address mechanisms of durable and aborted control of viremia, we
evaluated immunologic and virologic parameters longitudinally among 34 HIV-infected subjects
with differential outcomes. Despite sustained recognition of autologous virus, HIV-specific
proliferative and cytolytic T cell effector functions became selectively and intrinsically impaired
prior to aborted control. Longitudinal transcriptomic profiling of functionally impaired HIV-
specific CD8* T cells revealed altered expression of genes related to activation, cytokine-mediated
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signaling and cell cycle regulation, including increased expression of the antiproliferative
transcription factor KLF2, but not of genes associated with canonical exhaustion. Lymphoid
HIV-specific CD8* T cells also exhibited poor functionality during aborted control relative to
durable control. Our results identify selective functional impairment of HIV-specific CD8" T cells
as prognostic of impending aborted HIV control, with implications for clinical monitoring and

immunotherapeutic strategies.

eTOC BLURB

Functional HIV cure strategies aim for durable, drug-free remission. Spontaneous immune
control of viremia occurs rarely and with variable permanence. Collins et al. report that
selective impairment of HIV-specific CD8* T cell proliferation and cytolytic capacity precedes
aborted control of viremia despite maintained recognition of autologous virus, highlighting key

immunologic and virologic parameters of durable HIV control.
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INTRODUCTION

A minority of persons living with human immunodeficiency virus (HIV) infection are
able to control viremia without medication to levels at which transmission and disease

Page 2

progression are markedly diminished. Genome-wide association studies in these individuals
demonstrated that the major genetic determinants of HIV control affect HLA class | peptide

presentation (Pereyra et al., 2010), implying a central role for CD8" T cell responses.
Consistent with this, depletion of CD8" T cells resulted in loss of viral control in non-

human primates (Chowdhury et al., 2015; Friedrich et al., 2007). Moreover, HIV control

Immunity. Author manuscript; available in PMC 2022 October 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Collins et al.

RESULTS

Page 3

has been strongly associated with robust proliferative and cytolytic effector functions of
HIV-specific CD8* T cells (Betts et al., 2006; Hersperger et al., 2010; Migueles et al.,
2002; Migueles et al., 2008; Ndhlovu et al., 2013; Saez-Cirion et al., 2007). Recent

work revealed that proliferative CD8* T cell responses in controllers target mutationally
constrained HIV epitopes derived from structurally interconnected regions of the viral
proteome, irrespective of HLA allele (Gaiha et al., 2019). Thus, HIV controllers provide a
blueprint for the development of CD8*T cell-mediated therapeutic and preventive strategies
to obviate the need for lifelong adherence to daily antiretroviral therapy (ART) and end the
HIV pandemic (Collins et al., 2020; Rogan and Connors, 2021). A deeper understanding
of the requirements for durable CD8" T cell-mediated HIV control will likely be critical to
advancing these goals.

Although most HIV controllers maintain durable suppression of viremia for decades,
approximately 1-2% lose viral control each year (Yang et al., 2017). In large cohort studies,
persistent low-level viremia and history of viral blips were identified as significant risk
factors, but were neither necessary nor sufficient for subsequent loss of control, and no
additional clinical or demographic parameters were consistently implicated (Borrell et al.,
2021; Chereau et al., 2017; Grabar et al., 2017; Leon et al., 2016; Madec et al., 2013;

Noel et al., 2015; Yang et al., 2017). Recent studies profiling immune responses in these
individuals indicated that loss of HIV control can occur in the absence of superinfection or
mutational escape (Koofhethile et al., 2016; Pernas et al., 2018; Rosas-Umbert et al., 2019);
however, the mechanisms underlying loss of HIV control remain unclear.

To investigate mechanisms of durable and aborted HIV control, we evaluated antiviral
CD8* T cell specificity, functionality, transcriptional profile and lymphoid tissue localization
in individuals who maintain or lose control of viremia. To mitigate against potentially
confounding effects of uncontrolled viremia and CD4" T cell depletion such as those seen
in chronic progressors, we focused on longitudinal samples preceding aborted HIV control
in which fold changes in CD4* T cell counts were similar to durable control. Despite
maintained recognition of autologous virus, HIV-specific CD8* T cell proliferative and
cytolytic capacities were diminished prior to aborted control in blood and lymphoid tissue,
corresponding to increased antiproliferative gene expression and indicating a selective,
progressive and intrinsic functional defect that is not revealed by canonical exhaustion or
senescence markers.

Subject demographics, genotypes, clinical parameters, circulating biomarkers and proviral

reservoirs.

We selected 34 subjects with clade B HIV infections who spontaneously controlled viremia
to below 2000 viral RNA copies per ml plasma without ART for a minimum of two years
and from whom cryopreserved longitudinal peripheral blood specimens were available.
Among this group, 17 subjects maintained durable control and 17 experienced aborted
control of viremia, defined by a greater than tenfold increase in viral load to above 2000
copies per ml plasma without a return to stable ART-free viral control (Figures 1A, S1). We
focused our analyses on subjects with comparable baseline viremia and with longitudinal
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samples preceding aborted control (T1-T3), either before or early during rise in plasma
viral loads, in order to identify prognostic indicators and better segregate causal from
consequential associations.

Within this cohort, subjects with durable and aborted control were similar in age, sex,
race/ethnicity, baseline viral load and CD4* T cell count, and fold change in CD4* T

cell count over time (Table 1). Protective HLA-Balleles (HLA-B*57, B*52, Bx27, and

B* 14) defined by genome-wide association in spontaneous HIV controllers (Pereyra et

al., 2010) were present at equal frequencies in subjects with aborted and durable control
(Table 1). We also assessed circulating proteome, metabolome and lipidome profiles and
found no differences between groups (Figure S2A) or longitudinally (Figure S2B) among
209 proteins, 77 metabolites and 115 lipids identified by mass spectrometry-based shotgun
multi-omics (Table S1). HIV controllers are known to harbor smaller residual intact proviral
reservoirs relative to noncontrollers (Jiang et al., 2020), but both total and intact proviral
reservoirs were similar prior to aborted and durable HIV control (Figure S2C-F). These
results indicate similarity in clinical, genetic and virologic parameters between these two
groups at baseline, providing substantial opportunity to elucidate additional differentiating
factors.

CD8* T cells maintain recognition of autologous HIV during aborted viral

Given their prominent role in spontaneous control of HIV viremia (Migueles and Connors,
2015), we next examined proliferative CD8* T cell responses in subjects with durable or
aborted control. To identify functional HIV-specific CD8" T cell responses, we measured
proliferation (Figure 1B) following stimulation with an array of HIV peptides restricted

by each subject’s class | HLA genotype (Table S2). At baseline (T1), neither the number
(breadth) nor magnitude of proliferative HIV-specific CD8* T cell responses (Figure 1C-D)
were significantly associated with subsequent loss of viral control.

We next assessed the extent to which mutational escape from CD8* T cell recognition
contributed to aborted control. Proliferative CD8* T cell responses in aborted and durable
control targeted HIV epitopes with similar levels of mutational constraint, as predicted

by structure-based network analysis (Gaiha et al., 2019), with the majority of subjects in
both groups targeting one or more epitopes predicted to be highly mutationally constrained
(Figure 1E). To assess longitudinal mutation within epitopes targeted by autologous CD8*
T cell responses directly, we performed next-generation sequencing of plasma HIV RNA
isolated before and after aborted control in ten subjects. Targeted epitope sequences were
not mutated over time in 14 of 19 responses with sequence data (Figure 1F), and for

the additional 5 responses nonsynonymous epitope sequence variants were detected (Table
S3) but only one of the observed variants abrogated recognition by autologous CD8* T
cells collected before aborted control (Figure 1G). Notably, the subject from which this
escape variant was detected had two other responses without escape. We also performed
phylogenetic analysis of longitudinal plasma HIV sequences, in which sister grouping of
paired longitudinal sequences showed no evidence of superinfection (Figure 1H). These
results indicate that HIV-specific CD8*T cells maintain recognition of autologous HIV
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during aborted viral control, as neither mutational escape nor superinfection were primary
mechanisms of aborted HIV control in this cohort.

HIV-specific CD8* T cell proliferative and cytolytic capacities are progressively, selectively
and intrinsically impaired preceding aborted viral control.

Given loss of control despite sustained recognition of antigen, we next assessed changes

in T cell phenotype and functionality preceding aborted HIV control. Frequencies of
circulating CD8* and CD4* T cells were similar over time among subjects with durable
and aborted control (Figure S3A), and we observed no significant longitudinal or between-
group differences in bulk CD8* T cell memory subset frequencies as defined by CD45RA
and CD62L expression (Figure S3B). HIV-specific CD8* T cell frequencies measured

by peptide-HLA (pHLA) tetramers corresponding to dominant proliferative responses
were similar in aborted and durable control at baseline (Figure 2A) and were not
significantly changed over time (Figure 2B). Phenotypic staining classified the majority of
HIV-specific CD8* T cells as effector-memory, and their subset composition was maintained
longitudinally in both groups (Figure 2C).

