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Unequal distribution of
genetically-intact HIV-1
proviruses in cells expressing the
Immune checkpoint markers PD-
1 and/or CTLA-4
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Frederick M. Hecht®, Steven G. Deeks®, Sharon R. Lewin*’®
and Sarah Palmer*?

*Centre for Virus Research, The Westmead Institute of Medical Research, The University of Sydney,
Sydney, NSW, Australia, 2Sydney Medical School, Westmead Clinical School, Faculty of Medicine and
Health, The University of Sydney, Sydney, NSW, Australia, 3Sydney School of Public Health, Faculty of
Medicine and Health, The University of Sydney, Sydney, NSW, Australia, *Department of Infectious
Diseases, The University of Melbourne at The Doherty Institute for Infection and Immunity, Melbourne,
VIC, Australia, *Department of Infectious Diseases, Aarhus University Hospital, Aarhus, Denmark,
¢Division of HIV, Infectious Diseases and Global Medicine, Department of Medicine, Zuckerberg San
Francisco General Hospital, University of California San Francisco, San Francisco, CA, United States,
’Department of Infectious Diseases, Alfred Hospital and Monash University, Melbourne, VIC, Australia,
8Victorian Infectious Diseases Service, Royal Melbourne Hospital at The Doherty Institute for Infection
and Immunity, Melbourne, VIC, Australia

Introduction: HIV-1 persists in resting CD4* T-cells despite antiretroviral therapy
(ART). Determining the cell surface markers that enrich for genetically-intact HIV-1
genomes is vital in developing targeted curative strategies. Previous studies have
found that HIV-1 proviral DNA is enriched in CD4" T-cells expressing the immune
checkpoint markers programmed cell death protein-1 (PD-1) or cytotoxic T-
lymphocyte associated protein-4 (CTLA-4). There has also been some success
in blocking these markers in an effort to reverse HIV-1 latency. However, it remains
unclear whether cells expressing PD-1and/or CTLA-4 are enriched for genetically-
intact, and potentially replication-competent, HIV-1 genomes.

Methods: We obtained peripheral blood from 16 HIV-1-infected participants, and paired
lymph node from four of these participants, during effective ART. Memory CD4* T-cells
from either site were sorted into four populations: PD-1"CTLA-4" (double negative, DN),
PD-1*CTLA-4" (PD-1%), PD-1"CTLA-4" (CTLA-4") and PD-1*CTLA-4" (double positive,
DP). We performed an exploratory study using the full-length individual proviral
sequencing (FLIPS) assay to identify genetically-intact and defective genomes from
each subset, as well as HIV-1 genomes with specific intact open reading frames (ORFs).

Results and Discussion: In peripheral blood, we observed that proviruses found
within PD-1* cells are more likely to have intact ORFs for genes such as tat, rev and
nef compared to DN, CTLA-4" and DP cells, all of which may contribute to HIV-1
persistence. Conversely, we observed that CTLA-4 expression is a marker for cells
harbouring HIV-1 provirus that is more likely to be defective, containing low levels
of these intact ORFs. In the lymph node, we found evidence that CTLA-4" cells
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contain lower levels of HIV-1 provirus compared to the other cell subsets.
Importantly, however, we observed significant participant variation in the
enrichment of HIV-1 proviruses with intact genomes or specific intact ORFs
across these memory CD4" T-cell subsets, and therefore consideration of
additional cellular markers will likely be needed to consistently identify cells
harbouring latent, and potentially replication-competent, HIV-1.
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Introduction

Despite the success of antiretroviral therapy (ART) in suppressing
HIV-1 replication and disease progression in HIV-1-infected individuals,
the virus persists in resting CD4" T-cells during effective therapy (1-4).
These persistent proviruses are the major barrier to a cure for HIV-1, as
the virus will rapidly rebound from these cells upon the interruption of
therapy (5-7). Identification of cellular markers for CD4" T-cells that
contain persistent genetically-intact HIV-1 during therapy is necessary
for the development of potential curative strategies. Many studies have
identified specific CD4" T-cell subsets, such as effector memory (EM), T
helper 1 (Th1) or T follicular helper (Tth) cells (8-11), or specific cellular
markers, such as HLA-DR (12), as enriched for total HIV-1 DNA,
genetically-intact HIV-1, or inducible replication-competent HIV-1
during ART. However, it is likely that there is considerable overlap
between these cell types, making the identification of cellular markers or
features involved in HIV-1 persistence difficult.

Immune checkpoint blockade (ICB) targeting the cell surface
markers programmed cell death protein-1 (PD-1) and/or cytotoxic T
lymphocyte-associated protein-4 (CTLA-4) has been identified as an
effective strategy in the treatment of malignant cancers (13). Several
studies have demonstrated effectiveness of anti-PD-1 or anti-CTLA-4
treatment in reactivating latent HIV-1 in vitro or ex vivo (14, 15). A
range of single case reports and small case series of HIV-1-infected
individuals on ART with malignant cancers receiving either anti-PD-1
or anti-CTLA-4 or both in vivo reported reactivation of the latent HIV-1
reservoir, though there have been some mixed results (16-21). Recently,
virological sub-studies of two prospective clinical trials of HIV-1-
infected individuals on ART of more than 30 participants clearly
demonstrated that latency reversal occurs in vivo following a single
dose of anti-PD-1 (pembrolizumab) (22) and following a combination of
anti-PD-1 (nivolumab) and anti-CTLA-4 (ipilimumab), with enhanced
responses after multiple doses of antibody (23). Studies of SIV-infected
macaques have similarly shown some ability of these treatments to
reactivate latent SIV within ART-treated macaques, with combination
blockade inducing enhanced effects, indicating a potential role of PD-1
and CTLA-4 in SIV and HIV-1 persistence (24).

Previous studies have indicated that persistent HIV-1 may be
enriched in CD4" T-cells expressing PD-1 or CTLA-4 in both the
peripheral blood and in lymphoid organs. For example, PD-1 has
been shown to be a marker for the enrichment of total HIV-1 DNA in
both treated and untreated individuals (15, 25). Moreover, peripheral
blood CM and TM cells that express PD-1 were found to be
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significantly enriched in HIV-1 DNA compared to CM and TM
cells that do not express PD-1 (25). The co-expression of PD-1 with
other immune checkpoint markers, TIGIT and LAG-3, on peripheral
blood CD4" T-cells was shown to significantly enrich for integrated
HIV-1 DNA compared to expression of single markers (26).
Translation-competent HIV-1 has also been shown to be enriched
in peripheral blood PD-1" cells (27), and infected cells containing
transcription and translation-competent provirus were enriched in
cells co-expressing PD-1, CTLA-4 and TIGIT in untreated viremic
participants (28). Peripheral blood CD4" T-cells expressing high
levels of CTLA-4 during untreated HIV-1 infection were shown to
be enriched for HIV-1 DNA compared to those expressing lower
levels of CTLA-4 (29). In the lymph node, Tth cells, which express
PD-1 and CXCR5, have been shown to be an important reservoir for
replication-competent HIV-1 in both viremic and ART-suppressed
HIV-1-infected individuals (8, 9). In addition, a study of SIV-infected
macaques indicated enrichment of SIV DNA in CTLA-4" PD-1°
CD4" T-cells in the lymph node (30). In a recent study from our team,
we demonstrated a modest enrichment of HIV-1 DNA in cells
expressing both PD-1 and CTLA-4 compared to double negative
cells in the peripheral blood, but that the provirus within these cells
was more difficult to activate in these double positive cells compared
to double negative cells (31).

However, no study to date has specifically investigated the
distribution of genetically-intact and defective proviruses in cells
that express immune checkpoint markers in both the peripheral
blood and tissue. The current study therefore extends the findings
of Rasmussen et al. (2022) (31) to investigate the composition of HIV-
1 proviruses within a subset of these participants. Using the full-
length individual proviral sequencing (FLIPS) assay, we perform an
exploratory study to investigate the distribution of genetically-intact
and defective HIV-1 proviruses in memory CD4" T-cells expressing
PD-1 and/or CTLA-4 from peripheral blood and paired lymph node
samples from a subset of these participants, with the aim of
identifying areas for further investigation.

Materials and methods
Study participants and design

Participants were recruited from a prospective observational
study of HIV-1-infected individuals on ART who had blood and
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lymph node collected, and findings from this study were recently
reported (31). In brief, a total of 16 participants treated with
suppressive ART for at least 3 years were included in the current
sub-study, 11 of which were enrolled at The Alfred Hospital,
Melbourne, Australia, and 5 of which were enrolled at the
University of California San Francisco (UCSF), California, USA.
Leukapheresis samples were obtained from all 16 participants.
Additionally, excisional lymph node biopsies were available for 4
participants. Fifteen of the participants were infected with HIV-1
subtype B, while one participant was infected with HIV-1 subtype
CRF01_AE. These participants were chosen from the original cohort
(n=21) (31) on the basis that they had sufficient cells available in
storage to allow for sequencing of the provirus and the predicted size
of the overall proviral reservoir. Clinical details of the participants in
this study and the parent study are provided in Supplementary
Table 1, with the participant samples included in this study bolded.

Ethics approval for the study was obtained from the institutional
review board at the Western Sydney Local Health District, which
includes the Westmead Institute for Medical Research, the Human
Research Ethics Committees at The Alfred and Avenue Hospitals in
Melbourne, the University of Melbourne Ethics Committee, and the
Institutional Review Board at UCSF. All participants provided written
informed consent.

