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Spontaneous transcription and translation of HIV can persist during suppressive anti-retroviral
therapy (ART). The quantity, phenotype and biological relevance of this spontaneously “active”
reservoir remains unclear. Using multiplexed single-cell RNAflow-FISH, we detect active HIV
transcription in 14/18 people with HIV on suppressive ART, with a median of 28/million CD4*
T cells. While these cells predominantly exhibit abortive transcription, p24-expressing cells are
evident in 39% of participants. Phenotypically diverse, active reservoirs are enriched in central
memory T cells and CCR6- and activation marker-expressing cells. The magnitude of the active
reservoir positively correlates with total HIV-specific CD4* and CD8* T cell responses and with
multiple HIV-specific T cell clusters identified by unsupervised analysis. These associations are
particularly strong with p24-expressing active reservoir cells. Single-cell vDNA sequencing shows
that active reservoirs are largely dominated by defective proviruses. Our data suggest that these
reservoirs maintain HIV-specific CD4* and CD8* T responses during suppressive ART.

eTOC blurb

Dubé et al. identify phenotypically diverse HIV-infected cells that spontaneously express viral
RNA, and occasionnally protein, during antiretroviral treatment. Despite carrying defective
proviruses, active reservoirs correlate with HIV-specific CD4* and CD8* T cell responses. These
results suggest that ongoing expression of viral genes maintain HIV-specific immune responses
during suppressive ART.
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INTRODUCTION

RESULTS

The persistence of HIV represents a fundamental challenge to achieving a cure. When

ART is interrupted in people with HIV (PWH), rare persisting infected cells can fuel viral
rebound?. Recent advances provided sensitive evaluations of the size of the HIV reservoir2.
CD4* T cells bearing HIV genomes3# are one order of magnitude more abundant than

those with the ability to transcribe multiply-spliced RNA%8, themselves another order

of magnitude more frequent than those producing p247-9. These differences may reflect
stepwise stages of blocks in viral transcription and translationl-11, Detecting viral reservoirs
based on either viral RNA (VRNA) or protein typically involves ex vivo stimulation with
latency reversal agents (LRAS) that induce viral gene expression. This approach provided
valuable information on inducible reservoirs poised for reactivation. Current antiretroviral
therapies do not target HIV transcription nor translation, therefore spontaneous viral gene
transcription10:12-17 and translation18-20 can persist during ART. The definite quantification,
single-cell phenotyping, and biological relevance of these “active” reservoir cells are not
established.

CD4" and CD8™ T cells are increasingly recognized as essential actors in the control of SIV
and HIV infections?1-26, Consequently, anti-HIV immunity is expected to play an important
role in cure strategies and to contribute to purging reservoirs, exerting immunosurveillance
of residual virus and/or supporting the development of broadly neutralizing HIV-specific
antibodies?”:28, HIV-specific CD4* and CD8" T cells can be detected during ART, although
their magnitude and functions present notable interindividual heterogeneity2®-32, The
mechanisms involved in the persistence of such HIV-specific immunity during suppressive
ART are not entirely understood but are unlikely to result from ongoing residual viral
replication, an actively debated concept33-36, Conversely, active reservoirs that lead to
protein expression from a fraction of the largely dominant pool of defective proviruses and
low-level virion release from an even smaller proportion of active reservoirs with intact

genomes could maintain and shape anti-HIV CD4* and CD8* T cell responses during
ART14,37—40_

Herein, we quantified and phenotyped viral reservoirs spontaneously expressing viral RNA
and the p24 protein in primary clinical samples directly ex vivo. We found associations
between active reservoirs and HIV-specific CD4* and CD8* T cells, supporting that low
level viral gene expression by spontaneous reservoirs is sufficient to maintain anti-HIV
adaptive immunity.

Spontaneous VRNA-expressing reservoirs are detectable in a majority of ART-suppressed

PWH.

We previously used a multiplexed HIV RNAflow-FISH assay to characterize viral reservoirs
induced ex vivo'2. A previous digital-droplet study on bulk CD4* T cells showed
expression during latency of “long-LTR” abortive transcripts?41, Therefore, to maximize
detection of viral reservoir cells that spontaneously express VRNA without ex vivo
stimulation, termed active reservoir, we adapted our multiplexed VRNA detection strategy
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and focused on 5’ HIV genes (Figure 1A). As described before?, a first-step analysis
provided an inclusive detection of viral transcripts, consisting of an exoriRNA probe set
targeting exon sequences, including a portion of the 5’LTR region, present on all viral
transcripts#2. The second step of detection added stringency and ensure specificity. To this
end, two additional probesets were generated: 1) a gagRNA probeset, detecting full-length
genomic transcripts but also shorter abortive or defective transcripts containing at least a
portion of the gag gene®; 2) a po/RNA detecting transcripts that elongated beyond the gene
gag. We also stained intracellular p24 to assess viral translation.

We used this adapted HIVV RNAflow assay to quantify the viral reservoirs in 18 PWH on
ART for >3 years (median =10 years, see clinical characteristics in Table S1). To reveal
inducible viral reservoirs, CD4* T cells isolated from PBMCs were treated 15h with PMA/
ionomycin. To identify viral reservoirs able to spontaneously express HIV RNA and/or
protein, we left CD4* T cells unstimulated after isolation. We identified HIV-infected

cells by Boolean ORgating?, therefore included any cells either exorRNA* gagRNA*

or exorRNA* poRNA™* and exorRNA*p24* into a single non-overlapping population
expressing any combination of the viral genes assessed (henceforth termed VRNA*; Figure
S1A). CD4* T cells from 6 uninfected donors (UD) served as specificity controls. We set

a positive detection threshold at 7 events/108 CD4* T cells corresponding to the mean
detection in UD plus twice the standard deviation, rounded up (mean + 2*SD). Based on
these criteria, we detected spontaneous reservoirs in 78% (14/18) of PWH on suppressive
ART, with a median of 28 active VRNA* cells/106 CD4* (Figure 1B). This level of detection
represents a compromise compared to a limiting dilution RT-qPCR assay, sacrificing

some sensitivity for higher throughput and the ability to maintain phenotyping capability
(Figure S1F,G). PMA/ionomycin-inducible reservoirs could be detected in 89% (16/18)

of participants, with a significantly higher median (79 VRNA* /10% CD4"). Reservoirs
induced by Panobinostat and Ingenol-3-angelate (termed LRA) reached an even higher
level (325 induced VRNA* /10% CD4*) (Figure S1B). By comparison, the frequency of
CD4* T cells harboring integrated HIV DNA was 12-fold higher than PMA/ionomycin-
inducible reservoirs. In contrast, inducible reservoirs were 3-fold more frequent than
spontaneous reservoirs (Figure 1C). We calculated that a median of 10% of the CD4* T cells
harboring integrated HIVV DNA produced viral transcripts upon stimulation, whereas 4%
for spontaneously expressed VRNA™ (Figure 1D). Active VRNA™ reservoirs correlated with
total and integrated HIVV DNA (Figure 1EF), whereas PMA/ionomycin-induced reservoirs
showed strong trends (Figure S1CD). We found strong associations between reservoir

cells with spontaneous viral expression and both PMA/ionomycin (Figure 1G) and LRA-
inducible (Figure S1E) reservoirs.

We next tested for associations between integrated HIV DNA, inducible and spontaneously
active VRNA™ reservoirs, and clinical features (Figure 1H). The time of infection correlated
with the size of inducible reservoirs, with a positive trend with the magnitude of the
spontaneous reservoir. There was no association between the spontaneous reservoir and time
on ART, while there was an association for inducible reservoirs. The level of spontaneous
VRNA expression, but not inducibility, was associated with a longer duration of untreated
infection. CD4* T cell counts, CD4/CDS8 ratios and pre-ART viral loads did not correlate
with either inducible or spontaneous reservoirs.
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Globally, these data highlighted the existence of spontaneous VRNA™* reservoirs in most
PWH on suppressive ART. Spontaneous and inducible reservoirs were strongly associated,
suggesting a robust relationship.