To assess longitudinal changes in CD8* T cell functionality, we measured proliferation of
HIV-specific responses upon peptide stimulation at serial time points preceding aborted
control. Whereas HIV-specific CD8* T cell proliferative capacity was maintained over

time in subjects with sustained HIV control, it was progressively diminished before loss

of control, where 71.4% of responses declined by more than two-fold in proliferative
capacity compared with only 8.3% of responses in those who maintained control (Figures
2D and S3C). Despite variability in the abruptness with which control of viremia was

lost (Figure S1), reduction in proliferative capacity preceded increases in plasma viral

loads in many individuals and was often apparent by time point T2, and the magnitude

of functional impairment was not significantly associated with modest increases in viremia
prior to aborted control (Figure S3D-E). Notably, this decline in functionality was limited
to HIV-specific responses, as CD8* T cell proliferation upon stimulation with pooled
cytomegalovirus (CMV), Epstein-Barr virus (EBV) and influenza A virus (IAV) HLA class-I
optimal peptide antigens (Figure 2E) or with anti-CD3 and anti-CD28 agonistic antibodies
(Figure 2F) was maintained over time in both groups. Lytic degranulation and production
of interferon-y and tumor necrosis factor-a (but not interleukin-2) upon four-hour antigenic
stimulation were also significantly impaired preceding aborted control relative to durable
control (Figure S3).

To determine whether impairment of HIV-specific CD8*T cell function preceding aborted
control was cell intrinsic or caused in trans by longitudinal changes in other cell types during
peptide-specific expansion, we performed proliferation assays by co-culturing CD8* T cells
obtained from early (T1) and late (T3) samples with CD8-depleted, HIV peptide-pulsed
peripheral blood mononuclear cells (PBMCs) from either T1 or T3 (Figure 3A). CD8-
depleted PBMCs from T1 did not rescue proliferation of HIV-specific CD8* T cells obtained
from T3, and CD8-depleted PBMCs from T3 did not significantly impair proliferation of
HIV-specific CD8* T cells from T1 (Figure 3B). Thus, functional impairment was neither
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restored nor recapitulated by interactions with other cell types, suggesting that the defect is
CD8* T cell intrinsic in nature.

We also examined cytolytic capacity of HIV-specific CD8* T cells prior to aborted control.
CD8* T cells from each longitudinal sample were expanded by stimulation with their
dominant HIV response peptide, and then assessed for their ability to eliminate peptide-
pulsed autologous CD4* T cells pooled from all time points in a 6-hour coculture over

a range of effector-to-target ratios (Figure 3C). HIV-specific CD8" T cells exhibited
significant longitudinal decline in cytolytic capacity preceding loss of HIV control (Figure
3D), whereas cytolytic responses were maintained in subjects with durable control. Taken
together, these results provide evidence that HIV-specific CD8" T cell proliferative and
cytolytic capacities are progressively, selectively and intrinsically impaired preceding
aborted viral control.

Transcriptomes but not TCR repertoires of HIV-specific CD8" T cells are altered preceding
aborted viral control.

Having identified functional impairment of HIV-specific CD8* T cells preceding loss

of viral control, we next sought to define underlying molecular signatures using whole-
transcriptome RNA sequencing of immunodominant pHLA tetramer* CD8* T cell
populations isolated from longitudinal specimens in both groups. We detected a mean of
16,510 unique genes per sample (Figure 4A) and analyzed differential expression across
18,091 genes. We observed 530 significantly differentially expressed genes prior to loss or
maintenance of control (Figure 4B, Table S4). Of these, 471 genes were not significantly
differentially expressed at baseline (Figure 4C) and therefore correspond to differences
observed in proliferative and cytolytic capacity.

Gene set enrichment analysis revealed that aborted control was preceded by increased
expression of genes related to GTPase activity, transcriptional repression and G2/M cell
cycle arrest, and also by decreased expression of genes related to cytokine-mediated
signaling, T cell activation and degranulation (Figure 4D, Table S5). Notably, the
transcription factor KLF2, which limits CD8* T cell proliferation (Buckley et al., 2001),
was among the most significantly elevated genes prior to loss of HIV control (Figure 4E),
representing a candidate transcriptional regulator of CD8" T cell functional impairment in
these individuals. KLF2 is also known to regulate T cell trafficking, differentiation and
effector function (Lee et al., 2015; Preston et al., 2013; Weber et al., 2015). To further
characterize KLF2 regulation of HIV-specific CD8* T cell transcription preceding aborted
control, we performed single-sample gene set enrichment analyses (SSGSEA) on known
KLF2-regulated genes and pathways. KLF2-regulated effector, cytokine and chemokine
receptor genes were significantly downregulated prior to aborted control (Figure S5),
consistent with a potential role of KLF2 in decreased HIV-specific CD8* T cell functionality
preceding aborted viral control.

We also determined the extent to which functional changes in HIV-specific CD8* T cells
were associated with longitudinal changes in TCR clonotype composition, since CD8* T
cell signaling and functionality are dictated in part by molecular interactions between TCR
and pHLA, and the specificity, cross-reactivity, affinity, geometry and kinetics of these
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interactions are determined by the repertoire of TCR sequences within polyclonal antigen-
specific T cell populations (Rossjohn et al., 2015). We analyzed a mean of 10,949 TCR-B
(7RB) complementarity determining region 3 (CDR3) sequence reads per sample within
whole-transcriptome RNA-seq data from HIV-specific CD8* T cells, which were generally
oligoclonal with relatively few clonotypes per response. Only 1 of 5 subjects analyzed from
each group exhibited a longitudinal shift in the dominant TCR clonotype preceding loss or
maintenance of viral control, whereas the remaining 8 subjects maintained consistent TCR
clonotypic compositions over time (Figure S6), and longitudinal shifts in TCR clonotypic
diversity were not significantly associated with loss of HIV control (Figure 4F). These
results provide additional evidence that changes in HIV-specific CD8" T cell transcription
and functionality but not antigenic recognition precede aborted control in our cohort.

Functional impairment preceding aborted HIV control is distinct from T cell exhaustion and

senescence.

CD8* T cell dysfunction has been extensively described in settings of prolonged antigen
exposure, including HIV infection and cancer, and is commonly associated with increased
expression of inhibitory receptors and other markers of T cell exhaustion and senescence
during chronic uncontrolled viremia (Fenwick et al., 2019; McLane et al., 2019). Using
SSGSEA, we next examined expression of a core set of 20 exhaustion-associated genes,
including 10 inhibitory receptors and 10 transcriptional regulators that were significantly
upregulated in CD8* T cells during chronic LCMV infection (Figure S7A), uncontrolled
chronic HIV infection (Figure S7B) and melanoma tumor infiltration (Figure S7C).
However, within our RNA-seq data set we did not observe significant differential expression
of this core exhaustion gene set in HIV-specific CD8* T cells with diminished functionality
prior to aborted viral control (Figure 5A). We also measured surface expression of the
exhaustion-associated inhibitory receptors PD1, TIM3, TIGIT, CD39, 2B4 and CD160, the
senescence-associated surface marker CD57 and the costimulatory receptor CD28. Surface
expression for each of these proteins was not significantly perturbed across longitudinal
samples on HIV-specific CD8" T cells (Figure 5B-1), despite reductions in proliferative and
cytolytic capacity of these cells. Together, these data indicate that progressive loss of CD8*
T cell function preceding aborted control is transcriptionally and phenotypically distinct
from canonical exhaustion or senescence.

Lymphoid HIV-specific CD8* T cells are functionally impaired during aborted viral control.

Follicular helper CD4* T cells in lymphoid tissue represent a major source of HIV
replication and comprise a significant proportion of persistent viral reservoirs in both HIV
controllers and ART-suppressed progressors (Boritz et al., 2016; Perreau et al., 2013),
highlighting the importance of studying HIV immune dynamics at tissue sites of infection
in addition to peripheral circulation. Expanding our analyses to tissues, we obtained one
inguinal lymph node per group via excisional biopsy during either durable or aborted
control. To qualitatively determine the extent to which CD8* T cells can access HIV-
infected cells in lymphoid follicles, we performed /n situ fluorescence microscopy for
CD8, immunoglobulin D (IgD) to demarcate lymphoid follicles and HIV gagpo/ RNA

to mark HIV-infected cells. During durable control we observed clear follicular margins
with intrafollicular HIV-infected cells and primarily extrafollicular CD8* cells (Figure 6A),
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consistent with reports that lymphoid follicles largely exclude CD8* T cells and contain
viral replication within follicular sanctuaries (Connick et al., 2014; Connick et al., 2007;
Fukazawa et al., 2015). In contrast, during aborted control we observed disrupted follicular
margins, likely resulting from viral replication, and the presence of CD8* T cells in close
proximity to HIV-infected cells (Figure 6B).