Sample processing and cell sorting

Leukapheresis and lymph node biopsy samples were processed,
and cell sorting was performed as described in Rasmussen et al.
(2022) (31). Briefly, for peripheral blood mononuclear cells (PBMCs)
obtained by leukapheresis, memory CD4" T-cells were first isolated
by negative selection using the MojoSort Human CD4 memory T cell
isolation kit (BioLegend, San Diego, CA, USA, Cat no 480064),
followed by sorting. Lymph node mononuclear cells (LNMCs) were
isolated from the lymph node biopsies, followed by sorting. The four
peripheral blood and lymph node cell subsets obtained for the study
following sorting were: double negative (CD3"CD4"CD45RAPD-1"
CTLA-47; DN), PD-1"CTLA-4" (CD3"CD4"CD45RA PD-1"CTLA-
47 PD-17%), PD-1"CTLA-4" (CD3"CD4"CD45RAPD-1"CTLA-4%;
CTLA-4"), and double positive (CD3"CD4"CD45RA PD-1"CTLA-
47; DP). Representative plots for the sorting strategy can be found in
Supplementary Figure 1, and in Rasmussen et al. (2022) (31). As
shown in Rasmussen et al. (2022), to avoid collecting cells that overlap
between the four cell populations, small gaps between the individual
gates for each cell population were introduced during cell sorting (31).
The purity of the sorted populations was also assessed on a subset of
samples. The median purity was 90.1% (IQR 76.95-97.3%) (31).

DNA extraction and full-length individual
proviral sequencing

As described in Rasmussen et al. (2022) (31), sorted cells were
lysed using Buffer RLT (RNeasy Lysis Buffer; Qiagen) and stored at
-80°C prior to extraction. Cell-associated DNA was extracted from
the lysates using the Qiagen All-prep kit (Qiagen, Hilden, Germany).

Near-full-length proviral DNA amplicons were obtained from the
extracted DNA for each cell subset using the full-length individual

Frontiers in Immunology

10.3389/fimmu.2023.1064346

proviral sequencing (FLIPS) assay, as described in Hiener et al. (2017)
(10, 32). Briefly, the extracted DNA was diluted to limiting dilution,
followed by two rounds of a nested PCR targeting the 5" and 3’ LTRs
to amplify near-full-length proviral genomes. Extracted DNA from
the 15 participants infected with HIV-1 subtype B was amplified using
the subtype B-specific primers described in Hiener et al. (2017) (10).
Extracted DNA from the single participant infected with HIV-1
subtype CRFO1_AE was amplified as described in Wang et al.
(2022) (33). Reagent concentrations and cycling conditions were
unchanged for these primers. Amplicons are then prepared for next
generation sequencing on the lllumina MiSeq platform (10).

Following sequencing, HIV-1 contigs were assembled using one
of two assembly methods. The first method used a previously-
designed custom workflow in CLC Genomics (Qiagen) (10). The
second method is a custom pipeline for contig de novo assembly (34,
35), and can be found at https://github.com/jsede/virus_assembly.
Briefly, the generated reads are QC trimmed using BBDuk v 37.98
(https://sourceforge.net/projects/bbmap/). MEGAHIT v1.1.3 (36)
was then used to de novo assemble draft genomes, followed by
mapping the reads onto the draft genome for confirmation using
BBMap v37.98. This confirmation is visualised using Geneious Prime
v.2020.0.3. The final majority consensus genome is then extracted,
and this is used for further analysis.

Sequence analysis

Generated proviral genomes were classified as genetically-intact
or defective (10, 37). Briefly, genomes were first scanned for regions
containing inversions, followed by large internal deletions of size
>100bp. The remaining genomes of size >8800bp were scanned for
frameshift mutations, premature stop codons or incorrect start
codons within HIV-1 open reading frames (ORFs) using the Los
Alamos database tool GeneCutter (https://www.hiv.lanl.gov/content/
sequence/ GENE_CUTTER/cutter.html) and the National Cancer
Institute (NCI) Proviral Sequence Database (PSD) Proviral
Sequence Annotation & Intactness Test (https://psd.cancer.gov/
tools/tool_index.php) (38). Hypermutated sequences were identified
using the Los Alamos tool Hypermut (https://www.hiv.lanl.gov/
content/sequence/ HYPERMUT/hypermut.html) (39). Any
remaining genomes were scanned for defects in the packaging
signal or major splice donor (MSD) site (position 744-745) (10, 40).
Genomes with a mutated MSD were still classified as genetically-
intact if they contained a cryptic splice donor site at HXB2 position
748-749 (10, 37, 41). The remaining genomes were classified as
genetically-intact.

Genomes with genetically-intact p24, tat, rev, rev response
element (RRE) or nef ORFs were classified using GeneCutter and
the NCI PSD Proviral Sequence Annotation & Intactness Test
(https://psd.cancer.gov/tools/tool_index.php) (38). Groups of two or
more sequences within the same cell subset that were identified as
100% identical to one another were classified as an expansion of
identical sequences (EIS). Genetically-identical sequences were
identified using the Los Alamos database tool ElimDupes (https://
www.hiv.lanl.gov/content/sequence/elimdupesv2/elimdupes.html).
Tropism of proviral genomes were identified using the tool Web
PSSM (https://indra.mullins.microbiol.washington.edu/webpssm/).
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Statistics

Comparisons of infection frequency or the proportion of
proviruses with a particular characteristic between cellular
subsets were made using logistic regression (Supplementary
Table 2). The correlated nature of this dataset (repeated
observations/cells for each participant) was accounted for by
using a mixed logistic regression with a random effect for the
intercept and grouped by participant. When convergence or
boundary issues arose with this analysis, the random effect for
intercept, grouped by participant, was replaced with a fixed effect
for participant. This is indicated in Table 1 and Supplementary

.

Table 2 by p-values with a “*”. Effect modification was additionally
investigated by testing the inclusion of an interaction term between
participant and cellular subset in the fixed effect only (no random
effect) model and is shown in the final column of Table 1 and
Supplementary Table 2. To further reduce issues associated with
model convergence and complex effect modification between
participants and cellular subsets, comparisons were made in a
pairwise fashion rather than a single regression with all
subsets included.

Supplementary Table 2 shows all comparison results across the
four subsets (six pairwise comparisons) within two anatomic
locations (peripheral blood and lymph node) for several different
but not independent outcomes (overall infection frequency, intact
infection frequency, proportion intact p24, etc). This results in 312
statistical comparisons. Importantly, these 312 comparisons are not
independent to one another. For example, trends in infection
frequency may match trends in intact infection frequency, or trends
in peripheral blood may match trends in lymph nodes. Therefore, the
ideal adjustment for multiple comparisons is unclear. As this is
exploratory work, we address this with a false discovery rate
calculation that estimates what proportion of comparisons below
some p-value cut-off threshold (a) are likely to be spurious, calculated
as

”a
rate = ——
aN

False discovery

Where n, is the number of observed p-values below the
threshold a and N is the total number of p-values calculated
(312 in Supplementary Table 2). Two columns of p-values (no
effect modification, and participant effect modification) are
treated as a single comparison, and if either of these p-values
are below the threshold it will contribute to n,.This false
discovery rate will be artificially high due to the non-
independence of comparisons, and so represents an upper
bound (worst-case scenario) of spurious results. Due to this
lack of independence of comparisons we also encourage readers
to interpret p-values as a scale of the level of statistical evidence -
with smaller p-values indicating stronger evidence and a lower
possibility of spurious findings - as opposed to a categorical
significant/non-significant based on a significance threshold
(e.g. p=0.05). This is in alignment with modern practice of
interpretation of statistical results (42).

Logistic regressions were conducted in R (43). Mixed logistic
regressions were conducted using R library glmer (44). Spearman’s
correlation tests were conducted using Prism software (GraphPad).
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Data availability

All sequences included in this manuscript have been deposited in
GenBank (accession numbers OP700895-OP701628).

Results

We used FLIPS (10) to sequence and genetically-characterise
near-full-length HIV-1 proviral genomes from four subsets of
resting CD4" T-cells from the peripheral blood and from the lymph
node, sorted based on their expression of PD-1 and/or CTLA-4:
double negative (DN), PD-1"CTLA-4" (PD-1%), PD-1"CTLA-4"
(CTLA-4") and double positive (DP) (Table 2). We compared
different properties of the HIV-1 proviruses found within each of
these cell subsets, the full results of which are presented in
Supplementary Table 2. Below we describe in further detail the
results of a number of these comparisons that are most relevant to
the persistence of HIV-1 proviruses, and more specifically genetically-
intact proviruses, within memory CD4" T-cell subsets that express
PD-1 and/or CTLA-4 (Table 1). For these comparisons, we tested
whether there was a significant difference in a particular property of
HIV-1 proviruses between two cellular subsets from the enrolled
participants (difference between subsets). In addition, we determined
whether the magnitude or direction of these differences in properties
of the HIV-1 provirus were affected by participant-specific variation
(participant effect modification). Importantly, we stress that this is an
exploratory study, with a level of possible false discovery (see
Methods), where we have identified targets of further investigation
in order to confirm the enrichment of HIV-1 proviruses within CD4"
T cells expressing PD-1 and/or CTLA-4.