Spontaneously active reservoirs are enriched in short abortive and defective
gagRNA* transcripts.—We next sought to characterize these active reservoirs based

on p24 (Figure 2A), gagRNA, and poRNA co-expression (Figure 2B). The expression

of p24 was used to assess viral protein expression®9, whereas gagRNA and po/RNA
defined the processivity of the transcription. This bilayered analysis created 8 theoretical
subpopulations (Figure 2C, S2AB). Among these, single exorRNA* cells could not be
interpreted because of the insufficient specificity of single-parameter detection®. The
prevalence of the remaining seven theoretical populations is summarized in Figures 2D

and S2A. Unstimulated samples from ART-suppressed individuals were homogeneously
enriched in p24~ gagRNA™* poRNA" cells (Figure S2C). This population corresponded

to short abortive or deleted transcripts (gagRNA*) described before®10. PMA/ionomycin-
induced reservoirs presented a more heterogeneous profile: although p24~ gagRNA*
PoRNA™ cells were frequent, other more processive populations could also be detected,
such as p24~ gagRNA* poRNA™ (elongated transcripts not sustaining translation, termed
VRNApp for “double gagRNA* poRNA™ positive™) > p24~ gagRNA~ poRNA* (likely
deleted transcripts, termed po/lRNA™) > p24* gagRNA* poRNA* (translation-competent
reservoirs, termed p24*). The pattern of active reservoirs was similar to combinatory LRA
(panabinostat+ingenol), with strong expression of gagRNA and little expression of polRNA
and marginal p24 translation (Figure S2A,C)%10. In a subset of participants, the po/RNA
probeset was substituted by a more distal 7e/RNA probeset®. We detected rare nefRNA*
cells among active reservoirs and none that co-expressed gag and nefgenes (Figure S2B),
further suggesting unproductive transcription aborting in the 5’ portion of the viral genome.
Spontaneous p24-expressing cells represented a rare fraction (Figure 2E). These cells could
be detected at low frequencies in 7/18 HIV* participants, with a median frequency of 0.44
p24*VRNA™ cell/108 CD4* (Figure 2F). These active p24™ cells did not correlate with
translation-competent reservoirs identified after PMA/ionomycin-stimulation (Figure 2G).

We used cytometric fluorescent intensities (FI) to obtain a semi-quantitative measurement of
RNA copies / cell*3 and assessed the viral transcription and translation levels / infected cell.
We used this metric to determine if the level of viral transcription could define the success of
viral translation. To avoid biases due to a low number of viral reservoir cells in some PWH,
we concatenated all events per condition. Since exonRNA is expressed in all VRNA* cells,
we used it as a surrogate of global transcriptional activity. In both PMA/ionomycin- or LRA-
induced reservoirs, the single-cell exorRNA, gagRNA, and po/RNA expression presented a
skewed distribution composed of a low-yield bulky population and a tail spreading about
one order of magnitude higher (Figure 2H, S2E). P24-expressing PMA/ionomycin-induced
VRNA+ cells were almost exclusively found in these tails of high transcriptional activity
(Figure S2F). Consistent with the rare p24 expression in active reservoirs, such a high-yield
tail was essentially absent in spontaneous reservoirs. Instead, exonRNA and gagRNA could
be detected at low levels, whereas po/RNA expression remained comparably marginal
(Figure 2H). In contrast to spontaneous p24* cells, the levels of CD4 on the surface of
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spontaneous VRNA™* cells were comparable to VRNA-cells, suggesting suboptimal or no
expression of Nef and Vpu proteins (Figure S2G). These data demonstrate the low-yield,
unprocessed nature of the active reservoirs.

We next used confocal fluorescence microscopy to count the number of HIV RNA foci
per VRNA* cell, as done previously8. We sorted vVRNA+ and VRNA- cells, imaged and
manually enumerated foci per cell (Figure S2H and Figure 21). The conservative false-
positive rates (assuming Gaussian distribution, mean foci/cell in vRNA- cells + 3SD)
were established at 1.1 foci/cell for exonrRNA and 5.1 foci/cell for gagRNA (Figure 2J).
Conversely, vVRNA+ cells containing down to 5 foci were clearly detected for both probes,
but few VRNA+ cells were below this cutoff. The median detection reached 16 foci for
exonRNA, and 14 foci / cell for gagRNA, both significantly higher than their respective
false-positive rate. ExonRNA* and gagRNA™* foci / cell correlated significantly (Figure S21).
Taken together, these results suggest that our approach can reliably identify spontaneously
active reservoirs with a cutoff of 5 VRNA copies/cell.

To determine the proviral features of spontaneously VRNA® cells, we next performed near
full-length sequencing of using a modified FLIPS assay®#4(Figure 3). We obtained a total
of 40 amplicons from three ART-treated participants. From these 40 amplicons there was
36 distinct sequences, and 3 small clones (Figure 3A). Most sequences harbored large
deletions spanning the entire envregion. Deletions in po/were also common (Figure 3B).
We found two sequences with an inversion. Seven amplicons were near null length: one was
hypermutated, two had early stop codons, and two bore packaging signal defects. No intact
proviral sequence were found in our limited sampling. This indicates that spontaneous viral
transcription is mainly fueled by defective proviruses.

Spontaneously active viral reservoirs are phenotypically diverse.

LRA stimulation can alter cell surface marker expression, thus biasing phenotyping®. As
measuring spontaneous cells does not require an /n vitro stimulation, the experimental
approach used allows reliable phenotyping of viral reservoir cells. We performed
unsupervised analyses of high-dimensional flow cytometric phenotyping data to avoid
priori-defined marker combinations (Figure 4). We examined features that were previously
found enriched in HIV-infected cells either during ART or during untreated chronic infection
(Table S2): chemokine receptors involved in tissue homing [(CXCRS for Tth; CXCR3

for Thl; CCR6 for Th17/Th22, CCR4 for Th2 (also expressed on Th17/Th22 and Tregs;
reviewed in 4%) gut homing markers (integrin 7 and CD103, reviewed in 46); activation
markers (CD38, HLA-DR, ICOS); cell cycle/proliferation (Ki67); inhibitory checkpoint
(PD-1); and memory and differentiation markers (CD45RA, CCR7, and CD27). To avoid
excessive background noise in phenotype profiling, we focused the analyses on participants
with >5 VRNA" cells and with spontaneous reservoirs above the level of positivity (14/18
participants).

We illustrated the distribution of clustered populations by the uniform manifold
approximation and projection (UMAP) algorithm#’. To help define clear phenotypic
clusters, all identified VRNA* cells were concatenated and downsampled to 3,000
autologous CD4* T cells per participant. Cluster identification was performed using
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Phenograph?8. 8 clusters were defined based on distinct profiles of relative marker
expression (Figure 4A-C, S3A). Active VRNA™ reservoir cells were found in all 8 clusters
(Figure 4D,E). However, compared to total CD4" T cells, vRNA* cells were sparsely found
in clusters C1, C4, and C8 (Figure 4B,D,E) enriched in CD45RA, CCR7, and CD27,
consistent with a naive phenotype (Figure 4C). CCR7 and CD27 expression was moderate
in CD45RA-negative clusters C2, C3, C5, C6 and C7, suggesting that these clusters are
composed of mixed populations of central memory (Tcp), transitory (Ty), and effector
(Tem) cells defined by other phenotypic markers (Figure 4C). We calculated enrichment
scores to evaluate the relative over- or under-representation of active VRNA™ reservoir cells
among the identified clusters (Figure 4F). This analysis confirmed the under-representation
of active VRNA™ reservoir cells in the naive-like clusters C1, C4, and C8. Univariate
analysis relying on CD45RA, CD27, and CCR7 confirmed this finding, and further showed
a significant enrichment of active VRNA™ reservoir cells in Tcy and a trend for Ty
(Figure 4G,H, S3B,C). The paucity of naive active VRNA™ reservoir cells is consistent with
the significant negative association between the prevalence of naive CD4" T cells and the
frequency of active reservoirs (Figure S3D).