To assess the functionality of lymphoid HIV-specific CD8* T cells, we performed
proliferation and elimination assays using cells isolated from matched peripheral blood (PB)
and lymph node (LN) specimens. Relative to durable control, we observed that both PB

and LN HIV-specific CD8* T cells during aborted control were markedly less proliferative
in response to antigenic stimulation (Figure 6C). Following antigen-specific expansion,

both lymphoid and peripheral HIV-specific CD8* T cells exhibited poor elimination of
autologous HIV peptide-loaded CD4* T cells during aborted control relative to durable
control (Figure 6D). These results indicate that virus-specific CD8* T cells can access
lymphoid follicles during aborted control but are functionally impaired, consistent with
observations made from peripheral blood.

DISCUSSION

In this study, we examined immunologic and virologic parameters longitudinally in
individuals who spontaneously controlled HIV viremia to distinguish mechanisms of durable
and aborted viral control. Compared to durable control, aborted control was preceded by a
progressive decline in HIV-specific CD8* T cell proliferative and cytolytic function without
mutational escape from antigen recognition. This loss of function was T cell intrinsic,
restricted to HIV-specific responses, and evident in both peripheral blood and lymphoid
tissue. Functional impairment of HIV-specific CD8* T cells was accompanied by decreased
expression of genes related to activation and cytokine-mediated signaling, and increased
expression of the antiproliferative transcription factor KLF2. In contrast, expression of genes
and surface inhibitory receptors associated with canonical T cell exhaustion or senescence
were not elevated. Collectively, these findings identify alterations in virus-specific T cell
function that portend loss of HIV control in a manner transcriptionally and phenotypically
distinct from canonical T cell exhaustion.

Prior studies of CD8* T cell function during aborted HIV control primarily focused on
cytokine responses to pooled antigen and activation/exhaustion marker expression in bulk
CDS8™ T cells. To extend beyond this, we studied antigen-specific responses in subjects
from whom specimens had been obtained longitudinally prior to aborted or durable
control, allowing a detailed analysis of virologic and immunologic parameters that predict
subsequent loss of control. Marked longitudinal decreases in proliferative and cytolytic
capacities of HIV-specific CD8* T cells preceding aborted control reported here are
consistent with reduced polyfunctionality and reduced virus suppression shown among
polyclonal CD8* T cell responses in other cohorts (Koofhethile et al., 2016; Pernas et al.,
2018; Rosas-Umbert et al., 2019).

Previous cross-sectional studies have shown that spontaneous control of viremia is
associated with proliferative HIV-specific CD8* T cell responses, cytolytic capacity and
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polyfunctionality (Betts et al., 2006; Hersperger et al., 2010; Migueles et al., 2002; Migueles
et al., 2008; Migueles et al., 2020; Ndhlovu et al., 2013; Saez-Cirion et al., 2007). Recent
work has further elucidated mechanisms by which the ability of HIV-specific CD8" T

cells to expand and generate secondary effector cells is regulated in elite HIV controllers
(Rutishauser et al., 2021; Sekine et al., 2020). Conversely, functional defects in HIV
progressors have largely been attributed to T cell exhaustion, senescence and necroptosis
associated with chronic uncontrolled viremia (Day et al., 2006; Gaiha et al., 2014; Papagno
et al., 2004; Petrovas et al., 2006; Trautmann et al., 2006). Although we observed modest
but significant increases in plasma viral load over time before aborted control in some
individuals, these were neither significantly associated with the magnitude of functional
impairment observed nor with transcript or surface expression of exhaustion or senescence
markers on dysfunctional HIV-specific cells. Importantly, although inhibitory receptor
expression is upregulated upon T cell activation during uncontrolled viremia (Ahn et al.,
2018) it becomes reduced to levels comparable with elite controllers during suppressive
ART despite continued dysfunction of HIV-specific responses (Migueles et al., 2009),
raising the possibility that functional impairment during aborted control and treated chronic
infection may share common mechanisms that warrant further investigation.

In order to elucidate molecular mechanisms by which HIV-specific CD8" T cells become
functionally impaired preceding aborted viral control, we performed whole-transcriptome
RNA-seq of antigen-specific CD8" T cells. This revealed alterations in gene expression
associated with reduced cytokine-mediated signaling, T cell activation and degranulation,
and increased GTPase signaling, cell cycle regulation and transcriptional repression
preceding aborted control. The transcription factor KLF2was among the most significantly
upregulated genes prior to aborted HIV control, representing a candidate regulator of
functional impairment in these cells. KLF2was previously shown to regulate T cell
quiescence (Kuo et al., 1997) and long-term survival of resting memory CD8* T cells
(Schober et al., 1999), in addition to its role in T cell trafficking (Bai et al., 2007).
KLF2overexpression in T cells impaired proliferation whereas KLF2silencing induced
spontaneous cell cycling (Buckley et al., 2001), demonstrating that KLF2limits T cell
proliferation. KLF2is also downregulated upon TCR signaling (Preston et al., 2013), so it is
possible that the relative increase in expression prior to aborted versus durable HIV control
may reflect a defect in T cell activation. Consistent with this, gene sets associated with T cell
activation, effector function and cytokine production were decreased in individuals losing
control of HIV despite increasing antigenemia, suggesting a potential defect in the ability
of HIV-specific CD8* T cells to activate in vivo. These findings provide insights into the
transcriptional regulation of durable and aborted HIV control and further support a model
in which the ability of HIV-specific memory CD8" T cells to robustly activate and expand
is essential for maintenance of cytolytic potential, likely through generation of secondary
effectors, whereas loss of proliferative capacity leads to the inability to maintain cytolytic
control of viral replication.

While most studies of immune function have been limited to peripheral blood due to

ease of access, immunity within tissue sites of infection has recently come into greater
focus. Lymphoid tissues are especially relevant for HIV infection as they harbor large viral
reservoirs within follicular helper CD4* T cell-rich follicles (Boritz et al., 2016; Estes et al.,
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2017; Perreau et al., 2013). CXCR5* follicular CD8* T cells that can enter these regions
have been associated with control and containment of viral replication (Connick et al., 2014;
He et al., 2016; Leong et al., 2016), and expression of follicular homing receptors is partially
controlled by KLF2 (Lee et al., 2015; Weber et al., 2015). Lymphoid HIV-specific CD8*

T cells exhibit tightly regulated expression of cytolytic effector molecules, with low levels
of expression at steady state in the absence of antigen within elite controller lymph nodes
(Buggert et al., 2018; Nguyen et al., 2019; Reuter et al., 2017). Using different methodology,
our findings reveal that although CD8* T cells were observed proximal to follicular HIV
replication, their capacity for expansion and acquisition of cytolytic function in response to
antigen distinguished durable from aborted control.

In addition to changes preceding aborted control, we also identified many parameters that
remained comparatively unchanged. Neither baseline plasma viremia nor total or intact
HIV reservoir size was associated with loss or maintenance of HIV control in our cohort.
Moreover, while proteomic and metabolomic analyses identified candidate biomarkers
associated with loss of HIV control in another cohort (Rodriguez-Gallego et al., 2019;
Tarancon-Diez et al., 2019), no significant changes in plasma proteomes, metabolomes or
lipidomes were detectable during loss of HIV control in our cohort using a similar approach,
indicating that soluble circulating biomarkers may not reliably predict loss of control across
cohorts with different clinical and demographic characteristics. Mutational escape from
CD8* T cell recognition, which has been observed in acute (Allen et al., 2005) and chronic
HIV infection (Goulder et al., 1997), was infrequent preceding loss of control, consistent
with other recent studies showing relatively low mutational frequency during loss of HIV
control (Koofhethile et al., 2016; Rosas-Umbert et al., 2019) and with studies reporting

that HIV control often persists despite epitope mutations via de novo or cross-reactive T
cell responses (Bailey et al., 2006; Chan et al., 2020; Miura et al., 2009; Pohlmeyer et al.,
2013). Superinfection, which can also drive immune escape (Altfeld et al., 2002), was not
observed among subjects with aborted control in our cohort and was also rare among others
(Pernas et al., 2018; Rosas-Umbert et al., 2019). Furthermore, we show that TCR clonotypic
composition of HIV-specific CD8* T cell responses was maintained over time, consistent
with maintained recognition of cognate antigen. Taken together, these findings demonstrate
that impaired CD8" T cell functionality rather than escape from immune surveillance is the
predominant mechanism for loss of viral control.