Genetically-intact HIV-1 proviruses are less
frequent in CD4" T-cells expressing CTLA-4

It is well-known that the majority of HIV-1 proviruses found
within CD4" T-cells of HIV-1-infected individuals are genetically-
defective, and therefore unlikely to be replication-competent (40, 45).
We therefore first investigated the distribution of genetically-intact
proviruses within peripheral blood cells sorted based on PD-1 and
CTLA-4 expression. Consistent with this known abundance of
genetically-defective proviral genomes in the cells of ART-
suppressed individuals, we observed a low number of genetically-
intact genomes across the individual participants, ranging from 0-8
genetically-intact genomes per participant cell subset (Table 2). We
used the number of available cells per subset per participant, the total
number of HIV-1 proviral genomes and the number of genetically-
intact proviral genomes amplified from those cells (Table 2) to
calculate the infection frequency per 10° cells of genetically-intact
HIV-1 proviruses. Overall, we observed that DN and PD-1" cells had
a higher estimated infection frequency of genetically-intact genomes
compared to CTLA-4" and DP cells (Figure 1). We found weak
evidence for PD-1" cells having a higher intact infection frequency
compared to CTLA-4" cells within this data (p=0.04; Figure 1). We
also found evidence for DN cells having a higher intact infection
frequency compared to CTLA-4" cells (p=0.01) and DP cells (p=0.03)
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TABLE 1 Calculated p-values indicating differences in specific properties of HIV-1 proviruses between subsets or participant effect modification.

Comparison Measurement Anatomic  Subsets Difference between subsets Direction Participant effect
location compared in this data (p-value) modification (p-value)
Cells HIV-1" positive Infection PB DN vs PD-1* | <0.00001 PD-1">DN  <0.00001
frequency per 10°
cells DN vs 0.85 <0.00001
CTLA-4"
DN vs DP 0.78 <0.00001
PD-1" vs <0.00001 PD- <0.00001
CTLA-4" 1">CTLA-
4
PD-1" vs DP 0.0001 PD-1*>DP <0.00001
CTLA-4" vs 0.86 <0.00001
DP
LN DN vs PD-1* 0.61 0.2
DN vs 0.006 DN>CTLA- | 0.05
CTLA-4" 4"
DN vs DP 0.19 <0.00001
PD-1" vs 0.001 PD- 0.03
CTLA-4" 1">CTLA-
4+
PD-1" vs DP 0.16* <0.00001
CTLA-4" vs 0.0002 DP>CTLA- 0.6
DP 4"
Genetically-Intact Infection PB DN vs PD-1" | 0.72 0.009
frequency per 10°
cells DN vs 0.01 DN>CTLA- 034
CTLA-4" 4"
DN vs DP 0.03 DN>DP 0.3
PD-1" vs 0.04 PD- 0.19
CTLA-4" 1">CTLA-
4+
PD-1" vs DP 0.2 0.21
CTLA-4" vs 0.92* 0.98
DP
LN DN vs PD-1* 0.06* 1
DN vs 1* 1
CTLA-4"
DN vs DP 0.59* 1
PD-1" vs 0.12* 1
CTLA-4"
PD-1" vs DP 0.13* 0.69
CTLA-4" vs 0.41* 1
DP
Intact p24 ORF Infection PB DN vs PD-1* <0.00001 PD-1*>DN <0.00001
frequency per 10°
cells DN vs 029 0.06
CTLA-4"
DN vs DP 0.33 0.0003
PD-1" vs <0.00001 PD- <0.00001
CTLA-4" 1">CTLA-
4+
PD-1" vs DP <0.00001 PD-1*>DP 0.0005
(Continued)
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TABLE 1 Continued

10.3389/fimmu.2023.1064346

Comparison Measurement Anatomic  Subsets Difference between subsets Direction Participant effect
location compared in this data (p-value) modification (p-value)
CTLA-4" vs 0.88* 0.05
DP
LN DNvs PD-1"  0.58 0.24
DN vs 0.28 0.14
CTLA-4*
DN vs DP 0.53* 0.001
PD-1% vs 0.09 0.28
CTLA-4"
PD-1"vs DP | 0.39* 0.02
CTLA-4" vs 0.19 0.62
DP
Intact p24 ORF Proportion PB DN vs PD-1* 0.11 0.01
proviruses
DN vs 0.1 0.07
CTLA-4"
DN vs DP 0.26 0.21
PD-1" vs 0.0001 PD- 0.002
CTLA-4* 1*>CTLA-
4+
PD-1"vs DP  0.003 PD-1">DP 02
CTLA-4" vs 0.65 0.69
DP
Intact nef ORF Infection PB DN vs PD-1* <0.00001 PD-1">DN <0.00001
frequency per 10°
cells DN vs 0.002 DN>CTLA-  0.02
CTLA-4* 4"
DN vs DP 0.07 0.12
PD-1" vs <0.00001 PD- 0.0001
CTLA-4* 1">CTLA-
4+
PD-1"vs DP  <0.00001 PD-1">DP  0.01
CTLA-4" vs 0.25 0.16
DP
LN DNvs PD-1" 023 0.18
DN vs 0.85 0.8
CTLA-4*
DN vs DP 0.35* 0.64
PD-1" vs 0.13* 0.04
CTLA-4*
PD-1*vs DP  0.006 PD-1">DP 074
CTLA-4" vs 0.98* 0.52
DP
Intact nef ORF Proportion PB DN vs PD-1" | 0.002 PD-1">DN  0.007
proviruses
DN vs 0.0006 DN>CTLA-  0.006
CTLA-4* 4"
DN vs DP 0.31 0.17
PD-1" vs <0.00001 PD- 0.004
CTLA-4* 1*>CTLA-
4+
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TABLE 1 Continued
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Comparison Measurement  Anatomic  Subsets Difference between subsets Direction Participant effect
location compared  in this data (p-value) modification (p-value)
PD-1" vs DP 0.0001 PD-1*>DP 0.43
CTLA-4" vs 0.03 DP>CTLA- 0.14
DP 4*
Intact tat/rev/RRE provirus Infection PB DN vs PD-1"  <0.00001 PD-1">DN | 0.0001
frequency per 10°
cells DN vs 0.008* DN>CTLA- | 0.07
CTLA-4" 4*
DN vs DP 0.24* 0.09
PD-1" vs <0.00001 PD- 0.0005
CTLA-4" 1">CTLA-
4+
PD-1" vs DP <0.00001 PD-1*">DP 0.11
CTLA-4" vs 0.22 0.4
DP
LN DN vs PD-1* 0.08* 0.08
DN vs 0.95 1
CTLA-4"
DN vs DP 0.81* 0.83
PD-1" vs 0.18* 0.05
CTLA-4*
PD-1" vs DP 0.01 PD-1">DP 0.7
CTLA-4" vs 0.98* 0.52
DP
Intact tat/rev/RRE provirus Proportion PB DN vs PD-1" | 0.0001 PD-1">DN | 0.02
proviruses
DN vs 0.006 DN>CTLA- | 0.03
CTLA-4* 4%
DN vs DP 0.46 0.26
PD-1" vs <0.00001 PD- 0.04
CTLA-4" 1">CTLA-
4+
PD-1" vs DP <0.00001 PD-1*>DP 0.69
CTLA-4" vs 0.03 DP>CTLA- | 0.48
DP 4"
Sequences part of an EIS Proportion PB DN vs PD-1* 0.001 PD-1">DN <0.00001
proviruses
DN vs 0.24 0.0001
CTLA-4"
DN vs DP 0.84 0.03
PD-1" vs 0.02 PD- <0.00001
CTLA-4" 1">CTLA-
4+
PD-1" vs DP 0.049 PD-1">DP 0.01
CTLA-4" vs 0.23 0.008
DP
Proviruses with an inversion | Proportion PB DN vs PD-1* 0.2* 0.55
DN vs 0.83 0.89
CTLA-4"
DN vs DP 0.09 0.3
(Continued)
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TABLE 1 Continued

10.3389/fimmu.2023.1064346

Comparison Measurement Anatomic  Subsets Difference between subsets Direction Participant effect
location compared in this data (p-value) modification (p-value)
PD-1* vs 0.46 0.95
CTLA-4"
PD-1" vs DP 0.32 0.61
CTLA-4" vs 0.1 0.78
Dp
Proviruses with a deletion Proportion PB DN vs PD-1" | 0.03 DN>PD-1*  0.0002
DN vs 0.23 0.36
CTLA-4"
DN vs DP 0.91 0.02
PD-1" vs 0.0001 CTLA- <0.00001
CTLA-4* 4*>PD-1*
PD-1" vs DP 0.04 DP>PD-1* 0.008
CTLA-4" vs 0.33 0.19
DP
Hypermutated proviruses Proportion PB DN vs PD-1"  0.45* 0.39
DN vs 0.44 0.72
CTLA-4"
DN vs DP 0.91 0.14
PD-1" vs 0.14* 0.23
CTLA-4"
PD-1" vs DP 0.37 0.046
CTLA-4" vs 0.33 0.33
DP
Proviruses with a premature Proportion PB DN vs PD-1* 0.6 0.97
stop codon in an ORF
DN vs 1* 1
CTLA-4"
DN vs DP 1* 1
PD-1" vs 0.04* PD- 1
CTLA-4" 1">CTLA-
4
PD-1" vs DP 0.06* 1
CTLA-4" vs 1* 1
DP
Proviruses with a frameshift Proportion PB DN vs PD-1" | 0.11 0.98
mutation in an ORF
DN vs 0.16* 1
CTLA-4*
DN vs DP 0.16* 1
PD-1" vs 0.0001* 1
CTLA-4"
PD-1" vs DP 0.32% 1
CTLA-4" vs 1% 1
DP
Proviruses with a cis-acting Proportion PB DN vs PD-1" | <0.00001 PD-1'>DN 0.2
defect
DN vs 0.08 0.99
CTLA-4"
DN vs DP 0.98 0.97
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TABLE 1 Continued

Subsets
compared

Anatomic
location

Measurement

Comparison

Difference between subsets
in this data (p-value)

10.3389/fimmu.2023.1064346

Direction  Participant effect

modification (p-value)

PD-1" vs

CTLA-4*

PD-1" vs DP

CTLA-4" vs
DP

<0.00001 PD- 1
1">CTLA-
4

<0.00001 PD-1*">DP 0.99

0.14 1

* Random effect for intercept, grouped by participant, has been replaced by a fixed effect for participant due to convergence or boundary issues in the mixed effects logistic regression analysis.

within this data (Figure 1). This indicates that the expression of
CTLA-4 on resting CD4" T-cells may be a marker for a lower
infection frequency of genetically-intact proviruses. We did find
evidence for a difference in the infection frequency of genetically-
intact proviruses between DN and PD-1" cells, but these differences
were highly variable across different participants (participant effect
modification p=0.009; Table 1). This may indicate a participant-
specific role for PD-1 expression in enrichment for genetically-intact
proviruses. We did not observe evidence for any participant-
dependent differences between DP cells and PD-17 cells or DP cells
and CTLA-4" cells (Supplementary Table 2).