Active reservoirs were enriched in clusters C2, C6 and C7 defined by the expression of
CCR6 and/or CCR4, suggesting preferential Th17 or Th22 differentiation. C2 and C6 were
also enriched in CXCRS5 expression, a marker enriched in follicular helper (Tth) cells, but
this chemokine receptor was not expressed by cells clustering in C7. C7 also included
relatively rare cells with strong features of activation, including higher FI for ICOS, HLA-
DR, Ki67, and PD-1 (Figure S3A). Although, we detected frequent active VRNA™ reservoir
cells in the Thl-like CXCR3-enriched clusters C5 and C3, these subsets were not enriched
in infected cells compared to the global CD4* T cell population.

We next analyzed the polarization, integrin and activation marker expression of the active
reservoirs through univariate analyses (Figure 41J, S4E-L). We focused these analyses on
CD45RA™ vVRNAY cells to avoid biasing our phenotyping given the near complete absence
of VRNA cells in naive populations. Active VRNA™ reservoirs could express any of the
four chemokine receptors tested (Figure S3E), with no clear dominance for one over another
(Figure S3F). Confirming the previous unsupervised findings, significant enrichments were
observed for CCR6" and CCR4" cells, with trends for CXCR5 and CXCR3 (Figure 41,
S3G). CCR6 stood out as the most consistently enriched chemokine receptor among all
tested participants (increase in all 16/18 participants). A trend for enrichment of vVRNA*
events in B7-integrin® cells was observed, but not in CD103"* cells, nor CD32a, another
marker previously associated with viral transcription?® (Figure S3H-J). HLA-DR and Ki67
expression was infrequent in VRNA* cells (2-15%) (Figure S3K,L). ICOS and PD-1
expression was more heterogeneous, with frequencies reaching a much higher level in
some participants (2—-43%). Irrespective of their range, all these activation markers except
for Ki67, appeared significantly enriched in active VRNA® reservoir cells compared to the
global CD4* T cells (Figure 4J).

We next tested if the magnitude of the inducible reservoir correlated with specific
spontaneous VRNA™ reservoir clusters (Figure 4K). Several correlations were observed at
varying degrees. The connections appeared particularly strong and significant with C3,
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C6, and C7, which corresponded to the enriched CCR6/CCR4* vVRNA* active reservoirs.
Because inducible reservoirs could not be reliably phenotyped, we could not relate active
reservoirs to inducible reservoir subsets.

These multivariate and univariate analyses provide complementary portraits of peripheral
blood active VRNA™* cell phenotypes. These cells tend to be memory CD4* T cells,
particularly Tcy. Compared to other memory CD4* T cells, they are polarized, with a
consistent enrichment for CCR6, a marker associated with Th17 and Th22 differentiation,
and are more frequently activated than the global CD4* T cell population.

Spontaneously active reservoirs are associated with HIV-specific CD4* and
CD8* T cell responses.—We next tested whether infected cells spontaneously
expressing VRNA™* could fuel adaptive cellular immunity against HIV during ART. We used
a TCR-dependent activation induced marker (AlM) assay that broadly identifies antigen-
specific T cells22:°0:51 (Table S3). We complemented these data with functional profiling by
intracellular cytokine staining (ICS) (flow cytometry panels: Table S4). The AIM assay was
previous shown to allow a broader capture of antigenic responses than standard ICS, even in
the context of CD4* T cell dysfunction?9:50,

The AIM assay involved a 15-h incubation of autologous PBMCs with an overlapping
peptide pool spanning the coding sequences of either Gag, Pol, Env, or Nef. In CD4* T cells,
specificity for these peptides was inferred by the upregulation of CD69, CD40L, 4-1BB,
and OX-40 upon stimulation, compared to unstimulated controls, whereas CD69 and 4-1BB
co-expression was used for CD8* T cells. We used an AND/OR Boolean combination
gating to assess the total frequencies of antigen-specific CD4* and CD8* T cells®0:51,52
(Figure S4A). Cells co-expressing at least one pair of AIM were deemed HIV-specific. The
significant increases compared to unstimulated conditions confirmed the assay’s specificity
(Figure S4B).

Effector CD4" and CD8* T cell functions were measured by a 6-h ICS using the same
stimulation conditions as for the AIM assays. We focused on IFN-y, IL-2 and TNF
expression. We also defined total cytokine* CD4* and CD8" T cell responses by an OR
Boolean gating strategy (Figure S4C). Most participants showed cytokine™ CD4* and CD8*
T cell responses, although cytokinet CD8* T responses were smaller and more frequently
undetectable (Figure S4D).

Gag, Pol, Env, and Nef responses were all readily detectable (Figure 5A). We used the

sum of the net responses to each peptide pool to quantify “total” HIV responses. We next
correlated total HIV, Gag, Pol, Env, and Nef responses to cells harboring integrated HIV
DNA, PMA/ionomycin-inducible, and spontaneous reservoirs (Figure 5B). There was no
significant correlation between AIM* CD4" and CD8* T cell responses and integrated

DNA (Figure 5B,C). In contrast, inducible reservoirs were strongly associated with total
HIV-specific CD4* T cell responses defined by AIM (Figure 5B,D). Similar association
existed when considering Gag, Pol, Env and Nef-specific CD4* T cells. A strong correlation
was also found between the magnitude of the spontaneous reservoir and total HIV-specific
CD4* T cell responses (Figure 5B,E). The correlation with Nef was particularly strong (r
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=0.591), that with Gag (r =0.375) was the weakest. The association between active reservoir
cells and total HIV-specific CD8* T cell responses was weaker than with CD4, yet there was
a trend. Individual peptide analyses revealed a significant correlation of the active reservoir
cells with Env-specific CD8* T cell responses (Figure 5B,F, r =0.522). Correlations with
Gag, Pol or Nef-specific CD8" T cell responses were weaker and did not reach significance.

Cytokine* Gag-specific responses were also slightly higher for CD4* and CD8* T cell
responses (Figure 5G). The correlation between reservoir metrics and ICS was weaker than
with AIM (Figure 5H), possibly due to the lower sensitivity of functional assays. Total HIV-
specific CD4* T cells correlated with inducible reservoirs, and a strong trend was observed
with active reservoirs. For both inducible and active reservoirs, strong correlations were
observed with Env-specific cytokinet CD4* T cells (Figure 5H). The other correlations were
weaker and only Gag-specific cytokine™ CD4* T cells, for inducible reservoirs, reached
significance. No correlation was observed with CD8* T cell effector functions (Figure 5H).
These data suggest that active reservoirs and HIV-specific immune responses, particularly
Thelper responses, are connected.

A subset of active reservoirs displays stronger links to HIV-specific CD4*
and CD8* T cell responses.—Next, we performed an unsupervised analysis to
characterize HIV-specific CD4* T cells. To account for the inherent phenotypic diversity of
circulating CD4* T cells and avoid a priori defined marker combinations, we performed an
unsupervised analysis of the high-dimensional flow cytometric phenotyping data including
total (Gag+Pol+Env+Nef) HIV-specific CD4" T cells. We used chemokine receptors,
activation markers and a key immune checkpoint (CXCR5; CXCR3; CCR6; CD38 and
HLA-DR; and PD-1). The various clusters were represented using UMAP, and clusters were
identified by Phenograph. 15 clusters were identified (Figure 6A) based on distinct profiles
of relative marker expression (Figure SSAB). Each of these clusters represented 3-12%

of total responses, with the largest C2 and C4 clusters representing no more than 13%

of the total population examined (Figure 6B). To simplify the analysis, we grouped these
clusters into 6 “superclusters” defined by the expression of chemokine receptors (Figure
6AB, S5B). The superclusters, ranked by decreasing frequencies, were characterized by the
expression of i) CCRG6; ii) none of the tested chemokine receptor; iii) CXCR3; iv) CXCR3
and CCR®, v) CXCRS5 and vi) CXCR5 and CXCR3. Based on previous studies®3:54, these
superclusters would correspond respectively to i) Ty17, ii) unpolarized cells, iii) TH1, iv)
non-conventional Tyl (Tyl*), v) cTfh and vi) a Tyl subset of cTfh. The frequencies of
HIV-specific superclusters in total CD4* T cells showed great variability among participants
(Figure S5C), indicating that HIV-specific CD4* T responses can adopt very different
profiles during ART.