In summary, we provide evidence that loss of HIV control occurs following selective loss of
virus-specific CD8* T cell effector functions in blood and lymphoid tissue via a mechanism
that is transcriptionally and phenotypically distinct from canonical exhaustion or senescence,
further demonstrating that maintenance of HIV-specific CD8* T cell functionality is a

key component of durable control of viremia. This work has implications for immune
monitoring of spontaneous controllers and development of immunotherapies to achieve
durable CD8* T cell-mediated HIV remission.

Limitations of the study

Cohort size and demographic composition were limited by availability of longitudinal
specimens meeting the study criteria. Cryopreserved samples from available time points
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were limited, and therefore we focused on defined HLA-optimal epitopes and clade B
consensus sequence peptides, potentially missing additional responses to autologous virus.
Limited cell numbers also prevented deeper characterization of molecular mechanisms

of HIV-specific CD8* T cell functional impairment, including epigenetic and single-cell
assays. Results in which modest differences failed to reach statistical significance may
have also been limited by sample size. Cryopreservation of samples may have altered
cellular phenotypes. Access to tissue specimens was particularly limited, and longitudinal
sampling of lymphoid tissue was unavailable. Importantly, our study was unable to pinpoint
specific triggers that initiated loss of HIV-specific CD8" T cell functionality in vivo.

Such events may have preceded sampling in our study and/or may involve events in

tissue sites of infection not readily detectable in peripheral blood. While our study did

not identify plasma biomarkers to predict loss of control, the data provide insight into
transcriptional and functional changes that may inform monitoring of HIV controllers for
risk of impending virologic disease progression. Although we did not observe phenotypic
evidence of canonical T cell exhaustion, we did observe its functional hallmarks, possibly
indicating an orthogonal dysfunction pathway or an earlier stage in the same pathway. We
identified altered transcriptional programs distinct from canonical T cell exhaustion and

a candidate transcriptional regulator; however, further investigation into precise molecular
mechanisms of HIV-specific CD8* T cell dysfunction, mechanistic similarities in broader
populations of people living with HIV, and the extent to which functionality can be restored
remain as important future directions.

STAR METHODS

Resource availability

Lead contact—*Further information and requests for resources and reagents should
be directed to and will be fulfilled by the Lead Contact, Bruce D. Walker
(bwalker@mgh.harvard.edu).

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

Data and code availability

. RNA-seq data have been deposited at GEO and are publicly available as of
the date of publication. Plasma viral sequencing data have been deposited in
Genbank and are publicly available as of the date of publication. Accession
numbers are listed in the key resources table. Due to subject confidentiality
concerns, full-length proviral sequencing data cannot be deposited in a public
repository but will be made available to investigators upon reasonable request
with an appropriate data use agreement. This paper analyzes existing, publicly
available data. These accession numbers are listed in the key resources table.

. This paper does not report original code.

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

Human subjects—Peripheral blood and excisional inguinal lymph node biopsy samples
were collected from HIV controllers with written informed consent after study approval by
the Institutional Review Board of Massachusetts General Hospital (Boston, MA). Viral load
and complete blood count records were obtained from healthcare providers with subject
consent. Aborted control (AC) was defined as individuals with three or more years of
documented HIV control to viral loads below 2000 copies/mL in absence of ART prior to

a 1-log or greater viral load increase to above 2000 copies/mL without subsequent return to
stable control (due to continued viral load increase and/or ART initiation). Durable control
(DC) was defined by maintenance of viral loads below 2000 copies/ml. Demographic and
clinical characteristics are reported in Table 1 and Figure S1.

Method details

Specimen processing—Longitudinal specimens were obtained for multiple sample time
points preceding (T1-T3) and following (T4) aborted control of viremia. Plasma and density
gradient isolated PBMCs were cryopreserved in liquid nitrogen. HLA genotyping was
performed by Dr. Mary Carrington (National Cancer Institute, Bethesda, MD). Inguinal
lymph node biopsy tissue was obtained surgically with informed consent and was processed
into both formalin-fixed paraffin-embedded sections for microscopy and mononuclear cell
suspensions for cellular assays. Frozen cells were thawed at 37°C and recovered in RPMI
supplemented with 10% fetal bovine serum (FBS, Sigma) overnight prior to functional and
phenotypic assays.

Plasma multi-omics—Serum proteomics, lipidomics and metabolomics were performed
by staff from Proteomics and Metabolomics facilities of the Centre for Omic Sciences
(COS) Joint Unit of the Universitat Rovira | Virgili-Eurecat. Longitudinal plasma samples
from 11 subjects with AC and 9 with DC spanning 2-3 time points before and 1 time point
after AC were analyzed as follows:

For proteomic analysis, depletion of the seven most abundant plasma proteins (Albumin,
IgG, antitrypsin, IgA, transferrin, haptoglobin and fibrinogen) was performed in order to
increase the number of identified/quantified proteins. Thus, 12 pl of each sample were
passed twice through the Human-7 Multiple Affinity Removal Spin (MARS) cartridge
(Agilent) and flow-through fractions were collected for proteomic analysis. Flow-through
fractions were concentrated and buffer exchanged to about 100 pl of 6M urea in 50 mM
ammonium bicarbonate (ABC) by using 5K MWCO spin columns (Agilent). 30 ug of total
protein (quantified by Bradford’s method, see Table 3 on results section) were reduced with
4 mM 1.4-Dithiothreitol (DTT) for 1h at 37°C and alkylated with 8 mM iodoacetamide
(IAA) for 30 min at 25°C in the dark. Afterwards, samples were overnight digested

(pH 8.0, 37°C) with sequencing-grade Trypsin/Lys-C Protease Mix (Thermo Fisher) at
enzyme:protein ratio of 1:50. Digestion was quenched by acidification with 1% (v/v) formic
acid and peptides were desalted on Oasis HLB SPE column (Waters) before TMT 11-plex
labelling (Thermo Fisher) following manufacturer instructions. To normalize all samples

in the study along the different TMT-multiplexed batches used, a pool containing all the
samples was labelled with TMT-126 tag and included in each TMT batch. The different
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TMT 11-plex batches were desalted on Oasis HLB SPE columns before the nanoLC-MS
analysis. Labelled and multiplexed peptides were loaded on a trap nano-column (100

pum 1.D.; 2cm length; 5um particle diameter, Thermo Fisher) and separated onto a C-18
reversed phase (RP) nano-column (75pum I.D.; 15¢cm length; 3um particle diameter, Nikkyo
Technos) on an EASY-II nanoLC (Thermo Fisher). The chromatographic separation was
performed with a 180 min gradient using Milli-Q water (0.1% formic acid) and acetonitrile
(0.1% formic acid) as mobile phase at a flow rate of 300 nL/min. Each TMT-plex was
analyzed in triplicate in order to increase peptide and protein coverage. Mass spectrometry
analyses were performed on an LTQ-Orbitrap Velos Pro (Thermo Fisher) by an enhanced
FT-resolution MS spectrum (R=30,000 FHMW) followed by a data dependent FT-MS/MS
acquisition (R=15,000 FHMW, 40% HCD) from the most intense ten parent ions with

a charge state rejection of one and dynamic exclusion of 0.5 min. Protein identification/
quantification was performed on Proteome Discoverer software v.1.4.0.288 (Thermo Fisher)
by Multidimensional Protein Identification Technology (MudPIT) combining the 3 raw data
files obtained from each sample. For protein identification, all MS and MS/MS spectra
were analyzed using Mascot search engine (v.2.5). The workflow was set up using two
different Mascot node combing Homo Sapiens database (74449 entries) and contaminants
database (247 entries), both searches assuming trypsin digestion. Two missed cleavages
were allowed and an error of 0.02 Da for FT-MS/MS fragmentation mass and 10.0

ppm for a FT-MS parent ion mass were allowed. TMT-10plex was set as quantification
modification and oxidation of methionine and acetylation of N-termini were set as dynamic
modifications, whereas carbamidomethylation of cysteine was set as static modifications.
The false discovery rate (FDR) and protein probabilities were calculated by Percolator (Kall
et al., 2007). For protein quantification, the ratios between each TMT-label against 126-TMT
label were used and quantification results were normalized based on protein median. The
results are a ratio of reporter ions abundance and are dimensionless.