Proviruses that can express p24 protein are
enriched in PD-1" cells

As a surrogate for investigating replication-competency, Pardons
et al. (2019) found that latently-infected cells from ART-suppressed
HIV-1-infected individuals that are able to express HIV-1 p24 protein
in response to stimulation were enriched in PD-1" cells (27).
However, recent studies have shown that genetically-defective
proviruses are able to express the p24 protein, as well as other
HIV-1 proteins (34, 46-50). We therefore investigated whether
proviruses with particular genetic characteristics are enriched in
CD4" T-cells expressing PD-1 and/or CTLA-4 in order to
determine whether PD-17 cells are enriched for proviruses that
have the capability to express specific HIV-1 proteins.

We first compared the proportion of cells containing certain types
of genetic defects between the DN, PD-1%, CTLA-4" and DP cell
subsets. Note that the classification of proviruses as defective follows a
process of elimination, with sequences classified as containing
inversions, followed by large internal deletions, hypermutation,
premature stop codons, frameshift mutations or defects in the cis-
acting region (10, 37). This means that the classification of these
defects is not mutually-exclusive. No significant differences were
observed between the four cell subsets for inversions or
hypermutation (Table 1). When comparing the proportion of
proviruses with large internal deletions between the four peripheral
blood cell subsets, we observed evidence that any differences between
subsets, particularly between PD-1" cells and each of the other cell
subsets, were largely dependent on participant-specific variation
(Table 1). Overall, however, for this data we observed that CTLA-
47 cells had the highest estimated proportion of proviruses with large
internal deletions, followed by DP cells, DN cells and PD-1" cells. We
found strong evidence that the proportion of sequences carrying a
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large internal deletion was higher in CTLA-4" cells than PD-1" cells
within this data (p=0.0001; Figure 2A) and evidence that PD-1" cells
had a lower proportion of proviruses with large internal deletions
compared to DN cells (p=0.03) and DP cells (p=0.04) within this data
(Figure 2A). However, we did find evidence that each of these
differences varied across participants (participant effect
modification; CTLA-4" vs PD-1" cells: p<0.00001, DN vs PD-1*
cells: p=0.0002, DP vs PD-1" cells: p=0.008; Table 1). This observation
that CTLA-4" cells had the highest proportion of proviruses with a
large internal deletion is consistent with the low infection frequency
of genetically-intact proviruses observed in CTLA-4" cells.
Altogether, this indicates that PD-1" cells are more likely to
harbour genomes that are full-length, and therefore more likely to
express HIV-1 proteins such as p24, compared to PD-1" and CTLA-
4" cells.

Proviruses with defects in the cis-acting region encompass those
with deletions in any of the four stem loops that form part of the
packaging signal within the 5-LTR of the HIV-1 provirus, or those
with point mutations in the major splice donor (MSD) site (10, 40). In
this study, these genomes are genetically-intact in all regions of the
HIV-1 genome except for the cis-acting region. Interestingly, the
overall estimated proportion of proviral sequences with cis-acting
defects was found to be highest in PD-1" cells compared to DN, DP
and CTLA-4" cells within this data (p<0.00001 for all; Figure 2B).
However, this appeared to be driven by a single participant (PRA005).
When this participant was removed, the DN to PD-1" comparison
was no longer significant, but the difference between PD-1% and
CTLA-4", and PD-1" and DP remained significant (p=0.0002 and
p=0.026, respectively). PRA005 was also the only participant for
which these types of sequences were identified in the CTLA-4" cell
subset (Figure 2B). We did not find evidence for differences in the
overall proportion of proviruses with cis-acting defects between DN,
CTLA-4" and DP cells within this data (p>0.05 for all; Table 1).
Altogether, these results suggest that proviruses with defects in the cis-
acting region accumulate in PD-1" cells compared to cells expressing
CTLA-4. As all regions of the HIV-1 genome are intact except for the
cis-acting region in these proviruses, this also indicates that PD-1"
cells containing these HIV-1 genomes also have a greater potential to
express HIV-1 proteins compared to cell subsets that express
CTLA-4.

Lastly, we investigated whether there is an enrichment for
proviruses with an intact p24 ORF in cells expressing PD-1,
assuming that defective proviruses with an intact p24 ORF are able
to express p24 protein (34, 46, 47, 50). We therefore quantified the
infection frequency of intact p24 per 10° cells within the four CD4" T-
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TABLE 2 Numbers and characteristics of proviruses amplified per cell subset and participant.

Anatomic Cell subset = Cells analysed = Defective Intact p24 | Intact nef Intact tat/rev/RRE = Genetically-Intact
location
2208 Peripheral blood =~ DN 395,062 13 2 2 1 1
PD-1* 395,062 12 4 4 4 1
CTLA-4* 285,847 3 1 1 0 0
DP 474,074 7 2 3 1 0
2651 Peripheral blood = DN 395,062 5 3 3 3 1
PD-1* 369,506 22 18 24 17 8
3162 Peripheral blood =~ DN 422,654 20 12 5 2 0
PD-1* 260,062 43 18 3 2 0
CTLA-4% 28,834 1 0 0 0 0
DP 67,165 1 0 0 0 0
3147 Peripheral blood | DN 395,062 6 2 2 1 1
PD-1* 395,062 43 21 29 24 0
CTLA-4" 464,869 20 0 0 0 0
DP 137,101 1 0 0 0 0
5003 Peripheral blood = DN 379,475 3 3 3 2 2
PD-1* 426,816 10 10 9 8 6
CTLA-4* 395,062 3 0 0 0 0
DP 149,383 1 1 0 0 0
PRAOO1  Peripheral blood =~ DN 517,265 26 15 11 10 5
PD-1* 500,579 30 14 11 9 2
CTLA-4* 191,400 5 4 0 0 0
DP 121,037 4 2 0 0 0
PRA002  Peripheral blood =~ DN 927,034 7 4 3 2 2
PD-1" 1,010,000 1 0 0 0 0
CTLA-4" 884,896 1 0 0 0 0
DP 1,010,000 3 0 1 0 0
PRA003  Peripheral blood | DN 1,464,815 10 8 7 7 4
PD-1* 1,481,481 6 1 5 5 0
CTLA-4* 1,121,914 5 2 3 3 1
DP 1,414,815 4 2 2 1 1
Lymph node DN 500,000 14 6 1 0 0
PD-1* 474,684 12 5 4 4 2
CTLA-4* 154,034 0 0 0 0 0
DP 640,000 1 0 0 0 0
PRA004 | Peripheral blood = DN 518,519 20 5 3 1 1
PD-1* 553,086 18 12 4 5 0
CTLA-4" 336,661 7 2 0 0 0
DP 622,222 27 8 2 1 0
PRA005 | Peripheral blood = DN 518,519 22 13 9 8 2

(Continued)
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TABLE 2 Continued

Anatomic Cell subset = Cells analysed = Defective Intact p24 | Intact nef Intact tat/rev/RRE = Genetically-Intact
location
PD-1* 518,519 43 38 38 38 2
CTLA-4* 622,222 19 10 4 4 0
DP 563,457 22 10 11 10 0
PRA006 | Peripheral blood = DN 1,455,334 10 7 3 3 0
PD-1* 1,443,716 14 7 7 7 2
CTLA-4" 618,519 15 3 0 0 0
DP 1,467,130 23 9 7 6 2
Lymph node DN 200,000 0 0 0 0 0
PD-1* 754,442 8 2 1 1 0
DP 249,750 4 2 0 0 0
PRA007 | Peripheral blood = DN 679,012 25 9 7 4 1
PD-1* 679,012 7 1 3 2 0
CTLA-4" 509,259 24 10 5 4 2
DP 679,012 6 2 3 3 1
Lymph node DN 123,697 0 0 0 0 0
PD-17 783,784 12 6 6 5 2
CTLA-4" 314,545 0 0 0 0 0
DP 779,918 9 5 1 1 1
PRA008 | Peripheral blood | DN 679,012 13 10 7 6 1
PD-1* 679,012 18 10 5 5 0
CTLA-4* 509,259 23 15 2 1 0
DP 679,012 21 11 6 5 2
PRA009 | Peripheral blood = DN 567,284 13 2 1 0 0
PD-1* 419,753 34 11 3 2 2
CTLA-4" 398,148 14 3 2 1 1
DP 364,198 34 11 0 1 0
Lymph node DN 90,000 2 0 1 1 0
PD-1* 195,000 3 3 0 0 0
CTLA-4" 90,000 2 1 1 1 0
DP 33,028 3 1 0 0 0
PRA010 | Peripheral blood | DN 659,259 6 2 1 1 0
PD-1* 659,259 11 4 2 1 0
CTLA-4" 675,926 10 1 2 2 0
DP 663,426 4 0 0 0 0
PRAO11 | Peripheral blood = DN 643,981 19 5 0 0 0
PD-1* 647,901 26 14 7 6 0
CTLA-4* 663,580 18 6 4 3 1
DP 667,438 16 8 2 2 1
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FIGURE 1
Genetically-intact HIV-1 proviruses in peripheral blood memory CD4*
T-cells expressing PD-1 and/or CTLA-4. The infection frequency per
10° cells of genetically-intact HIV-1 proviruses in DN, PD-1*, CTLA-4*
and DP cells. Data is the estimated infection frequency per 10° cells
for each subset. p-values represent evidence for an overall trend of a
difference between subsets within these participants (mixed effects
logistic regression), * p < 0.05.