As our results showed relationships between active reservoirs and immune responses, we
next examined how associations varied between types of viral reservoirs and subpopulations
of HIV-specific AIM* CD4* and CD8* T cells. Our first layer of analysis focused on total
HIV-specific CD4* T superclusters (Figure 6C). We found a strong correlation between

the magnitude of both inducible or spontaneous VRNA* cells and total AIM* CD4* T

cell responses (Figure 6C). For the spontaneous reservoirs, correlations with CCR6* AIM™*
CD4* T cell responses was particularly strong (Figure 6C,E), and reached a trend with
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CXCR3* AIM* CD4* T cell responses (Figure 6C,F). Inducible vVRNA* cells showed
significant correlations with total and PD1* AIM* CD8* T responses (Figure 6D). The
correlations between spontaneous VRNA™* cells and total and PD1* AIM* CD8* T responses
showed trends. Associations with HLA-DR* and CD38* responses were weaker.

We observed a significant correlation between active p24™ reservoirs and total AIM™* specific
CD4* T cells (Figure 6C,G). The r value (r =0.720) was particularly strong for the CXCR3*
supercluster (Figure 6C). We also noted strong correlations of total and activated AIM*
specific CD8 T cells with active p24™ reservoirs (Figure 6D,H). Correlations were lost with
PMA/ionomycin-induced p24* reservoirs, indicating that, critically, only spontaneously p24-
expressing cells can shape HIV-specific CD4* and CD8* T cell responses. We divided our
cohort based on whether p24* could or could not be detected among VRNA* cells (Figure
2F). HIV-specific CD4* and CD8* T cell responses were significantly higher in the p24*
group (Figure 61,J). There were marked differences between the two groups for CXCR3*
and CXCR3* CXCR5* superclusters, suggesting that protein expression is a prerequisite for
their maintenance.

Together, these results demonstrate important relationships between spontaneous VRNA™
and — especially - p24-expressing viral reservoirs and magnitude and function of HIV-
specific CD4* and CD8* T cell responses.

DISCUSSION

In this study, we characterized HIV reservoirs spontaneously expressing viral transcripts,

as detected at the single-cell level by RNAflow-FISH. We identified these active reservoir
cells in most PWH investigated, only 3-fold lower than the PMA/ionomycin-inducible
reservoirs. We phenotyped these active reservoirs without the confounding impact of LRAs.
Integrated analyses demonstrated the heterogeneous nature of active VRNA™ reservoirs.
Certain features were enriched, such as high expression of CCR6, a marker of Th17 and
Th22 cells. We found associations between active viral reservoirs and HIV-specific CD4*
and CD8* T cell responses during suppressive ART. CCR6" HIV-specific CD4* T cells
seemed particularly connected to various active reservoirs. HIV-specific CD4* and CD8* T
cell responses were higher in the few participants in which active p24™* reservoir cells could
be detected, suggesting that maintaining those immune responses requires spontaneous viral
translation.

We and others previously showed how the RNAflow-FISH assay could identify reactivated
viral reservoirs at the single-cell level®-955, By adapting a multigene HIV-specific probeset
design, we detected viral reservoirs with great sensitivity and resolution without ex vivo
latency reversal. Spontaneous and inducible VRNA™* reservoirs correlated, but were found
at lower frequencies. One possible explanation for this relationship is that they represent
two facets of the same cell: latency reversal could exacerbate pre-existing, very low-yield
transcriptional activity possibly missed by our experimental technique. These cells may

be poised for higher transcriptional activity upon induction, as suggested by the higher
MFI for the VRNA signal in induced vs spontaneously active cells. The low transcriptional
activity may be due to i) suboptimal Tat-mediated transactivation during latency®6; ii)
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the shortness of the abortive transcripts, consistent with data previously obtained by

digital droplet PCR1041, that may make them less sensitive to detection by a branched

DNA amplification technique; and iii) the requirement for staining with two HIVV RNA
probesets can reduce sensitivity of detection. Alternatively, a portion of the PMA/ionomycin
inducible reservoirs may have been in a deeper state of latency and fully silent prior to
stimulation®’-59, therefore only revealed after pharmacological reactivation. Spontaneous
viral gene expression was also characterized by a shorter transcription and rare translation

of Gag. These observations are consistent with previous reports and suggest transcriptional’®
and post-transcription blocks®? to viral gene expression.

Another notable finding of our study is that active reservoirs are not confined to any specific
CD4* T subset. This finding is consistent with recent reports correlating viral transcriptomic
and genomic properties60:61. All CD4™ clusters we analyzed were populated to some degree
with VRNA* reservoirs. Yet, compared to total peripheral CD4* T cells, active reservoir
cells profiles were: i) rarely naive and mostly Tc; ii) enriched in CCR6, suggesting

a preferential Th17 and Th22 polarization, iii) enriched in activation and exhaustion
markers such as HLA-DR, ICOS, and PD-1, and iv) enriched with cell proliferation marker
Ki67. Although modest, enrichment in activation/exhaustion and proliferation markers is
consistent with homeostatic®2-64 and antigen-driven proliferation reported during ART34:65,
Although we observed some enrichment of activation markers in active reservoirs, the

vast majority of spontaneous reservoir cells were still found in cells that did not express
activation markers, indicating that T cell activation is not a prerequisite for spontaneous
viral gene expression. The enrichment of HIV-infected cells we have observed in Ty,
CCR®, and to a lesser extent, CXCR5 and CXCR3 are consistent with previous reports using
univariate analyses62:66-71 These enrichments may reflect preferential replication of HIV-1
in specific anatomic compartments before ART initiation, such as the intestinal mucosa
(hence the enrichment in the gut homing and Th17 marker CCR6)8:72:73 and germinal
centers of lymph nodes (hence the enrichment in the Tfh marker CXCR5)872.73, Some
tissues and microenvironments (e.g. gastrointestinal tract) may also be more permissive to
viral transcription’473, and this would be mirrored in the circulation when these cells egress
from tissues into the blood. We cannot exclude that residual replication occurs in tissues
where penetration of antivirals may be suboptimal. However, to date, no direct evidence

has shown that ongoing viral replication contributes to viral reservoir persistence in PWH
receiving suppressive ART33:35.36,

An association was previously reported between cytotoxic Nef-specific CD8* T cell
responses and HIV DNA and RNA’S. Using single-cell approaches, we now find multiple
strong positive correlations between active reservoirs and the magnitude of Pol, Env, Nef
and to a lesser extent, Gag-specific CD4* and CD8* T cell responses, indicating a broader
relationship than initially anticipated. The correlations were always stronger with HIV RNA
than with HIV DNA, suggesting that some gene expression is necessary to reveal these
relationships. Detailed analyses showed that the strength of these correlations varied among
the pairs of viral and immune clusters assessed, suggesting that viral reservoirs do not all
influence anti-HIV immune responses equally. HIV-specific CCR6™ CD4* clusters were
particularly well correlated with active reservoir cells. While this correlation suggests tissue-
specific interface between active reservoirs and HIV-specific T cells, putatively the gut,
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further investigations will be necessary to deeply decipher connections between reservoirs
and HIV-specific immune responses.