For lipidomic analysis, extraction of hydrophobic lipids was performed by liquid-liquid
extraction with chloroform:methanol (2:1) based on Folch procedure was performed by
adding four volumes of chloroform:methanol (2:1) containing SPLASH Lipidomix internal
standard mixture (Sigma) to serum. Samples were then mixed and incubated at —20°C for
30 min. Afterwards, water with NaCl (0.8 %) was added and mixture was centrifuged

at 15,000 rpm. Lower phase was recovered, evaporated to dryness and reconstituted with
methanol:methyl-tert-butyl ether (9:1) and analyzed by UHPLC-qTOF 6550 (Agilent) in
positive electrospray ionization mode. The chromatographic consist in an elution with a
ternary mobile phase containing water, methanol and 2-propanol with 20mM ammonium
formate and 0.1% formic acid. The stationary phase was an EVO C18 column (Kinetex)
allowing sequential elution of hydrophobic lipids. Identification of lipid species was
performed by matching their accurate mass and tandem mass spectrum, when available,

to Metlin-PCDL (Agilent) containing more than 40,000 metabolites and lipids. In addition,
chromatographic behavior of pure standards for each family and bibliographic information
was used to ensure their putative identification. After putative identification of lipids, these
were semi quantified in terms of internal standard response ratio using one internal standard
for each lipid family.
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For metabolomic analysis, a protein precipitation extraction was performed by adding
eight volumes of methanol:water (8:2) containing internal standard mixture (succinic acid-
d4, myristic acid-d27, glicerol-13C3 and D-glucose-13C6) to serum samples. Then, the
samples were mixed and incubated at 4°C for 10 min., centrifuged at 15,000 rpm and
supernatant was evaporated to dryness before compound derivatization (metoximation and
silylation). The derivatized compounds were analyzed by GC-qTOF 7200 (Agilent). The
chromatographic separation was based on Fiehn Method, using a HP5-MS 0.25 pm film
capillary column (J&W Scientific) and helium as carrier gas using an oven program from
60 to 325°C. lonization was done by electronic impact (El), with electron energy of 70eV
and operated in full Scan mode. In addition to targeted compounds from central carbon
metabolism which were quantified using internal standard calibration curves. Citric acid was
not quantified since the samples are plasma citrate which invalidates their quantification.
A screening for the identification of more metabolites was performed by matching their El
mass spectrum and retention time to metabolomic Fiehn library (Agilent) which contains
more than 1400 metabolites. After putative identification of metabolites, these were semi-
quantified in terms of internal standard response ratio.

Plasma multi-omics results were log base-2 transformed, modeled for subject metadata and
analyzed for differences between subject types and longitudinally during AC using limma
(Ritchie et al., 2015) for combined proteomics, metabolomics, lipidomics data sets.

Peptide-HLA tetramer and surface staining—~Peptide-HLA monomers were
obtained from ImmunAware (Copenhagen, Denmark) with the exceptions of A*11:01-
ACQGVGGPSHK (Dr. Masafumi Takiguchi, Kumamoto University, Japan) and A*26:01-
EVIPMFSAL (MBL International). Tetramers were produced by multimerization with
APC-conjugated streptavidin (Biolegend) as per manufacturer’s protocol and stored at

4°C for a maximum of 4 weeks prior to use. Staining was performed using individual

pH LA tetramers at 4°C prior to surface marker staining to prevent cell activation and
steric interference. Where indicated, cells were also stained with BUV395-conjugated anti-
CD8 (clone RPA-T8, BD Biosciences), APC/Cy7-conjugated anti-CD45RA (clone HI100,
Biolegend) and FITC-conjugated anti-CD62L (clone DREG-56, Biolegend) and Live/Dead
Violet viability dye (Thermo Fisher); or with BUV395-conjugated anti-CD8 (clone RPA-T8,
BD Biosciences), BV605-conjugated anti-PD1 (clone EH12.2H7, Biolegend), AlexaFluor
488-conjugated anti-TIM3 (clone 344823, R&D Systems), PE/Dazzle 594-conjugated
anti-TIGIT (clone A15153G, Biolegend), PE/Cy7-conjugated anti-CD160 (clone BY55,
Biolegend), PerCP/Cy5.5-conjugated anti-2B4 (clone C1.7, Biolegend), BV650-conjugated
anti-CD39 (clone TU66, BD Biosciences), BV510-conjugated anti-CD57 (clone HNK-1,
Biolegend) and APC/Cy7-conjugated anti-CD28 (clone CD28.2, Biolegend) and analyzed
by flow cytometry.

Flow cytometry and FACS—Flow cytometry and cell sorting were performed at the
Ragon Institute flow cytometry and imaging core using BD Fortessa and LSR-11 cytometers,
FACSAria sorters and FACSDiva software (Becton Dickinson). Flow cytometric analyses
were performed using FlowJo v10.0.8 (TreeStar).

Immunity. Author manuscript; available in PMC 2022 October 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Collins et al.

Page 15

Proliferation assay—CD8* T cell proliferation was assessed both for response screening
and quantitation as previously described (Gaiha et al., 2019). Briefly, mononuclear cells
were stained at 37°C for 20 minutes with 0.5 uM CellTrace carboxyfluorescein succinimidyl
ester (CFSE; Thermo Fisher) as per manufacturer’s protocol at 1x108 cells/mL. Staining
was quenched with FBS (Sigma), cells were washed twice with RPMI supplemented with
10% FBS (R10), resuspended at 1x108/mL and plated 200 pL per well in 96-well round-
bottom polystyrene plates (Corning). Individual HLA-optimal HIV peptides matched to each
subject’s HLA genotype (see Table S2), selected from Los Alamos National Laboratory’s
“A-list” of HLA-optimal HIV-1 epitopes (Llano et al., 2019), were added at 1 uM and
incubated at 37°C for 6 days before flow cytometric assessment. Negative control wells did
not receive peptide and positive control wells received 1 pg/mL anti-CD3 (clone OKT3,
Biolegend) and anti-CD28 (clone CD28.8, Biolegend) antibodies. Where indicated, cells
were instead stimulated with pooled CMV, EBV and 1AV peptides (Mabtech). On day

6, cells were stained for viability using Live/Dead Violet (Thermo Fisher), AlexaFluor
700-conjugated anti-CD3 (clone SK7, Biolegend), BUV395-conjugated anti-CD8 (clone
RPA-T8, BD Biosciences), and where indicated, APC-conjugated pHLA tetramers, then
analyzed by flow cytometry. Responses at least 2.5-fold above background were scored

as positive. For co-culture proliferation assay experiments, CD8™ cells were isolated by
collecting the flowthrough from EasySep Human CD8 Positive Selection Kit 11 (StemCell
Technologies) and CD8* T cells were separately isolated from PBMCs via EasySep Human
CD8* T Cell Isolation Kit (StemCell Technologies). CD8" T cells and CD8™ cells were
cocultured at a 1:5 ratio approximating their natural frequencies in PBMCs, including
cocultures from the same time point and across time points from autologous subjects in the
proliferation assay described above.

Viral sequencing—HIV RNA was isolated from plasma after ultracentrifugation using
the Qiaamp Viral RNA Mini kit (Qiagen). Gag, pol, and 3’ half or Mefamplicons were
amplified by nested RT-PCR and sequenced on MiSeq (lllumina), as described previously
(Tully et al., 2016). Paired reads were assembled into consensus sequences using Vicuna
(YYang et al., 2012), annotated using V-FAT and aligned to consensus using Mosaik (Lee

et al., 2014). Variants were called using V-Phaser 2 (Yang et al., 2013) and Vprofiler was
used to determine haplotype sequences and calculate epitope mutational frequencies (Henn
et al., 2012). Phylogenetic analysis was performed using SeaView (Gouy et al., 2010) to
assess superinfection; briefly, consensus HIV sequences assembled from plasma sequencing
data were aligned using muscle v3.8.31 (Edgar, 2004) and a maximum likelihood tree

was generated using PhyML v3.0 (Guindon et al., 2010) with 1000 bootstraps. Reference
HIV sequences were included, with clade C consensus as a putative outgroup. Full-length
integrated proviral sequencing and quantification of total and intact reservoir sizes were
performed as described previously (Jiang et al., 2020; Lee et al., 2017). Briefly, genomic
DNA was extracted from PBMC and diluted to single genome quantities as measured

by droplet digital PCR (ddPCR). Diluted DNA was subjected to HIV-1 near full-genome
amplification via nested PCR. Near-full-length sequences (>8,000 bp) were sequenced via
Illumina MiSeq. Reads were de novo assembled and aligned to HXB2 to identify mutations,
including 5’-defects, large deletions, hypermutation, premature stop codons and internal
inversions. Viral sequences lacking such mutations were considered genome-intact. HIV
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epitope network z-scores were calculated previously via structure-based network analysis
(Gaiha et al., 2019).