cell subsets. We found that the infection frequency of proviruses with
an intact p24 ORF was highly variable between participants, with
strong evidence that the observed differences in infection frequency
between each of the cell subsets was highly dependent on participant-
specific variation (Table 1). Consistent with previous work (27),
however, we found that PD-1" cells had the highest overall
estimated infection frequency per 10° cells of intact p24 gene,
followed by DN cells, DP cells and CTLA-4" cells (Figure 2C). In
general, we found strong evidence for PD-1" cells having a higher
intact p24 infection frequency compared to DN cells, CTLA-4" cells
and DP cells within this data (all p<0.00001; Figure 2C). However, we
also found strong evidence that these differences varied across
participants (participant effect modification; p<0.00001 for PD-1*
vs DN and PD-1+ vs CTLA-4", p=0.0005 for PD-1* vs DP; Table 1).
Moreover, we found evidence for a difference in the intact p24
infection frequency between DN and DP cells (participant effect
modification p=0.0003), CTLA-4" cells and DP cells (participant
effect modification p=0.05) and DN and CTLA-4" cells (participant
effect modification p=0.06), though these differences were variable
across different participants (Table 1). Overall, this suggests that PD-
17 cells have high levels of proviruses with intact p24, but participant-
specific differences play an important role in the accumulation of
these proviruses in memory CD4" T-cells.

To investigate whether differences in the infection frequency of
proviruses with an intact p24 ORF were influenced by similar factors
to those that affect enrichment of all HIV-1 proviruses, we first
calculated the infection frequency per 10° cells of all HIV-1
proviruses (intact and defective; Supplementary Figure 2). We then
investigated whether there was a correlation between total infection
frequency and infection frequency of an intact p24 gene
(Supplementary Figure 3). For DN, PD-1* and DP cells, we found a
strong positive association between the total infection frequency and
infection frequency of proviruses with intact p24 (DN: r=0.78, 95%
CI: 0.45, 0.92, p=0.0006; PD-1: r=0.96, 95% CI: 0.89, 0.99, p<0.0001;
DP: r=0.78, 95% CI: 0.43, 0.92, p=0.001; Supplementary Figure 3A, B,
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FIGURE 2

HIV-1 proviruses with an intact p24 open reading frame in peripheral
blood memory CD4" T-cells expressing PD-1 and/or CTLA-4. The
proportion of amplified proviruses that contained either a large
internal deletion (A) or a mutation in the cis-acting region (B) from
DN, PD-1*, CTLA-4" and DP cells. The HIV-1 infection frequency per
10° cells of proviruses with an intact p24 ORF in DN, PD-1*, CTLA-4"
and DP cells (C). The proportion of amplified proviruses that contained
an intact p24 ORF in DN, PD-1%, CTLA-4" and DP cells (D). Data is the
estimated infection frequency per 10° cells or proportion for each
subset. p-values represent evidence for an overall trend of a difference
between subsets within these participants (mixed effects logistic
regression), * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

D). In contrast, we observed that for CTLA-4" cells there was no
correlation between the total HIV-1 infection frequency and the
infection frequency of proviruses with an intact p24 gene (r=0.44,
95% CI: -0.11, 0.79, p=0.1; Supplementary Figure 3C). This indicates
that there is a strong association between levels of total HIV-1
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provirus and the ability of a HIV-1-infected cell to express p24,
particularly in PD-1" and CTLA-4" cells.

Finally, to determine whether proviruses with an intact p24 gene
accumulate specifically in cells expressing PD-1, we calculated the
proportion of sequences with an intact p24 gene in each subset for
each participant. Overall, we found evidence for PD-17 cells having a
higher proportion of sequences with an intact p24 gene compared to
CTLA-4" cells (p=0.0001) and DP cells (p=0.003) within this data
(Figure 2D), though, importantly, this difference varied across
participants for PD-1" vs CTLA-4" (participant effect modification
p=0.002; Table 1). This indicates that cells expressing CTLA-4
contain fewer proviruses with intact p24. We also found evidence
for a difference in the proportion of proviruses with intact p24
between DN cells and PD-1" cells, but this varied across
participants (participant effect modification p=0.01; Table 1). This
finding indicates that in addition to having a higher infection
frequency of proviruses with an intact p24 gene, PD-1" cells also
have a higher proportion of proviruses with intact p24 compared to
cells expressing CTLA-4 (both single-positive and DP), which may
explain why PD-17 cells are able to express high levels of p24 protein
upon ex vivo stimulation.

Proviruses with genetically-intact nef are
enriched in PD-1" cells and less frequent in
CTLA-4" cells

The HIV-1 protein Nef has been shown to have important
functions in immune escape by downregulating expression of
surface MHC-I, thereby allowing an HIV-1-infected cell to escape
detection by HIV-1-specific CD8" T-cells (46, 48, 51-53). We
therefore investigated whether cells expressing PD-1 and/or CTLA-
4 are enriched for proviruses containing a genetically-intact nef ORF.
When comparing the infection frequency of proviruses with an intact
nef ORF between the four cell subsets, we did find strong evidence
that observed differences between these cell subsets were highly
dependent on participant-specific variation in the magnitude and
direction of the difference (Table 1). Overall, however, we observed
that CTLA-4" cells and DP cells had the lowest estimated infection
frequency per 10° cells of intact nef compared to the other cell subsets
(Figure 3A). We found strong evidence that PD-17 cells had a higher
infection frequency per 10° cells of intact nef compared to CTLA-4"
cells, DP cells and DN cells within this data (all p<0.00001;
Figure 3A), with evidence that these differences varied across
participants (participant effect modification; PD-1" vs CTLA-4™:
p=0.0001, PD-1" vs DP: p=0.0095, and PD-1" vs DN: p<0.00001;
Table 1). Similarly, we found evidence for DN cells having a higher
infection frequency of intact nef compared to CTLA-4" cells
(p=0.002) within this data (Figure 3A), with evidence that this
varied across participants (participant effect modification p=0.02;
Table 1). Together, this indicates that cells expressing CTLA-4 have
a lower infection frequency of HIV-1 genomes containing an intact
nef compared to cell types that don’t express CTLA-4.

We next utilised the calculated infection frequency of all HIV-1
proviruses (Supplementary Figure 2) to investigate whether intact nef
infection frequency is correlated with total infection frequency for the
four cell subsets (Supplementary Figure 3). A significant positive
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FIGURE 3
HIV-1 proviruses with an intact nef open reading frame in peripheral
blood memory CD4" T-cells expressing PD-1 and/or CTLA-4. The
HIV-1 infection frequency per 10° cells of proviruses with an intact nef
ORF in DN, PD-1*, CTLA-4"* and DP cells (A). The proportion of
amplified proviruses that contained an intact nef ORF in DN, PD-1%,
CTLA-4" and DP cells (B). Data is the estimated infection frequency
per 10° cells or proportion for each subset. p-values represent
evidence for an overall trend of a difference between subsets within
these participants (mixed effects logistic regression), * p < 0.05, ** p <
0.01, *** p < 0.001, **** p < 0.0001.

correlation was found between the total infection frequency and intact
nef infection frequency for DN cells (r=0.65, 95% CL: 0.21, 0.87;
p=0.008) and PD-1" cells (r=0.87, 95% CI: 0.64, 0.95; p=<0.0001)
(Supplementary Figure 3A, B). In contrast, no significant correlation
was observed between total infection frequency and intact nef
infection frequency for CTLA-4" cells (r=0.32, 95% CI: -0.25, 0.72;
p=0.25) and DP cells (r=0.23, 95% CI: -0.33, 0.67; p=0.41)
(Supplementary Figure 3C, D).

To investigate whether proviruses with an intact nef ORF
accumulate specifically in cells that don’t express CTLA-4, we
compared the proportion of proviruses with intact nef between the
four cell subsets. Complementing what was observed for the infection
frequency of intact nef, we found strong evidence for DN cells having
an overall higher proportion of proviruses with intact nef compared to
CTLA-4" cells within this data (p=0.0006; Figure 3B), with evidence
that this varied across participants (participant effect modification
p=0.006; Table 1). We also found evidence that PD-1" cells have an
overall higher proportion of proviruses with intact nef compared to
CTLA-4" cells (p<0.00001), DP cells (p=0.0001) and DN cells
(p=0.002) within this data (Figure 3B), with evidence that this
varied across participants for PD-17 vs CTLA-4" (participant effect
modification p=0.004) and for PD-17 vs DN (participant effect
modification p=0.007) (Table 1). Interestingly, we also observed
weak evidence for DP cells having a higher proportion of
proviruses with intact nef compared to CTLA-4" cells within this
data (p=0.03; Figure 3B). We found no evidence for a difference in the
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proportion of proviruses with intact nef in DN cells compared to DP
cells (p>0.05; Table 1).