The positivity of the relationship suggests that spontaneous reservoirs are sustaining HIV-
specific CD4 and CD8 T cells rather than HIV-specific cells controlling the reservoirs. In
this later case, a negative association would have been expected. However, spontaneously
active reservoirs that still persist after >3 post-ART initiation and reservoir selection by

the immune system are likely inherently more resistant to cell death. Consistent with

this, recent studies showed that persistent reservoirs adopt a pro-survival gene expression
profile80.77.78 How viral transcription may drive immune responses remains a key question.
The magnitude of HIV-specific CD4* and CD8" T cell responses were lower in participants
with no spontaneous p24-expressing active reservoir. In contrast, these responses were
robust in participants in which p24-expressing VRNA* reservoir cells could be detected.
These findings suggest that viral protein expression, although rare, is the driving force
keeping HIV reservoirs and HIV-specific immune responses closely related. It will be
important to determine whether spontaneous expression of Gag and other HIV proteins is
more frequent in specific tissues, possibly the gut due to proinflammatory microenvironment
more favorable for provirus activation or in anatomic compartments harboring a weaker
immune surveillance”. Alternatively, sporadic Gag expression in peripheral blood, perhaps
during transient challenges such as acute illnesses could possibly contribute to the antigen-
stimulated maintenance of HIV-specific immunity. If this is the case, active VRNA* reservoir
cells in the circulation may mirror tissue reservoir cells that are prone to produce proteins
and subsequently cognate peptides presented by MHC molecules to T cells.

Inducible proviruses can bear not only minor®17, but extensive defects predicted to prevent
viral replication. We showed here that active reservoirs are mostly defective as well. Yet,
reservoirs expressing transcripts from these defective proviruses may still allow some
translation37:38:80 depending on where the defect is located. Our work supports that such
defective proviruses can also maintain HIV-specific CD4* and CD8* T responses in a
chronic state of expansion, activation, and exhaustion during ART.

Our study has some limitations. Only Caucasian males were included mostly due to the
epidemiology of the PWH population in Montreal and, to some extent, the more frequent
difficulties for peripheral vein access to perform leukaphereses in females. It will be
important to conduct such studies in women and in other ethnicities, as immune responses
may vary with sex and genetic background. ART was initiated in most participant’s years
after HIV acquisition; investigations of PWH who initiated therapy early would provide
valuable complementary information. While the assay used allows high-parameter profiling
of active reservoir cells, our conservative detection limit (about 5 VRNA copies/cell)843
missed the lowest levels of gene transcription. Other approaches indeed indicated even
higher magnitudes of spontaneous reservoirs8. Studies of gut and other lymphoid tissues
will be important to gain a deeper understanding of the immunovirological dynamics
involved. The relatively small size of the cohort studied did not allow us to reliably rank
the strength of the associations between active reservoir clusters and HIV-specific T cell
superclusters.
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Finally, our study may have notable implications for HIV cure strategies. Approaches
considered include Env-specific broadly neutralizing antibodies. The fraction of active
reservoirs that are competent for Env expression will impact the potential effectiveness

of such therapies to eliminate these cells. While the replication-competent HIV reservoir
is the primary target of HIV cure, our data highlight the pathophysiologic relevance

of other fractions of the HIV reservoirs, likely contributing to the deleterious effect of
immune activation. Research efforts should also consider the putatively negative impact of
spontaneous reservoirs in the design of interventions aiming at clinical benefit for PWH on
suppressive ART.

STAR METHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents
should be directed to and fulfilled by the lead contact, Daniel E. Kaufmann
(daniel.kaufmann@chuv.ch).

Materials availability—All unique reagents generated during this study are available from
the Lead contact upon a material transfer agreement (MTA).

Data and code availability—The published article includes all datasets generated and
analyzed for this study. We developed R codes scripted to perform unsupervised analysis
of Band T cells from SARS-CoV-2 naive and previously infected individuals. All original
codes have been deposited at Github and are publicly available as of publication. URL
link is listed in the key resources table. Any additional information required to reanalyze
the data reported in this paper is available from the Lead Contact Author upon request
(daniel.kaufmann@chuv.ch).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethics Statement.—All work was conducted following the Declaration of Helsinki
regarding informed consent and approval by an appropriate institutional board. Blood
samples were obtained from donors who consented to participate in this research project
at CHUM (CE13.019).

Experimental Model and Subject Details.

Participants and Samples.: Leukaphereses were obtained from study participants at the
McGill University Health Centre, Montreal, Quebec, Canada, and at Centre Hospitalier
de I’'Université de Montréal (CHUM), Quebec, Canada. The study was approved by the
respective IRBs, and written informed consent was obtained from all participants before
enrolment. Uninfected donors (UD) are free of HIV-1 infection. Treated subjects (ART)
were on antiretrovirals with controlled viremia (<40 VRNA copies/mL). Participants’
characteristics are summarized in Table S1. PBMCs were isolated by the Ficoll density
gradient method and stored in liquid nitrogen until use.
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Method Details

Total and integrated DNA measures.: The quantifications of total and integrated HIV-1
DNA were determined as previously described®2.

CD4* T cell preparation for HIV reservoir profiling: Frozen PBMCs were thawed in cold
heat-inactivated Fetal Calf Serum (FCS; Seradigm) before CD4* T-cells isolation. CD4*
T-cells were isolated by negative magnetic bead selection (StemCell). Purified CD4* T

cells were resuspended at 2x10%/mL in RPMI (Gibco by Life Technologies) supplemented
with penicillin/streptomycin (Gibco by Life Technologies), 10% heat-inactivated FCS, and
ARV (Maraviroc [10uM] + Raltegravir [0.2uM] + Tenofovir [5uM]) + Emtricitabine [10puM]
and seeded into 24-well plates (all obtained through the NIH AIDS Reagent Program).
After a rest of 2h at 37°C, 5% CO,, the cells were either left unstimulated or stimulated
with PMA/ionomycin (162 nM PMA, 705 nM lonomycin, Sigma) for 15-h. Alternatively,
cells were either left unstimulated or stimulated with 30nM panobinostat (Selleck Chem)
complemented with 25nM ingenol-3-angelate (Sigma). 10-15x10° purified CD4* T-cells
were used per condition.

HIV-1 RNAflow-FISH assay.: The HIV-1 RNAflow-FISH assay was performed as
previously described and per the manufacturer’s instructions®9:83.84_ All buffers and fixation
reagents were provided with the kit, except flow cytometry staining (1% FCS/PBS). Briefly,
negatively purified CD4* T cells were harvested after stimulation and stained first with
Fixable Viability Dye (20 min, 4°C, Fixable LiveDead, eBioscience), FcR blocked, followed
by a mix containing a brilliant stain buffer (BD Biosciences) and the surface markers for
memory (CD45RA) and gut homing (integrin 7, CD103) phenotype, activation markers
(HLA-DR, ICOS) and inhibitory checkpoint (PD-1) as well as for CD4* T-cells detection
(CD3 and CD4) and CD8/NK/B cells and macrophages exclusions (CD8, CD56, CD14,
CD19, CD16) (30 min, 4°C). Anti-CXCR5, CCR6, CCR4, CXCR3, CCR7 and CD27 were
added at 37°C 15 min before stimulation to stain chemokine receptors. Samples were fixed,
permeabilized, and labeled intracellularly for the activation marker Ki67 and the structural
HIV-1 p24 protein with the anti-p24 clone KC57 antibody (30 min RT followed by 30

min 4°C, Beckman Coulter). HIV-1 RNA probing was performed using the PrimeFlow
RNA Assay (ThermoFisher). HIV-1 RNA was labeled using HIV-1 gagRNA (20 pairs

of “ZZ” probes), HIV-1 exonRNA (21 pairs of “ZZ” probes), and HIV-1 poRNA (6

pairs of “ZZ” probes) probe sets, all designed based on a consensus B HIV sequence.

The probes were diluted 1:5 in diluent and hybridized to the target mMRNAs for 2 hrs at
40°C. Samples were washed to remove excess probes and stored overnight in the presence
of RNAsin. Signal amplification was achieved by sequential 1.5 hr at 40°C incubations

with the pre-amplification and amplification mix. Amplified mRNAs were labeled with
fluorescently tagged probes for 1h at 40°C. The complete list of antibodies used is presented
in Table S2 for the panel. Samples were acquired on a FACSymphony™ (BD Biosciences)
and analyzed using FlowJo (BD, VV10.8.0). Unspecific binding of the fluorescent-labeled
branched probe in the multiplex kit can lead to a low level of false-positive background
noise, which, if present, is detected across all the four channels corresponding to the types
of labeled probes (AF488, AF594, AF647, AF750). To decrease background noise, we thus
left the AF594 channel vacant and excluded false-positive events based on fluorescence
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in this channel before further gating. Gates were set on the HIV-uninfected donor control

or unstimulated control where appropriate (See gating strategy, Figure S1). Because HIV
infection can downregulate CD4, and because RNAflow-FISH was performed on negatively
purified CD4" T cells, no CD4 gating was applied during the analysis. To calculate the
frequency of VRNA* cells per 108, we directly used as the denominator the counts of cells
after the dump exclusion gating.