Variant recognition assay—PBMCs collected prior to AC were stimulated for 4 hours
with 1 uM of HLA-optimal peptides of clade B HIV consensus and autologous sequences
observed in plasma before and after loss of viral control. BV711-conjugated anti-CD107A
(clone H4A3, Biolegend) was included during stimulation to measure degranulation.
GolgiStop and GolgiPlug (BD Biosciences) were added 2 hours post-stimulation to enable
intracellular cytokine staining. Cells were stained with Live/Dead Violet, BV605-conjugated
anti-CD3 (clone SK7, Biolegend) and BUV395-conjugated anti-CD8 (clone RPA-T8, BD
Biosciences), fixed and permeabilized using Cytofix/Cytoperm (BD Biosciences), stained
for intracellular PE/Cy7-conjugated anti-IFN-y (clone B27, Biolegend) and analyzed via
flow cytometry. Recognition was considered maintained if the frequency of CD107A*
IFN-y * CD8*T cells upon variant peptide stimulation was greater than 50% that of baseline
autologous peptide stimulation.

Lytic degranulation and intracellular cytokine staining—CD8™" T cells were
isolated from peripheral blood via EasySep Human CD8* T Cell Isolation Kit (StemCell
Technologies) and stimulated with 50 nM pH LA tetramer at 37°C for 4 hours in

the presence of BV711-conjugated anti-CD107A (clone H4A3, Biolegend) to stain for
transient surface expression during cellular degranulation. GolgiStop and GolgiPlug (BD
Biosciences) were added after 2 hours to block cytokine secretion. Unstimulated cells
were instead stained with pHLA tetramer at 4°C for 15 minutes before surface staining.
Cells were stained with BUV395-conjugated anti-CD8 (clone RPA-T8, BD Biosciences)
and Live/Dead Violet before fixation and permeabilization with Cytofix/Cytoperm (BD
Biosciences) followed by staining with intracellular PE/Cy7-conjugated anti-IFN-vy (clone
B27, Biolegend), PerCP/Cy5.5-conjugated anti-TNF-a (clone Mab11, Biolegend), PE-
conjugated anti-Perforin (clone B-D48, Biolegend), PE/CF594 anti-granzyme B (clone
GB11, BD Biosciences), and BV605-conjugated anti-IL-2 (clone MQ1-17H12, Biolegend)
for flow cytometry. Lytic degranulation was calculated as the frequency of CD107A*
Perforin* Granzyme B* cells within the viable pHLA tetramer* CD8* T cell population.
Gating was established using fluorescence-minus-one controls for pHLA tetramer, CD107A,
perforin and granzyme B or using unstimulated controls for IFN-y, TNF-a and IL-2.

Elimination assay—Elimination assays were performed as previously described (Clayton
et al., 2018) with modifications. Mononuclear cells were incubated with individual HLA-
optimal HIV peptide for six days to expand antigen-specific responses as described above.
Target CD4™ T cells were isolated from PBMC by magnetic isolation (EasySep human
CD4™* T cell isolation kit, StemCell Technologies), activated in 2 mg/mL anti-CD3 (clone
OKTS3, Biolegend) coated 24-well non-treated polystyrene plates (Corning) at 2 million
cells/mL in R10 with 2 mg/mL anti-CD28 (clone CD28.2, Biolegend) and 50 U/mL IL-2
(Peprotech) at 37 C overnight, then expanded in treated 24-well plates (Corning) at 2 million
cells/mL in R10 with 50 U/mL IL-2 at 37 C for five days. 50% of target cells were pulsed
for 30 minutes at 37 C with 1 uM peptide and labeled with CellTrace Far Red dye (Thermo
Fisher) and mixed with unpulsed target cells 1:1, then labeled with CellTrace Violet dye
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(Thermo Fisher). After six days of expansion, CFSE-labeled effector CD8* T cells were
isolated from pooled mononuclear cells by magnetic isolation (EasySep human CD8* T
cell isolation kit, StemCell Technologies) and co-cultured with target cells at effector:target
(E:T) ratios of 0, 1, 2, 4, and 8 with 50,000 target cells/well in a treated 96-well polystyrene
plate (Corning) for 6 hours. Effector-only populations were stained with APC-conjugated
pHLA tetramers and all samples were stained with BV605-conjugated anti-CD3 (clone
SK7, Biolegend), BUV395-conjugated anti-CD8 (clone RPA-T8, BD Biosciences), BV711-
conjugated anti-CD4 (clone RPA-T4, Biolegend) and Live/Dead Near-IR (Thermo Fisher)
then analyzed by flow cytometry. Elimination results were gated on residual peptide pulsed
cells (scatter-intact, singlet, Live/Dead Near-IR~, CD8~, CFSE~, CD4*, CellTrace Violet™,
CellTrace Far Red*) as a frequency of total CellTrace Violet" CD4™ target cells. Percent
elimination was calculated as shown in Figure 3C and area under curve for varying E: T
ratios was calculated using Excel (Microsoft).

Whole-transcriptome RNA and TCR sequencing—Five subjects each with aborted
or durable control were selected for analysis on the basis of specimen and pHLA* tetramer
availability. Replicate populations of 1000-5000 HIV-specific CD8* T cells were sorted

by FACS on the basis of staining with individual pH LA tetramers into RLT Plus lysis
buffer then frozen at —80 C. RNA was isolated from lysates after thawing on ice and vortex
homogenization using AllPrep isolation kit (Qiagen). Whole transcriptome amplification
was performed by SmartSeq?2 as described (Villani and Shekhar, 2017), tagmented using
Nextera XT (Illumina) and sequenced on NextSeq 550 (Illumina) using 75 base paired

end reads. Reads were quality controlled using FastQC and aligned to the hg38 reference
human transcriptome with bowtiel using the RSEM pipeline (Li and Dewey, 2011). Genes
with fewer than 5 reads in fewer than 10% of samples were excluded from analysis, and
samples with fewer than 2000 unique genes with 5 or more reads were also excluded

from downstream analyses. Linear models for measuring differential gene expression were
developed using forward selection and optimized using AIC and FDR with filtering for
collinear terms. Models included terms for biological effects of interest like time point,
treatment, subject and subject type, as well as subject metadata and sample quality metrics
S0 as to isolate biological effects of interest and account for potentially confounding
subject-specific or QC effects. Differential expression analysis was performed using DESeq2
version 1.26.0 R package (Love et al., 2014). Gene set enrichment analyses were performed
using CERNO (Zyla et al., 2019) ranked by FDR-adjusted g values (signed by direction

of fold change) with GO:BP, GO:CC, GO:MF, Reactome, Kegg and Hallmark gene sets
from MSigDB (Liberzon et al., 2011). Significantly enriched gene sets were organized into
directional nearest-neighbor networks using Fisher’s tests to quantify overlap between gene
sets. Significantly overlapping gene sets below a maximum log(o) of —90 were grouped
into subnets of closely related gene signatures and subnet names were selected to provide

a descriptive summary of member gene sets. Violin plots were produced using variance
stabilizing transformation of normalized gene counts as described previously (Wang and
Fingert, 2012). Single-sample gene set enrichment analysis (SSGSEA, implememnted in
the GSVA R package version 1.34.0) (Hanzelmann et al., 2013) was performed for a set

of twenty exhaustion-related genes including ten inhibitory receptors (,PDCD1, TIGIT,
HAVCRZ, CD39, CD160, CD244, LAG3, CTLA4, BTLA, C100rf54) and ten transcriptional
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regulators (70X, EOMES, GATAS3, FOXO1, PRDM1, BATF, IRF4, IRF7, IZKF2, NFATC2)
in our data set and in publicly available data sets for CD8* T cell exhaustion during

LCMV infection (Doering et al., 2012), HIV infection (Quigley et al., 2010) and metastatic
melanoma (Baitsch et al., 2011); and separately using KLF2-regulated gene sets defined

by a prior report in CD8" T cells (Preston et al., 2013). T cell receptor beta (7RB)
complementarity determining region 3 (CDR3) sequences were aligned using MiXCR
(Bolotin et al., 2015) and filtered to exclude sequences containing stop codons or alignment
gaps. Longitudinal changes in TCR clonotypic composition were calculated as Morisita-
Horn dissimilarity (1 — C) between T3 and T1 samples preceding AC or DC.

Lymphoid tissue microscopy—~Formalin-fixed, paraffin-embedded inguinal lymph
node tissue sections were stained with polyclonal goat anti-human IgD (Southern Biotech)
and polyclonal rabbit anti-human CD8 (Abcam) primary antibodies followed by AlexaFluor
488-conjugated anti-goat 1gG and AlexaFluor 750-conjugated anti-rabbit 1gG secondary
antibodies (R&D Systems). HIV RNA was detected using RNAScope Multiplex Fluorescent
Reagent Kit v2 using a Cy5-conjugated HIV gagpol probe (Advanced Cell Diagnostics)

as per manufacturer’s protocol. Fluorescence specificity and background staining were
established using manufacturer’s negative and positive control staining probes (Advanced
Cell Diagnostics) and by staining of an HIV-uninfected lymph node. Stained sections were
mounted on coverslips and imaged using a Zeiss Axio Imager Z2 confocal microscope

with a 20X objective and a TissueFAXS automated stage. Images were processed using
TissueFAXS Viewer (TissueGnostics).