Proviruses with genetically-intact tat + rev +
RRE are enriched in PD-1" cells and less
frequent in CTLA-4" cells

The HIV-1 viral proteins Tat and Rev are essential in the
production of partially-spliced and unspliced RNA transcripts
during HIV-1 proviral expression, and the Rev response element
(RRE) is essential in ensuring that partially-spliced and unspliced
RNA transcripts are able to leave the nucleus of an infected cell
for translation (54). Previous studies of anti-PD-1 and anti-PD-1/
anti-CTLA-4 combination immune blockade in HIV-1-infected
individuals and SIV-infected non-human primates have indicated
an increase in cell-associated unspliced RNA expression in
response to this treatment (16, 19, 22-24). We therefore
investigated whether these results may be due to increased
levels of proviruses with intact tat/rev/RRE ORFs (referred to as
tat/rev/RRE") in cells expressing PD-1 and/or CTLA-4. Though
we did find significant evidence for a strong contribution of
participant-specific variation to any enrichment of proviruses
with intact tat/rev/RRE" ORFs within specific cell subsets
(Table 1), overall we observed that the estimated infection
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HIV-1 proviruses with an intact tat/rev/RRE™ open reading frame in
peripheral blood memory CD4" T-cells expressing PD-1 and/or CTLA-
4. The HIV-1 infection frequency per 10° cells of proviruses with an
intact tat/rev/RRE™ ORF in DN, PD-1*, CTLA-4" and DP cells (A). The
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frequency of proviruses with intact tat/rev/RRE was highest in
PD-17 cells, followed by DN cells, DP cells and CTLA-4" cells
(Figure 4A). We found strong evidence that PD-17 cells had the
highest infection frequency of tat/rev/RRE" proviruses compared
to DN cells, CTLA-4" cells and DP cells within this data
(p<0.00001 for all; Figure 4A), however with strong evidence
that these differences did vary across participants for PD-1" vs
DN (participant effect modification p=0.0001) and PD-1" vs
CTLA-4" (participant effect modification p=0.0005) (Table 1).
We found no evidence for a difference between DN and DP cells,
or CTLA-4" cells and DP cells within this data (p>0.05 for both;
Table 1). Altogether, this indicates that PD-1" cells are enriched
for intact tat/rev/RRE compared to cells that don’t express PD-1
or those that express CTLA-4, which may lead to increased
transcription initiation, reflected by higher levels of cell-
associated unspliced RNA.

To further investigate the role of PD-1 as a marker for tat/rev/
RRE™ proviruses, we utilised the calculated overall proviral
infection frequency within each of the cell subsets
(Supplementary Figure 2) to look for correlations between the
total infection frequency and the infection frequency of tat/rev/
RRE" proviruses in the four cell subsets (Supplementary Figure 3).
We found a significant positive correlation between the total
infection frequency and the infection frequency of tat/rev/RRE"
proviruses in PD-1" cells (r=0.78, 95% CI: 0.45, 0.92, p=0.0006;
Supplementary Figure 3B) and DP cells (r=0.56, 95% CI: 0.06, 0.84,
p=0.03; Supplementary Figure 3D). The correlation between total
infection frequency and the infection frequency of tat/rev/RRE"
proviruses in DN cells approached significance (r=0.5, 95% CI:
-0.01, 0.8, p=0.05; Supplementary Figure 3A), while no significant
correlation was observed between total infection frequency and the
infection frequency of tat/rev/RRE" proviruses in CTLA-4" cells
(r=0.25, 95% CI: -0.32, 0.68, p=0.37; Supplementary Figure 3C).
This indicates that PD-1 may be a marker for HIV-1-infected cells
with tat/rev/RRE" proviral genomes, while CTLA-4 may be a
marker for reduced frequency of tat/rev/RRE" proviruses during
suppressive ART.

To determine whether proviruses that are tat/rev/RRE"
specifically accumulate in cells expressing PD-1, we compared the
proportion of proviruses that are tat/rev/RRE" between the four cell
subsets. We again observed evidence that differences in the
proportion of tat/rev/RRE" proviruses between the four cell
subsets were participant-specific (Table 1). Overall, however, we
did find evidence that PD-1" cells had the highest proportion of
proviruses that are tat/rev/RRE* compared to DN cells (p=0.0001),
CTLA-4" cells (p<0.00001) and DP cells (p<0.00001) within this
data (Figure 4B), with evidence that these differences varied across
participants for PD-1" vs DN (participant effect modification
p=0.02) and PD-1" vs CTLA-4" (participant effect modification
p=0.04) (Table 1). We also found evidence that DN cells had a
higher proportion of proviruses that are tat/rev/RRE" compared to
CTLA-4" cells within this data (p=0.006; Figure 4B), with evidence
that this varied across participants (participant effect modification
p=0.03; Table 1). Interestingly, we also observed evidence that DP
cells have a higher proportion of proviruses with intact tat/rev/RRE
compared to CTLA-4" cells within this data (p=0.03; Figure 4B).
We found no evidence of a difference in the proportion of
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proviruses with intact tat/rev/RRE between DN and DP within this
data (p=0.46; Figure 4B). This further indicates that PD-1
expression may be a marker for proviruses with intact tat/rev/
RRE OREFs.

Peripheral blood PD-1" cells have a
high proportion of genetically-
identical sequences

The role of cellular proliferation in the maintenance of the HIV-1
reservoir during suppressive ART is well-known (10, 25, 37, 48, 55—
64). Groups of two or more sequences within a cell subset that are
100% identical to one another are defined as an expansion of identical
sequences (EIS) (37). When we investigated the proportion of
sequences within each cell subset that were part of an EIS in the
peripheral blood, we found evidence that all differences between cell
subsets were affected by participant-specific variation (Table 1).
Overall within these participants, however, we observed that PD-1"
cells have the highest estimated proportion of sequences that are part
of an EIS, followed by DP cells, DN cells and CTLA-4" cells
(Figure 5). We found evidence that PD-1" cells had a higher
proportion of sequences part of an EIS compared to CTLA-4" cells
(p=0.02) and DN cells (p=0.001) within this data (Figure 5), with
strong evidence that these differences varied across participants
(participant effect modification p<0.00001 for both; Table 1). We
also found weak evidence that PD-1" cells had a higher proportion of
sequences part of an EIS compared to DP cells (p=0.05; Figure 5)
within this data, with evidence that this difference varied across
participants (participant effect modification p=0.01; Table 1). We
found evidence for a difference in the proportion of sequences that
were part of an EIS between DN and CTLA-4" cells (participant effect
modification p=0.0001), DN and DP cells (participant effect
modification p=0.03), and CTLA-4" cells and DP cells (participant
effect modification p=0.008), though these differences were highly

2208
2651
3162
3147
5003
M PRA001
PRA002
PRA003
PRA004
PRA005
PRA006
PRA007
PRA008
= PRA009
PRA010
= PRAO11

Proportion proviruses
in EIS
-
«

7 T
CTLA4" DP

«
" " E " 2B

FIGURE 5
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sequences (EIS) in peripheral blood memory CD4" T-cells expressing
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dependent on the participant (Table 1). Altogether, this suggests that
PD-17 cells harbour a high level of identical proviral sequences, which
is likely to contribute to the persistence of higher levels of HIV-1
proviruses with certain intact ORFs.

Lymph node CTLA-4" cells have low levels
of HIV-1 provirus

In addition to the peripheral blood samples, we also had access to
lymph node biopsies for four participants. Memory CD4" T-cells
from the lymph node were sorted into the same four cell subsets (DN,
PD-1*, CTLA-4" and DP cells) as investigated in the peripheral blood,
and FLIPS was utilised to genetically-characterise the HIV-1 provirus
within these cell subsets. We note that the low number of cells
available for sequencing from these cell subsets in the lymph node
compared to what was available from the peripheral blood (Table 2)
has restricted the depth of our analyses. When we compared the total
HIV-1 infection frequency per 10° cells within the lymph node,
similar to the peripheral blood, we observed that many differences
in infection frequencies between the four cell subsets were affected by
substantial participant-specific variation (Table 1). Overall, however,
we found that the estimated total infection frequency was higher in
DN, PD-1" and DP cells compared to CTLA-4" cells (Figure 6A). We
found evidence that, overall, CTLA-4" cells had a lower total infection
frequency of HIV-1 in the lymph node compared to DN cells
(p=0.006), PD-1" cells (p=0.001) and DP cells (p=0.0002) within
this data (Figure 6A), with evidence that these differences varied
across participants for PD-17 vs CTLA-4" (participant effect
modification p=0.03) and DN vs CTLA-4" (participant effect
modification p=0.05) (Table 1). We also found evidence for a
difference in the total infection frequency between DN and DP
cells, and PD-1" and DP cells, but these differences were highly
variable across participants (participant effect modification p<0.00001
for both; Table 1). We found no evidence for a difference in the total
infection frequency between DN cells and PD-1" cells in the lymph
node within this data (p=0.61; Table 1). Altogether, this suggests that
CTLA-4 expression in the lymph node is a marker for lower levels of
HIV-1 provirus, with a potential role for co-expression with PD-1
leading to increased levels of HIV-1 provirus in some participants.