Limiting Dilution Assay.: CD4* T cells were isolated from PBMC by negative selection
using magnetic beads (StemCell). After 18h hours of resting, the cells were distributed in
limiting dilutions in a 96-well plate, with 11 replicates for each of the following dilutions:
100000, 50000, 16667, 5556 cells per well. The plate was spun at 300xg for 5 min, and the
cell pellets were resuspended in Lysis/Binding solution (Magmax 96 Total RNA Isolation
Kit, Life Technologies). Ca-RNA was extracted in plate using Magmax 96 Total RNA
Isolation Kit (Life Technologies) following manufacturer’s instructions. A nested RT-qgPCR
was performed to amplify LTRgag caRNA for all the replicates of each dilution. A 1-step RT
and pre-amplification step was carried out by adding 9uL of extracted RNA (corresponding
to 18000, 9000, 3000 and 1000 cell-equivalent depending on the dilution) to a mix of 6.25uL
of Tag-1-Path master mix (Applied Biosystems) and 800 nM of LTRgag specific primers2,
The PCR cycles were as follow: 15 min at 53°C, 2 min at 95°C, and 18 cycles of 15 s at
95°C and 2 min at 60°C. The pre-amplified product was used to perform a real-time PCR

as previously described®2. Positive wells at each dilution were counted and the maximum
likelihood method was used to calculate the frequency of cells with LTRgag RNA (http://
bioinf.wehi.edu.au/software/elda).

Microscopy.: CD4* T cells from one uninfected and one ART-treated PWH were isolated,
rested 2h and reactivated with LRA (30nM panobinostat (Selleck Chem) and 25nM
ingenol-3-angelate (Sigma) for 15h. Cells were collected and stained with a viability dye
(Fixable Live/Dead (eF780, eBioscience) and with antibodies against surface CD8, CD14
and CD19 (BV510). mRNA Flow FISH was performed as described above and sorted with
a BD FACS Aria. Single, CD8/14/19- T cells were sorted into two populations based

on exonRNA AF647 and gagRNA AF488 staining (Figure S2H). Prior to microscopy
analysis, nuclei were stained (DAPI, 1ng/ml, 2 min RT), directly loaded in ibidi p-Slide

VI 0.4 microscopy chambers and imaged using a Zeiss Axio Observer.Z1 inverted spinning
disk confocal microscope coupled to an Evolve camera (EMCCD, 512x512, 16bit, 1.2x
adapter) and ZEN blue software (version 2012). Images were acquired with an alpha Plan-
Apochromat 100x/1.46 Oil DIC (UV) M27 objective. Excitation was performed with a
639nm, a 488nm and a 405nm solid state lasers for AF647, AF488 and DAPI respectively.
Emission was collected through Chroma filters: DBP 527/54 + 645/60 for AF488 and
AF647 and a DBP 460/30 + 590/30 for DAPI. Z-stacks were performed to image whole
cells with a step size of 0.220um. Final resolution is 0.133um x 0.133pm % 0.220um in
xyz. Brightfield images were acquired with the same modalities but with a LED white
light illumination, no filter and without Zstack. Fiji was used for all image analysis and
facilitate counting. DAPI staining was used to define the nuclear compartment and the “Find
Maxima” command was used to identify and count HIV RNA foci.
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Single-cell near full-length PCR.: Unstimulated CD4* T-cells from 3 ART-treated donors
were stained in HIV-1 RNAflow-FISH assays using HIV-1 gagRNA, exonRNA, and
polRNA probes. Single VRNA* cells were sorted in 12-wells PCR strips containing 8uL

of DirectPCR Lysis Reagent (Viagen Biotech) with 0.4mg/mL proteinase K. The PCR
strips were subsequently incubated at 55°C for 1h for cell lysis followed by 15 min at

85°C to inactivate proteinase K. Single sorted cells were subjected to near full-length
amplification using a modified FLIPS assay®#4. HIV-1 genomes were pre-amplified using
Invitrogen Platinum SuperFi Il MasterMix with 0.2uM of each primer#*. 30ul of PCR

mix was added directly to the lysed cells for a 25 cycles 3-steps PCR protocol as
recommended by the manufacturer. The pre-amplified products were diluted 1:3 with Tris-
HCI 0.5uM pH 8.0 and subjected to a nested PCR with 5uL of pre-amplified product, 2X

of Platinum SuperFi Il PCR Mix and 0.2uM of each primer in a 30pL final volume**. This
second amplification consists in 30 cycles and follows the manufacturer’s instructions. The
length of the sequences obtained were verified on a 0.8% agarose gel and the amplicons
were individually barcoded for PacBio Sequel 11 sequencing (DNA Link, South Korea),
The demultiplex barcodes analysis was powered by the Lima PacBio software v2.0.0.
High-quality phased consensus sequences representing near full HIV-1 genome sequences
with high fidelity and without reconstruction have been generated with the LAA PacBio
algorithm v2.4.2. For each individual, sequences obtained were aligned using Multiple
Alignment using Fast Fourier Transform (MAFFT) with strategy E-INS-i and Scoring
matrix for nucleotide sequences of 1PAM/ k=2 (online https://mafft.cbrc.jp/alignment/
server/ or with Geneious Prime (v2021.1.1) plugging). Trees were built with igtree2 using
Maximum-Likelihood tree GTR+1+G model, with 1000 bootstraps, and then visualized with
Figtree (v1.4.4). Clonality was evaluated with diversity of sequences in Geneious Prime, and
sequences with 0 nucleotide difference were considered clonal. Integrity was assessed using
both HIVDatabase QCtool (https://www.hiv.lanl.gov/content/sequence/QC/index.html) and
ProseqIT (https://psd.cancer.gov/tools/pvs_annot.php). Finally, Psi defects were confirmed
manually by visualization in Geneious Prime of this portion of the sequence. Genebank
accession numbers for single-cell sequences are provided in Table S5.

Activation-induced marker (AIM) assay.: The AIM assay was reported before29:30.50.51,
PBMCs were thawed and rested for 3h in 96-well flat-bottom plates in RPMI 1640
supplemented with HEPES, penicillin and streptomycin and 10% FBS. 2x108 PBMCs and
stimulated with Gag or Pol or Env or Nef peptide 15-mers pools (0.5 ug/ml per peptide)
spanning the complete amino acid sequence of each HIV protein (JPT) for 15h at 37 °C and
5% CO,. CD40-blocking antibody was added to prevent CD40L downregulation following
activation. In addition, CXCR3, CCR6, and CXCR5 antibodies were added to the culture
15 min before stimulation. A DMSO-treated condition served as a negative control and
Staphylococcus enterotoxin B SEB-treated condition (0.5 pug/ml) as a positive control. Cells
were stained for viability dye for 20 min at 4 °C, FcR receptors were blocked using an

FcR block antibody, and then surface markers (CD3, CD4, CD8, CD45RA, CD69, OX40,
41BB, CD40L, PD1, HLA-DR) (30 min, 4 °C). Abs used are listed in the Table S3. Cells
were fixed using 2% paraformaldehyde for 15min at 4 °C before acquisition on Symphony
cytometer (BD Biosciences). Analyses were performed using FlowJo v10.8.0 software.
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Intracellular Cytokine Staining (ICS).: The previously described ICS assay was adapted
to study HIV-specific T cells2951.85 PBMCs were thawed and rested for 2-h in RPMI 1640
medium supplemented with 10% FBS, Penicillin-Streptomycin (Thermo Fisher Scientific,
Waltham, MA), and HEPES (Thermo Fisher Scientific, Waltham, MA). 1.7x10% PBMCs
were stimulated with Gag or Pol or Env or Nef peptide pools (0.5 pg/ml per peptide;