Statistical analyses

Statistical tests were performed using GraphPad Prism v9.0.2 and R. Parametric tests were
used for data with normal distributions and nonparametric tests were used for data with
non-normal distributions. For data with seven or more replicates, normality was determined
using Shapiro-Wilk tests. For data with fewer than seven replicates, normality was estimated
by skewness. Where indicated, p values were false discovery rate adjusted (g) using the
Benjamini-Hochberg method, p or g values less than 0.05 were considered statistically
significant. Figures were prepared using GraphPad Prism v9.0.2 and Adobe Illustrator CC
v22.0.1. Graphical abstract was created with BioRender.com. Tables were prepared using
Microsoft Word.
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HIGHLIGHTS

Longitudinal evaluation of 34 subjects with durable or aborted spontaneous
HIV control

Recognition of autologous HIV by T cell receptors is maintained during
aborted control

HIV-specific CD8* T cell proliferation and cytotoxicity wane prior to aborted
control

Elevated KLF2without hallmarks of exhaustion observed in functionally
impaired T cells
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Figure 1: HIV-specific CD8" T cells maintain recognition of autologous HIV during aborted

viral control.

(A) Viral loads (right axes) and CD4 counts (left axes) for representative subjects with
durable control (DC) or aborted control (AC) of HIV viremia. Longitudinal samples
T1-T3 (dashed lines) precede loss or maintenance of viral control. (B) Schematic of

and representative results from proliferation screen for HIV epitope-specific CD8" T cell
responses comparing carboxyfluorescein succinimidyl ester (CFSE) dilution in response
to unstimulated negative control, individual HLA-optimal HIV peptide stimulated, and
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anti-CD3/CD28 stimulated positive control. (C) Number (breadth) of HIV peptide-specific
proliferative CD8* T cell responses detected above background at baseline (T1) in subjects
with AC or DC (7= 17 each; Mann-Whitney U-test). (D) Frequency of CFSE-low CD8*

T cells after stimulation with individual HLA-optimal HIV peptides at baseline (T1) in
subjects with AC or DC (7= 36 and 35 responses, respectively, among 17 subjects

each; unpaired t test). (E) HIV epitope network z-scores, where available, for proliferative
HIV-specific responses detected in subjects with DC or AC (n7= 35 and 33 responses,
respectively, among 17 subjects each; unpaired t test). (F) Summary of mutations and
escape from CD8* T cell recognition in 19 responses from 10 subjects with AC. (G)
Weblogos depicting longitudinal variation observed in a CD8" T cell epitope sequence
targeted by subject ACO7 before and after aborted control of viremia (top). Recognition of
clade B consensus, pre-AC and post-AC sequence variant peptides after 4-hour stimulation
of PBMC:s collected prior to AC, as measured by flow cytometry of surface CD107A and
intracellular IFN-y (bottom). (H) Maximum likelihood phylogenetic tree showing genetic
distances between plasma HIV sequences from the indicated subjects before (pre) and after
(post) AC, and reference HIV sequences. Values in gray represent percentage of 1000
bootstraps for each branch. See also Figures S1-S2 and Tables S1-S3.
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Figure 2: HIV-specific CD8" T cell proliferation is progressively and selectively impaired
preceding aborted viral control.

(A) Summary of peptide-HLA (pHLA) tetramer staining frequencies at baseline (T1) in
DC (n=8) and AC (n=8) measured by flow cytometry; Mann-Whitney U-test. (B)
Representative longitudinal HIV-specific pH LA tetramer staining preceding AC (left).
Summary of longitudinal changes in HIV-specific CD8* T cell frequencies preceding

AC or DC (right); unpaired t tests. (C) Representative longitudinal bulk CD8* T cell
memory subset composition measured by flow cytometric evaluation of CD45RA and
CD62L surface expression (left). Summary of longitudinal bulk CD8* T cell memory
subset frequencies (right), represented as mean +/— SEM. Ty = central memory, Tem

= effector memory, Temra = effector memory CD45RA™, Tgom = stem cell-like memory.
(D) Representative CD8™ T cell proliferation assay results preceding AC following 6-day
stimulation with HLA-optimal HIV peptide (above). Summary of longitudinal changes in
HIV antigen-specific proliferation in response to stimulation with individual HLA-optimal
HIV peptides preceding AC or DC for the indicated number of responses in 17 subjects
from each group (below). **** p< 0.0001, Mann-Whitney U-tests. (E) Representative
CDS8™ T cell proliferation assay results (above) and summary of longitudinal changes in
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proliferation (below) following stimulation with pooled CMV, EBV and 1AV peptides at
longitudinal time points preceding AC or DC; unpaired t tests. (F) Representative CD8* T
cell proliferation assay results (above) and summary of longitudinal changes in proliferation
(below) following stimulation with anti-CD3 and anti-CD28 antibodies at longitudinal time
points preceding AC or DC; unpaired t tests. Values shown as fold over baseline (T1) where
indicated to highlight longitudinal changes. See also Figures S3-S4.
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Figqre_3: Proliferative and cytolytic defects preceding aborted HIV control are CD8" T cell
Intrinsic.

(A) Schematic of coculture proliferation assay in which HIV peptide-expanded CD8* T cells
from time points T1 or T3 preceding AC were cocultured with CD8-depleted PBMCs from
time points T1 or T3 and stimulated with HIV peptide for 6 days. (B) Flow cytometry results
(left) and baseline-normalized summary (right) of HIV-specific proliferation following
cocultures from 3 subjects preceding AC. * p< 0.05, ** p< 0.01, ratio-paired t tests.

(C) Schematic (left) of elimination assay in which CD8* T cells from time points T1-T3
were individually cocultured with 50% HIV peptide-pulsed autologous CD4* T cells for

6 hours at effector:target (E:T) ratios of 0, 1, 2, 4 and 8. Cells were gated as shown

(right) to calculate percent of residual peptide-pulsed and percent elimination (relative to
E:T 0). (D) Representative killing curves measuring elimination of autologous HIV peptide-
pulsed CD4* T cells by HIV peptide-expanded CD8* T cells from longitudinal time points
preceding AC or DC at E:T 1-8 (left). Summary of longitudinal changes in HIV-specific
elimination, measured as area under killing curve (AUC) and normalized for baseline (T1)
preceding AC or DC (right). * p< 0.05, **** p< 0.0001, unpaired t tests.
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Figure 4: Transcriptional profiles of HIV-specific CD8* T cells are altered preceding aborted

viral control.

(A) Schematic overview of RNA-seq from longitudinal HIV-specific CD8" T cells preceding
AC (n=5) or DC (n=75) isolated by FACS (top). Histogram showing number of

unique genes detected per sample (bottom). (B) Volcano plot summarizing differential

gene expression at time point T3 preceding AC (7= 5) versus DC (n=5). The top five

most significant up- and down-regulated genes are labeled. (C) Plot comparing differential
expression at baseline (T1, y-axis) and time point T3 (x-axis) preceding AC (7= 5) versus
DC (n=15). Genes are colored by significance (g < 0.05) for each comparison. The top

five most significant up- and down-regulated genes unique to T3 are labeled. (D) Summary
of gene set subnet enrichment analyses of differentially expressed genes from B ranked by
FDR-adjusted g, signed by direction of fold change in AC vs DC (top 10 shown for each
direction). (E) Violin plot summarizing longitudinal KLF2mRNA expression as normalized,
variance stabilizing transformed (VST) counts preceding AC (n7=5) or DC (n=5). ***
p<0.001, unpaired t test. (F) Summary of longitudinal TCR clonotypic diversification

as Morisita-Horn dissimilarity between T3 and T1 preceding AC (n=5) or DC (n=15);
unpaired t test. See also Figures S5-S6 and Tables S4-S5.
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Figure 5: Functional impairment preceding aborted HIV control is distinct from T cell
exhaustion and senescence.

(A) Violin plot summarizing longitudinal single-sample gene set enrichment analyses
(ssGSEA) for the listed set of exhaustion-associated genes preceding AC (n=5) or DC
(n=5); unpaired t tests. (B-1) Summary of longitudinal changes in surface flow cytometric
median fluorescence intensities (MFI) on HIV-specific CD8* T cells normalized for baseline
(T1) preceding AC (n=8) or DC (n=T7) for PD1 (B), TIM3 (C), TIGIT (D), CD160 (E),
2B4 (F), CD39 (G), CD57 (H) and CD28 (l); unpaired t tests. See also Figure S7.
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Figure 6: Lymphoid HIV-specific CD8* T cells are functionally impaired during aborted viral
control.