We were only able to identify genetically-intact proviruses within
the lymph node for two out of four participants, with these intact
proviruses found in the PD-1" and DP cell subsets (Figure 6B). We
therefore found no statistically significant difference in the infection
frequency of genetically-intact provirus, or proportion of proviruses
that were genetically-intact, between cell subsets expressing PD-1
and/or CTLA-4 in the lymph node (Table 1). Similarly, we were
unable to identify any overall statistically significant differences in the
infection frequency of proviruses with an intact p24 ORF between the
four cell subsets within this data, though we observed that DN, PD-1*
and DP cells had a higher estimated infection frequency of provirus
with an intact p24 ORF compared to CTLA-4" cells (Figure 6C). We
did find evidence for a difference in the intact p24 infection frequency
between DN and DP cells (participant effect modification p=0.001)
and PD-1" and DP cells (participant effect modification p=0.02), but
these differences were highly dependent on the participant (Table 1).
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When considering the infection frequency of proviruses with an
intact nef gene, we found evidence that, overall, PD-1" cells have a
higher intact nef infection frequency compared to DP cells within this
data (p=0.006; Figure 6D). We did not observe any statistically
significant difference in the intact nef infection frequency between
any other cell subset. Similarly, for the infection frequency of
proviruses with intact tat/rev/RRE, we only observed a significantly
higher infection frequency of tat/rev/RRE" proviruses for PD-17 cells
compared to DP cells within this data (p=0.01; Figure 6E).

In summary, our findings suggest that in the lymph node, CTLA-
4" cells have a lower HIV-1 infection frequency compared to CTLA-
4" cells, and particularly PD-1" cells. These PD-1" cells also have
higher levels of proviruses with intact p24 and intact nef ORFs, which
may be indicative of the presence of genetically-intact genomes in
PD-1" cells.

Adjustment for multiple comparisons
The 312 comparisons presented in Table 1 and Supplementary

Table 2 will have higher family wise type 1 error rates than that
suggested by any single p-value. To investigate this, we calculated

Frontiers in Immunology

worst-case false discovery rates at different p-value value thresholds to
help understand the possibility of spurious results. These are “worst-
case” as all comparisons in Supplementary Table 2 are treated as
independent comparisons, when many of these are in fact correlated
(e.g. intact infection frequency and intact p24, nef, tat, or rev ORFs).
We find that for a p-value thresholds of 0.05, 0.02, 0.01 and 0.001, the
worst-case false discovery rate (expected proportion of potentially
spurious results) is 0.13, 0.066, 0.039, and 0.005, respectively. These
worst-case false discovery rates are not considered unacceptably high.
However, we stress that due to the exploratory nature of our study
and the possibility of spurious results, our findings presented here
have identified areas that require further investigation in future
studies in order to confirm the distribution of HIV-1 proviruses in
CD4" T cells expressing PD-1 and/or CTLA-4 in HIV-1-infected
individuals on long-term ART.

Discussion

In this exploratory study, we have used the FLIPS assay (10) to
sequence near-full-length proviral genomes from CD4" T-cells that
have been sorted based on the expression of PD-1 and/or CTLA-4.
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We found that in the peripheral blood, PD-1" cells harbored high
levels of proviruses with intact ORFs for specific genomic regions
such as p24, nef and tat/rev. However, many of the differences in
infection frequencies of proviral genomes between these cell subsets
were participant-specific, both in the extent and direction of the
difference. We also found that in the peripheral blood, CTLA-4 is a
marker for reduced levels of genetically-intact HIV-1 provirus, as well
as those with specific ORFs intact. In addition, we found that lymph
node CTLA-4" cells have a lower HIV-1 infection frequency
compared to the other cell subsets. These findings have highlighted
that further work should investigate PD-1, rather than CTLA-4, as a
marker for higher levels of HIV-1 proviruses, including genetically-
intact proviruses, in HIV-1-infected individuals on long-term ART.

Our studies of the distribution of HIV-1 proviruses with
particular intact ORFs within cell subsets sorted based on PD-1 and
CTLA-4 expression have revealed substantial participant-specific
variation in the infection frequencies of these proviruses, and in the
cell subsets which are enriched for certain HIV-1 genomes. In
particular, we found considerable participant-specific variation in
the enrichment of certain HIV-1 genomes when comparing PD-1"
cells to each of the other cell subsets. This variation revealed that some
participants had significantly more HIV-1 genomes within the PD-1"
cell subsets than the DN, CTLA-4" and DP subsets, while other
participants have little or no difference between these subsets. This
indicates that PD-1 expression may only be a marker for increased
HIV-1 infection in some HIV-1-infected participants. This variation
may be affected by factors such as the length of time the participants
have been infected with HIV-1, the timing of their ART initiation, or
the length of time they have been on ART (62, 65-68). However,
much of this information was not available for all of these
participants, though the length of time the participants have been
virally suppressed was variable between participants (Supplementary
Table 1). Additional clinical parameters, such as those listed in
Supplementary Table 1, may also contribute to the strong
participant-specific effect observed in this study. Due to the low
number of genetically-intact proviruses isolated in this study, we
did not investigate whether clinical parameters correlated with the
size of the genetically-intact HIV-1 reservoir in these participants.
However, Rasmussen et al. (2022) did perform a comparison between
clinical parameters and total HIV-1 DNA content in these
participants (31). Significant correlations were only observed
between total HIV-1 DNA content and CD8" T cell count and
percentage, and this was observed in DN and CTLA-4" cells only
in the peripheral blood. An additional possible contributing factor to
the participant-specific effect modification in our results may be the
large variation in available cell numbers and sequenced genomes
between cell subsets and participants (see Table 2). Previous studies
have also indicated that there is substantial variability between
participants in identifying the subsets that contribute to HIV-1
persistence (10, 25, 37, 55, 60, 69). Furthermore, multiple studies
have indicated a strong positive correlation between levels of PD-1
expression on CD4" T-cells and levels of HIV-1 DNA in ART-
suppressed participants (15, 26, 70). Although these studies did not
investigate this correlation specifically in CD4" T-cells that express
PD-1, these results do indicate that participant-specific differences
relating to PD-1 expression levels influence the level of persistent
HIV-1 present in the peripheral blood. CD4" T-cells that would
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express PD-1 are likely to include EM cells (25, 26, 71) and
CXCR5"PD-17 circulating Tth (cTth) cells, which have been shown
to be enriched for total and potentially replication-competent HIV-1
DNA (10, 27, 28, 72). It is therefore likely that the peripheral blood
PD-1" and DP compartments within our study include some
crossover with cells expressing additional markers such as CXCR5
and markers for EM cells, and this crossover may partially explain the
large role of participant-specific differences in the enrichment of HIV-
1 genomes within PD-1" cells. Much of the previous work identifying
the enrichment of HIV-1 DNA within PD-1" cells have observed this
in the context of additional cellular markers, such as on CM, TM or
EM cells (15, 25, 26). For example, Fromentin et al. (2019)
demonstrated enrichment of integrated HIV-1 DNA in PD-1" cells
compared to PD-1" cells in CM and TM cells, while no enrichment
was seen in EM cells (15). Altogether, this indicates that though our
work has shown some enrichment of genetically-intact HIV-1
provirus in PD-17 cells, it is likely that additional markers are
needed to consistently identify HIV-1-infected cells within ART-
suppressed participants.

Our results indicate that in the peripheral blood, CTLA-4
expression may be a marker for lower levels of genetically-intact
HIV-1 provirus and proviruses with certain genetic characteristics.
We found that both DN and PD-1" cells, the subsets that do not
express CTLA-4, had a higher infection frequency of genetically-
intact HIV-1 provirus compared to CTLA-4" and DP cells (that
express CTLA-4). This is in contrast to a previous study by McGary
et al. (2017) that indicated enrichment of SIV DNA in peripheral
blood CTLA-4" cells compared to DN (PD-1"CTLA-4") and DP (PD-
1"CTLA-4") cells during ART treatment (30). However, our finding
that DP cells have lower levels of genetically-intact HIV-1 compared
to DN cells supports the findings of Rasmussen et al. (2022), who
observed that DP cells were more resistant to the induction of
multiply-spliced HIV-1 RNA expression compared to DN cells
despite considerable total HIV-1 DNA levels (31). The low level of
genetically-intact provirus in DP cells provides an additional possible
explanation for this finding as defective proviruses will be less likely to
express multiply-spliced HIV-1 RNA (31). Our data has suggested
that defective proviruses accumulate in CTLA-4" cells compared to
CTLA-4" and PD-1" cells, with these CTLA-4" cells having the
highest proportion of proviruses with large internal deletions. In
addition, we found cells that express CTLA-4 have lower levels of
proviruses with intact p24, nef and tat/rev ORFs. These defective
proviruses are able to persist due to the lack of HIV-1 protein
expression, allowing them to avoid being targeted by HIV-1-specific
CD8" T-cells (45, 46, 48, 49, 57, 67). We do acknowledge that we had
low numbers of CTLA-4" cells in some participants, which is
reflective of the low proportion of CTLA-4% cells within the
peripheral blood and lymph node memory CD4" T-cell
compartment in these participants as measured by Rasmussen et al.
(2022) (31). This may have skewed our results and limited our ability
to identify HIV-1 provirus in CTLA-4" and DP cells, as we have
included these cells based on cell surface expression of CTLA-4. The
known cycling of CTLA-4 expression between the cell surface and
endosomal vesicles makes the capture of transient cell surface CTLA-
4 expression difficult (73, 74). The study by McGary et al. (2017) did
utilize PMA/ionomycin activation of CD4 T cells prior to cell sorting
to increase the detection of surface CTLA-4 expression (30). Our
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study addressed this possible limitation by staining cells for CTLA-4
expression for an extended period of time prior to other cell surface
markers, which was shown to detect similar surface CTLA-4
expression levels compared to the activation of cells at room
temperature prior to sorting, while limiting the potential for
altering the phenotype, and particularly the activation status, of the
cells or reactivating latent HIV-1 within these cells (31). We also
acknowledge that we have not compared the total CTLA-4" CD4" T-
cell subset with the total CTLA-4" compartment, which would further
elucidate whether CTLA-4 expression may be a marker for
genetically-defective HIV-1 proviruses. Altogether, our findings
indicate that CTLA-4" cells have reduced levels of genetically-intact
HIV-1 provirus in the peripheral blood, as well as proviruses with
specific intact HIV-1 ORFs.