JPT) for 15h at 37 °C and 5% CO,. Cell stimulation was carried out for 6h at 5% CO,

at 37 °C_Brefeldin A and monensin (BD Biosciences, San Jose, CA) was added 1h after
stimulation. DMSO-treated cells served as a negative control and SEB as a positive control.
Cells were stained for Aquavivid viability marker (Thermo Fisher Scientific, Waltham, MA)
for 20 min at 4 °C, then surface markers (CD4, CD3, CD8, CD14, CD19; 30 min, 4 °C),
followed by intracellular Detection of cytokines (IFN-y, 11-2, and TNF-a) using the IC
Fixation/Permeabilization kit (Thermo Fisher Scientific, Waltham, MA) according to the
manufacturer’s protocol before acquisition on a LSRII flow cytometer (BD Biosciences).
Analysis was performed using FlowJo v10.8.0 software. Abs used are listed in Table S4.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis.—Symbols represent biologically independent samples from
uninfected and HIV-infected under suppressive ART. Wilcoxon, Mann-Whitney, and
Friedman with Dunn’s post-test were generated using GraphPad Prism version 8.4.3
(GraphPad, San Diego, CA). P values <0.05 were considered significant. P values are
indicated for each comparison assessed. Fold differences were calculated per participant,
then median of these fold differences was calculated. Median values were used to generate
donut charts. Each median value was normalized to obtain a total of 100%. For descriptive
correlations, Spearman’s R correlation coefficient was applied. For graphical representation
on a log scale (but not for statistical tests), null values were arbitrarily set at the minimum
values for each assay.

Software scripts and visualization.—Graphics and pie charts were generated using
GraphPad PRISM version 8.4.1 and ggplot2 (v3.3.3) in R (v4.1.0). Heat maps were
generated in GraphPad PRISM version 8.4.1. Uniform manifold approximation and
projection (UMAP) was performed using package M3C (v1.14.0) on gated FCS files

loaded through the flowCore package (v2.4.0). For reservoir phenotyping, all VRNA™ events
were loaded along with 3000 downsampled autologous CD4* T cells per participant, for

a total of 1,418 vVRNA+ cells + 51,000 autologous CD4* T cells. For the AIM analysis,
samples were downsampled to a comparable 300 cells per peptide (Gag, Pol, Env and

Pol) pool tested, therefore 1200 peptide-specific cells per participant, and a grand total of
20,400 HIV-specific cells. This number was chosen to avoid biases due to larger responses
in certain participants. Scaling and logicle transformation of the flow cytometry data

were applied using the FlowSOMB86 R package (v2.0.0). Clustering was achieved using
Phenograph (v0.99.1) with the hyperparameter k (number of nearest neighbors) set to 150).
R code scripted for this paper was adapted from https://github.com/otastet/Nayrac_et_al
with the parameters described above. We obtained an initial 18 AIM* clusters. After

careful examination, we regrouped these clusters into 6 larger superclusters based on similar
chemokine receptor expression. For vRNA* and CD4* T cell phenotyping, only participants
with >5 events were analyzed.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Spontaneously active HIV RNA+ and protein+/— reservoirs exist in people
with HIV on ART
. These are enriched in central memory, CCR6 and activation marker
expressing cells
. Proviruses integrated in these active reservoir cells are mostly defective
. Spontaneously active reservoirs correlate with HIV-specific CD4* and CD8*

T cells
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Figure 1: Spontaneous VRNA expression by HIV reservoirs in ART-suppressed PWH.
(A) VRNA probeset designs. (B) Quantification of vRNA™ cells in purified CD4* T cells

from ART-treated PWH and uninfected (UD) as controls. Cells were either unstimulated

or treated ex vivowith PMA/ionomycin for 15h. Two statistical tests are shown: Mann-
Whitney for cohort comparisons and Wilcoxon between stimulations. (C) Comparison
between four different types of viral reservoir measurements. Numbers below indicate the
median fold increase between groups. (D) The proportion of inducible and spontaneous
VRNA* reservoirs using integrated DNA as denominator. A Wilcoxon test was performed,
shown above. Median values are shown below. (E-G) Correlations between (E) spontaneous
reservoirs and total DNA, (F) spontaneous reservoirs and integrated DNA, (G) spontaneous
and inducible reservoirs, with r and p values from Spearman tests. (H) Correlations between
reservoirs metrics and indicated clinical parameters. CD4 and CD8 stand for CD4" and
CDS8™ T cell clinical counts. Values in the heat map indicate r values, with p values
underneath: * <0.05, ** <0.01, *** <0.001. The shade of colors indicates the r value. N=18.
In B and D, the histograms indicate the median, and the error bars illustrate the interquartile
range
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Figure 2: Spontaneously active reservoirs are enriched in short VRNA transcripts.
(A-B) Gating strategy to assess: (A) p24 expression in VRNA™ cells, and (B) gagRNA

and po/RNA co-expression in p24~ or p24* vVRNA® cells. (C) List of the theoretical
VRNA® populations. (D) Donut charts presenting the median proportions of each vVRNA*
subpopulation for spontaneous or PMA/ionomycin-induced reservoirs, as colored in C.
Numbers in the donut holes represent the median VRNA™ / 106 CD4*. (E) The proportion
of p24™ cells in spontaneous compared to PMA/ionomycin-induced VRNA* reservoirs. The
frequency of participants with p24* cell detection is indicated underneath. (F) Compared
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frequencies of spontaneous VRNA* and p24* cells. The median of the 7 participants

in which p24 was spontaneously detected is shown. (G) Correlation between p24*

cells in unstimulated and PMA/ionomycin-induced conditions. (H) Violin plots showing
total single-cell fluorescence intensities in 18 participants. (E,F) The bars indicate the
median. The error bars illustrate the interquartile range. Results from Wilcoxon tests are
shown above. N=18 (excepted for panel E, where n=16 because <5 vVRNA* events). (1)
Representative maximal intensity of confocal microscopy projections from Z-stacks of
VvRNA™ and VRNA* sorted cells. (J) Number of spots per cell for exorRNA (left) and
9agRNA (right) probes. The results from a Mann-Whitney test are shown above. False-
positive rates are indicated by the dashed lines.
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Figure 3: Near full-length single-cell vYDNA sequencing of spontaneously active viral reservoirs
identifies underlying proviral defects.

Purified CD4* T cells from 3 ART-treated participants were co-stained by multiplexed
HIV-1 RNAflow-FISH. vVRNA* cells were individually sorted for nested PCR amplification
and near full-length sequencing. (A) Phylogenetic trees for the three participants PWHS3,
PWHS5 and PWH9 built from the entire amplified area sequenced based on maximum
likelihood. Sequences with 100% identity are boxed in gray. (B) List of the different defects
found in the 36 proviral sequences, aligned on the HxB2 genome. The type of defect is color
coded, based on the legend presented below.
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Figure 4: Spontaneously active viral reservoirs are phenotypically diverse.
(AB) Global Uniform manifold approximation and projection (UMAP) for dimension

reduction map of all 1418 vRNA* cells. These cells were embedded among downsampled
3000 CD4* per donor to help identify stable population clusters. (A) All 8 clusters are
identified. (B) Individual CD4 (left) and VRNA* (right) UMAP are shown. Contours show
the density of VRNA* cells. (C) Heat map showing an unsupervised hierarchical clustering
of the 8 clusters, defined by MFI. (D) The donut charts present the proportion of each
cluster for the indicated population, with color matching with panel A. The total number
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of events used to generate the plot are indicated in the donut holes. (E) The histogram
presents the proportion of each cluster, with a side-by-side comparison between CD4

and VRNA™ cells. Wilcoxon tests are shown. (F) The enrichment score for each cluster

is calculated as the log of the ratios between VRNA™ / CD4 cluster proportions. (G)

Donut charts presenting the median proportions of each memory vVRNA* subpopulation for
spontaneous or PMA/ionomycin-induced reservoirs. (H-J) Enrichment scores for univariate
analysis of (H) memory, (I) polarization and (J) activation subsets. The enrichment scores
were calculated as in (F). In EF and H-J. (K) Correlations between PMA/ionomycin or
Panobinostat+ingenol inducible reservoirs and each active VRNA* cluster. Values and the
shade of color indicate r values. P values are shown underneath: * p <0.05, ** p <0.01, ***
p <0.001. In E,F,H-J, the histograms indicate the median, and the error bars illustrate the
interquartile range.
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Figure 5: Associations between spontaneously active reservoirs and HIV-specific CD4* and

CD8" T cell responses.