(A-B) Composite immunofluorescence micrographs depicting inguinal lymph node
follicular margins (gD, green), CD8* cells (red) and HIVV RNA via fluorescent probes
(white) in sections from specimens obtained from one subject each during DC (A) or AC
(B) for qualitative comparison. Orange box represents inset, scale bars represent 100 um.
(C) CD8™ T cell proliferation without () and with (+) 6-day HIV peptide stimulation

in peripheral blood (PB) and lymph node (LN) as measured by CFSE dilution via flow
cytometry during AC or DC (n7= 1 each). (D) Killing curves showing elimination of
autologous PB HIV peptide pulsed CD4* T cells by HIV peptide-expanded PB or LN CD8*
T cells at the indicated effector:target (E:T) ratios during AC or DC (n= 1 each). AUC =
area under curve.
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Table 1:
Subject characteristics
AC (n=17) | DC (n=17) p (test)
Age (years; median, /QR) 43 (12) 51 (13 0.17 (unpaired t test
16 (94%) 13 (76%)
Sex (n, %) Male 1 (6%) 4 (24%) 0.34 (Fisher’s exact)
Female
13 (76%) 13 (76%)
White, non-Hispanic 2 (12%) 4 (24%)
Race/Ethnicity (n, %) Black, non-Hispanic 1 (%) - 0.66 (Fisher’s exact)
White, Hispanic 1 (6%) B
Multiracial
Protective HLA-Balleles | [B*14, B*27, B*52, B*57] (n, %) 10 (5%%) 10 (5%%) 1.00 (Fisher’s exact)
Baseline (T1) viral load (log;o copies/mL; median, /QR) 2.48(0.54) | 2.60(0.86) | 0.38 (unpaired't tesh
Fold A logs viral load (T3/T1; median, /QF) 1.11(0.19) | 1.00(0.21) | 0.02 (unpaired t test)
Baseline (T1) CD4 count (cells/mL; median, /QR) 682 (334 794 (199 0.36 (unpaired t test)
Fold A CD4 count (T3/T1; median, /QR) 0.89(0.329 0.87 (0.25) | 0.84 (Mann-Whitney)
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

BUV395-conjugated anti-CD8 (clone RPA-T8)

BD Biosciences

Cat# 563795 RRID: AB_2722501

APC/CyT7-conjugated anti-CD45RA (clone HI100) Biolegend Cat# 304128 RRID: AB_10708880
FITC-conjugated anti-CD62L (clone DREG-56) Biolegend Cat# 304804 RRID: AB_314464
BV605-conjugated anti-PD1 (clone EH12.2H7) Biolegend Cat# 329924 RRID: AB_2563212
AlexaFluor 488 anti-TIM3 (clone 344823) R&D Systems Cat# FAB2365G RRID: AB_10719134
PE/Dazzle 594 anti-TIGIT (clone A15153G) Biolegend Cat# 372716 RRID: AB_2632931
PE/Cy7-conjugated anti-CD160 (clone BY55) Biolegend Cat# 341212 RRID: AB_2562876
PerCP/Cy5.5-conjugated anti-2B4 (clone C1.7) Biolegend Cat# 329516 RRID: AB_10919138
BV650-conjugated anti-CD39 (clone TU66) BD Biosciences Cat# 563681 RRID: AB_2738370
BV510-conjugated anti-CD57 (clone HNK-1) Biolegend Cat# 393314 RRID: AB_2750342
APC/CyT7-conjugated anti-CD28 (clone CD28.2) Biolegend Cat# 302966 RRID: AB_2800753
AlexaFluor 700-conjugated anti-CD3 (clone SK7) Biolegend Cat# 344822 RRID: AB_2563420
BV711-conjugated anti-CD107A (clone H4A3) Biolegend Cat# 328640 RRID: AB_2565840
PE-Cy7-conjugated anti-IFN-y (clone B27) Biolegend Cat# 506518 RRID: AB_2123321
PerCP/Cy5.5 anti-TNF-a (clone Mab11) Biolegend Cat# 502926 RRID: AB_2204081
PE-conjugated anti-perforin (clone B-D48) Biolegend Cat# 353304 RRID: AB_2616860
PE/CF594 anti-granzyme B (clone GB11) BD Biosciences Cat# 562462 RRID: AB_2737618
BV605-conjugated anti-IL-2 (clone MQ1-17H12) Biolegend Cat# 500332 RRID: AB_2563877
BV605-conjugated anti-CD3 (clone SK7) Biolegend Cat# 344836 RRID: AB_2565825
BV711-conjugated anti-CD4 (clone RPA-T4) Biolegend Cat# 300558 RRID: AB_2564393

polyclonal goat anti-human IgD

Southern Biotech

Cat# 2030-01 RRID: AB_2795623

polyclonal rabbit anti-human CD8 Abcam Cat# ab4055 RRID: AB_304247
Ultra-LEAF purified anti-CD3 (clone OKT3) Biolegend Cat# 317326 RRID: AB_11150592
Ultra-LEAF purified anti-CD28 (clone CD28.8) Biolegend Cat# 302934 RRID: AB _11148949

Chemicals, Peptides, and Recombinant Proteins

Live/Dead Violet viability dye

Thermo Fisher

Cat# 134964

Live/Dead Near-IR viability dye

Thermo Fisher

Cat# 1.10119

CellTrace Far Red dye Thermo Fisher Cat# C34564
CellTrace Violet dye Thermo Fisher Cat# C34557
CellTrace CFSE dye Thermo Fisher Cat# C34554
Recombinant human interleukin-2 (IL-2) Peptrotech Cat# 200-02

GolgiStop BD Biosciences Cat# 554724
GolgiPlug BD Biosciences Cat# 555029
Cytofix BD Biosciences Cat# 554655
Cytofix/Cytoperm BD Biosciences Cat# 554722

pHLA monomers

ImmunAware

Cat# MHC-1 Custom
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REAGENT or RESOURCE SOURCE IDENTIFIER
APC-conjugated streptavidin Biolegend Cat# 405207
HLA-optimal HIV peptides MGH peptide core facility N/A

CMV, EBV and IAV peptide pool Mabtech Cat# 3618-1
Critical Commercial Assays

EasySep Human CD8+ T Cell Isolation Kit StemCell Technologies Cat# 17953
EasySep Human CD8 Positive Selection Kit 1 StemCell Technologies Cat# 17853
EasySep Human CD4+ T Cell Isolation Kit StemCell Technologies Cat# 17952
Qiaamp Viral RNA Mini kit Qiagen Cat# 52904
SuperScript 111 One-Step RT-PCR System with Platinum™ Thermo Fisher Cat# 12574030
7aq High Fidelity DNA Polymerase

Platinum™ 7ag DNA Polymerase High Fidelity Thermo Fisher Cat# 11304029

MiSeq Reagent Kit v2 500 Cycle Kit Illumina Cat# MS-102-2003
Allprep DNA/RNA Micro Isolation Kit Qiagen Cat# 80284
SuperScript 11 Reverse Transcriptase Thermo Fisher Cat# 18064071

KAPA HiFi HotStart ReadyMix Roche Cat# KK2602
Nextera XT Tagmentation Kit Illumina Cat# FC-131
NextSeq 500/550 High Output v2.5 150-Cycle Kit Illumina Cat# 20024907
RNAScope Multiplex Fluorescent Reagent Kit v2 Advanced Cell Diagnostics | Cat# 323100

Deposited Data

HIV sequencing data

This paper

Genbank: MW924797-MW924814

RNA-sequencing data

This paper

GEO: GSE168296

LCMV microarray data

Doering et al., 2012

GEO: GSE41867

HIV controller and progressor microarray data

Quigley et al., 2010

GEO: GSE24082

Metastatic melanoma microarray data

Baitch et al., 2011

GEO: GSE24536

Oligonucleotides

Cy5-conjugated HIV gagpol probe

Advanced Cell Diagnostics

Cat# 317698

Software and Algorithms

limma Ritchie et al., 2015 RRID:SCR_010943

Vicuna Yang et al., 2012 RRID:SCR_006302

Vprofiler Henn et al., 2012 broadinstitute.org/viral-genomics/v-profiler
Mosaik Leeetal., 2014 RRID:SCR_005486

V-Phaser 2 Yang et al., 2013 RRID:SCR_005212

SeaView Gouy et al., 2010 RRID:SCR_015059

muscle Edgar, 2004 RRID:SCR_011812

PhyML Guindon et al., 2010 RRID:SCR_014629

RSEM Li and Dewey, 2011 RRID:SCR_013027

DESeq2 Love etal., 2014 RRID:SCR_015687

GSVA Hanzelmann et al., 2013 bioconductor.org/packages/release/bioc/html/

GSVA html
MiXCR Bolotin et al., 2015 RRID:SCR_018725
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