(A) Net magnitude of HIV-specific CD4* and CD8* T cells by AIM assay. (B) Heat

map reporting the associations between AIM* CD4* and CD8* T responses and integrated
DNA, inducible and spontaneous reservoirs. (C-E) Correlations between net AIM* CD4*
responses and (C) integrated DNA, (D) inducible reservoirs, (E) spontaneous reservoirs.
(F) Correlation between net AIM* CD8* T cell responses and spontaneous reservoirs. (G)
Net magnitude of HIV-specific CD4* and CD8* T cells defined by the ICS. (H) Heat map
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reporting the associations between cytokinet CD4* and CD8* T responses and integrated
DNA, inducible and spontaneous reservoirs. (A,B,G,H) Peptide pools used to stimulate
PMBCs are indicated. “HIV” responses were inferred by the sum of Gag, Pol, Env, and Nef
net responses. In A and G, net magnitudes after background subtraction are shown. The bars
indicate the median, and the error bars illustrate the interquartile range. The results from a
Friedman test are shown above. In B and H, R and p (Spearman) values are shown. p <0.05,
** 1 <0.01, *** p <0.001. N=16 (1 participant had <5 VRNA™ cells, therefore could not be
phenotyped).
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Figure 6: A subset of active reservoirs display strong links to HIV-specific CD4* and CD8* T cell

responses.

(A) Global Uniform manifold approximation and projection (UMAP) for dimension
reduction map of HIV-specific AIM* CD4 T cells. 15 clusters were identified and regrouped
in 6 superclusters. (B) Median proportions of each cluster, regrouped by superclusters.
(C-D) Heat map showing correlations between (C) VRNA™ cluster frequencies and net
magnitudes of AIM* CD4™, regrouped by superclusters, or (D) VRNA™ cluster frequencies
and net magnitudes of AIM* CD8" T cells. P values from Spearman test are shown,
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with significance underneath. * : p <0.05, ** p <0.01, *** p <0.001. (E-F) Correlations
between the inducible or spontaneous VRNA* reservoir and the magnitude of cells in (E)
AIM* HIV-specific CCR6* CD4* T supercluster, (F) AIM* HIV-specific CXCR3* CD4*
T supercluster. (G-H) Correlations between the inducible or spontaneous p24* reservoir
and the magnitude of cells in (G) total AIM* HIV-specific CD4*, and (H) total AIM*
HIV-specific CD8* T cells. Spearman tests were performed. R and p values are shown.
(1J) Histogram comparing median HIV-specific AIM* (1) CD4 and (J) CD8 T responses
in people where p24* cells were detectable in peripheral blood (n=5) or were not (n=11).
Mann-Whitney tests are shown above. Error bars indicate the interquartile range. N=16 (1
participant had <5 vVRNA™* cells, therefore could not be phenotyped).
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KEY RESOURCES TABLE

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

UCHT1 (BUV395) [Human anti-CD3]

BD Biosciences

Cat#563546; Lot:9058566; RRID:AB_2744387

UCHT1 (BUV496) [Human anti-CD3]

BD Biosciences

Cat#612941; Lot:1022424; RRID:AB_2870222

L200 (BV711) [Human anti-CD4]

BD Biosciences

Cat#563913; Lot:03000025; RRID:AB_2738484

SK3 (BB630) [Human anti-CD4]

BD Biosciences

Cat#624294 CUSTOM,; Lot:0289566

RPA-T8 (BV570) [Human anti-CD8]

Biolegend

Cat#301037; Lot:B281322; RRID:AB_10933259

M5E2 (BUV805) [Human anti-CD14]

BD Biosciences

Cat#612902; Lot:0262150; RRID:AB_2870189

M5E2 (BV480) [Human anti-CD14]

BD Biosciences

Cat#746304; Lot : 9133961; RRID:AB_2743629

3G8 (BV650) [Human anti-CD16]

Biolegend

Cat#302042; Lot:B323847; RRID:AB_2563801

HIB19 (APC-eFluor780) [Human anti-CD19]

Thermo Fisher Scientific

Cat#47-0199; Lot:2145095; RRID:AB_1582231

HIB19 (BV480) [Human anti-CD19]

BD Biosciences

Cat#746457; Lot:1021649; RRID:AB_2743759

HI100 (PerCP Cy5.5) [Human anti-CD45RA]

BD Biosciences

Cat#563429; Lot:8332746; RRID:AB_2738199

NCAM16.2 (BUV737) [Human anti-CD56]

BD Biosciences

Cat#564448; Lot:8288818; RRID:AB_2744432

FN50 (PerCP-eFluor710) [Human anti-CD69]

Thermo Fisher Scientific

Cat#46-0699-42; Lot:1920361; RRID:AB_2573694

FN50 (BV650) [Human anti-CD69]

Biolegend

Cat# 310934; Lot:B303462; RRID:AB_2563158

H4A3 (BV786) [Human anti-CD107A]

BD Biosciences

Cat#563869; Lot:8144866; RRID:AB_2738458

ACT35 (APC) [Human anti-CD134 (OX40)]

BD Biosciences

Cat#563473; Lot:1015537; RRID:AB_2738230

4B4-1 (PE-Dazzle 594) [Human anti-CD137 (4-1BB)]

Biolegend

Cat# 309826, Lot:B253152; RRID:AB_2566260

TRAP1 (BV421) [Human anti-CD154 (CD40L)]

BD Biosciences

Cat#563886; Lot:9037850; RRID:AB_2738466

TRAP1 (PE) [Human anti-CD154 (CD40L)]

BD Biosciences

Cat#555700; Lot:7086896; RRID:AB_396050

12504 (BV421) [Human anti-CD185 (CXCRS)]

Biolegend

Cat# 356920; Lot:B325837; RRID:AB_2562303

B27 (PECy7) [Human anti-IFN-y]

BD Biosciences

Cat#557643; Lot:8256597; RRID:AB_396760

MQ1-17H12 (PE-Dazzle594) [Human anti-I1L-2]

Biolegend

Cat#500344; Lot:B2261476; RRID:AB_2564091

JES3-9D7 (PE) [Human anti-1L-10]

BD Biosciences

Cat#554498; Lot:8198773; RRID:AB_395434

eBio64CAP17 (eFluor660) [Human anti-1L-17A]

Thermo Fisher Scientific

Cat#50-7179-42; Lot:2151998; RRID:AB_11149126

Mab11 (Alexa Fluor 488) [Human anti-TNF-a]

Biolegend

Cat#502915; Lot:B285221; RRID:AB_493121

Mab11 (APC) [Human anti-TNF-a]

BD Biosciences

Cat#562084
Lot: 0350627
RRID:AB_10893226

LIVE/DEAD Fixable dead cell

Thermo Fisher Scientific

134960

Biological samples

SARS-CoV-2 naive donor blood samples N/A

SARS-CoV-2 prior infection donor blood samples N/A

Chemicals, peptides, and recombinant proteins

PepMix™ SARS-CoV-2 (Spike Glycoprotein) JPT Cat#PM-WCPV-S-1

Staphylococcal Enterotoxin B (SEB)

Toxin technology

Cat#BT202

Software and algorithms

Flow Jo v10.8.0

Flow Jo

https://www.flowjo.com
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REAGENT or RESOURCE SOURCE IDENTIFIER
GraphPad Prism v8.4.1 GraphPad https://www.graphpad.com
R studio v4.1.0 R studio https://rstudio.com
R codes scripted Github https://github.com/otastet/Nayrac_et_al
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