Previous work by Pardons et al. (2019) found that during
suppressive ART, PD-1" cells are enriched for proviruses that can
express p24 protein in response to stimulation (27). Additionally,
Baxter et al. (2016) found that during untreated HIV-1 infection, T-
cells expressing HIV-1 RNA and Gag protein were enriched particularly
in T-cells expressing PD-1 and Tth cell markers (PD-1"CXCR5"), with
additional enrichment in cells co-expressing PD-1 with other immune
checkpoint markers (TIGIT" and CTLA-4") (28). We, however, did not
see an overall enrichment of genetically-intact provirus in PD-1" cells
compared to DN cells, which don’t express PD-1. We did find that PD-
1" cells had the highest level of provirus with an intact p24 ORF, which
may include both genetically-intact proviruses and proviruses with
genetic defects outside of the p24 ORF. Several recent studies have
shown that defective proviruses are able to express p24 protein, as well as
other HIV proteins (34, 46, 47, 50). However, we acknowledge that we
have not compared the total PD-17 cell subset to total PD-1" cells, which
may be more reflective of the cells included in these previous studies.
Altogether, these results provide further evidence that the expression of
HIV-1 p24 protein does not necessarily indicate the presence of
replication-competent provirus within a cell.

The expression of the HIV-1 Nef protein contributes to HIV-1
persistence within infected cells by downregulating the expression of
surface MHC-I, thereby allowing an HIV-1-infected cell to escape
detection by HIV-1-specific CD8" T-cells (46, 48, 51-53). We
observed that CTLA-4 expression may be a marker for reduced
levels of proviruses with an intact nef ORF, with evidence for DN
and PD-17 cells having an overall higher infection frequency of intact
nef compared to CTLA-4" and DP cells. This increased level of
proviruses with intact nef ORFs may allow the preferential
persistence of HIV-1 proviruses in PD-1" cells during ART. It has
been shown in vitro that the HIV-1 Nef protein can downregulate
CTLA-4 expression by 57-77% during productive infection (29, 75).
Conversely, Nef can induce the expression of PD-1 on the surface of
CD4" T-cells in vitro (76). Recent studies have shown that the HIV-1
Nef protein is expressed during ART and can be produced from
defective proviruses (46, 47, 77, 78). Therefore, the presence of the
HIV-1 Nef protein during ART may affect PD-1 and CTLA-4
expression on infected cells, in addition to the persistence of these
infected cells. In agreement with this possible effect of Nef, we found
that the infection frequency of intact nef was highly correlated with
the HIV-1 infection frequency of DN and PD-17 cells, but not
significantly correlated with the HIV-1 infection frequency of
CTLA-4" and DP cells. This indicates that there is only a strong
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association between levels of HIV-1 provirus and intact nef for cells
that do not express CTLA-4, suggesting a possible negative effect of
Nef on CTLA-4 expression in vivo. In summary, our results indicate
that the expression of Nef protein may contribute to the persistence of
HIV-1 genomes in PD-17 cells.

In addition to this enrichment for intact nef ORFs in PD-1" cells
compared to cell subsets expressing CTLA-4, we also found evidence
that PD-1 may be a marker for HIV-1-infected cells with tat/rev/
RRE™ proviruses. The initiation of unspliced HIV-1 RNA
transcription is increased in the presence of Tat and Rev protein
expression (54), indicating that substantial amounts of unspliced cell-
associated HIV-1 RNA would theoretically only be expressed from
proviruses with these ORFs intact. Previous studies of anti-PD-1 and
anti-PD-1/anti-CTLA-4 combination immune blockade in HIV-1-
infected individuals and SIV-infected non-human primates showed
increases in cell-associated unspliced RNA expression (16, 19, 22-24).
Our observed results that PD-1" cells are enriched for proviruses with
intact tat/rev/RRE™ ORFs would indicate that during anti-PD-1
immune blockade, these cells could produce unspliced HIV-1 RNA,
in agreement with these immune blockade treatment studies.

The role of cellular proliferation in the persistence of the HIV-1
reservoir is well-known (10, 25, 37, 48, 55-64). In the current study,
we observed that PD-1" cells have a higher proportion of sequences
that are part of an expansion of identical sequences (EIS) compared to
DN cells, DP cells and CTLA-4" cells, suggesting that PD-1" cells
have the highest level of cellular proliferation compared to the other
subsets explored in this study. This is consistent with the fact that PD-
1 is considered a cellular activation marker, in addition to its role in
immune exhaustion (79). Chomont et al. (2009) and Fromentin et al.
(2016) both found that the level of PD-1 expression on CD4" T-cells
was highly correlated with the level of Ki67 expression, a marker of
cellular proliferation, on CD4" T-cells (25, 26), perhaps indicating
that the level of PD-1 expression observed on memory CD4" T-cells
within these participants may influence the level of cellular
proliferation, though we have not performed this measurement. We
also observed that the level of cellular proliferation was highly
participant-specific, indicating that different HIV-1-infected
individuals have different levels of cellular proliferation contributing
to their latent HIV-1 reservoir. We acknowledge that the high
proportion of sequences that are part of an EIS in PD-17 cells have
likely contributed to the high levels of cells with intact p24, nef and
tat/rev/RRE™ ORFs within the PD-1" compartment discussed earlier.
However, Duette et al. (2022) observed a high level of intact nefin EM
cells, even after removing identical sequences from the analysis. This
indicates that Nef plays a role in the persistence of HIV-1 proviruses
in EM cells, which contain a large proportion of PD-1" cells (25, 26,
71), even after the role of cellular proliferation has been excluded (46).
Our results therefore reveal that high levels of cellular proliferation in
many ART-suppressed participants may contribute to the persistence
of HIV-1 proviruses in PD-1" cells during suppressive ART.

In the lymph node, we found evidence that CTLA-4" cells had a
lower total HIV-1 infection frequency compared to DN cells, PD-1"
cells and DP cells, similar to our observations in the peripheral blood.
However, these differences in total HIV-1 infection frequency
between cells expressing PD-1 and/or CTLA-4 within the lymph
node were often affected by participant-specific differences. Banga
et al. (2016) showed that a mean of 65% of the lymph node PD-1"
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CD4" T-cell compartment within ART-suppressed HIV-1-infected
individuals was made up of PD-1"CXCR5" Tth cells. These Tth cells
have been shown to be a reservoir for inducible replication-competent
HIV-1 in untreated and ART-suppressed HIV-1-infected individuals,
though there was a large amount of participant variability (8, 9). It is
likely, therefore, that some of these participant-specific differences in
the lymph node observed in our study may be due to differences in the
proportion of lymph node CD4" T-cells that are made up by PD-
1"CXCR5" Tth cells. We note that due to the low number of
genetically-intact proviruses identified within the lymph node, we
were unable to identify statistically significant differences in the
infection frequency or proportion of genetically-intact proviruses
between the cell subsets. However, the genetically-intact proviruses
we were able to identify in the lymph node were found within the PD-
1" and DP subsets. Based on the previous work of Banga et al. and
Perreau et al., it is likely that these genetically-intact proviruses were
found within lymph node Tth cells (8, 9, 72). We also acknowledge
that the availability of lymph node samples from only four
participants does limit the generalizability of these results to the
greater ART-suppressed HIV-1-infected population.

We acknowledge that there are several limitations to our study.
Firstly, due to the transient nature of CTLA-4 cell surface expression
(73), it is likely that the CTLA-4" compartments within our study
are an underestimate of the true proportion of cells that express
CTLA-4. Similarly, we also acknowledge that despite the high purity
of the sorted cell populations (see Methods) assessed in this study,
there is a possibility that there is contamination of DN cells within
either of the PD-1" or CTLA-4" gates. Secondly, the number of cells
available from some participants, particularly in the lymph node
samples and in the peripheral blood CTLA-4" and DP
compartments, did restrict the number of sequenced proviruses,
as well as our ability to identify EIS within these cell subsets. Our
statistical analysis aims to consider this limitation, though it is likely
that the depth of our sampling has reduced the power of our results
in some areas. Thirdly, we have performed a large number of
statistical comparisons in this exploratory study, which raises the
possibility of false-significant p-values. We estimated the worse-case
false discovery rate of this, and did not find it to be unacceptably
high. However, the results should still be treated as exploratory in
nature whose value is to identify areas in need of future exploration.
Fourth, the known low amplification efficiency of near-full-length
HIV-1 genomes (80) will likely have impacted our ability to identify
all genetically-intact, and indeed full-length, proviruses within the
participant samples included in our study (see Table 2). However,
this is unlikely to have impacted our ability to compare between
individual cell subsets within individual participants. We also have
not investigated the infectiousness of the identified genetically-
intact proviruses, and we therefore cannot conclude that these are
truly replication-competent. Moreover, the participants included in
this study are all biologically male, and future studies will therefore
be needed to determine how biological sex contributes to the
differences seen between cells expressing PD-1 and/or CTLA-4, as
has been seen in other studies of HIV-1 pathogenesis (81, 82).
Finally, 15/16 participants included in this study are infected with
HIV-1 subtype B, while 1 participant is infected with subtype
CRFO01_AE. Future work will need to focus on additional subtypes
in characterizing the cell types harboring latent HIV-1 provirus.
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In summary, our exploratory analysis has indicated that PD-1" cells
have the characteristics which contribute to HIV-1 persistence during
ART, such as high proliferative capability, activation status, and
genetically-intact regions encoding viral proteins, including Tat and
Nef, whose expression allows for immune evasion. Conversely, we
identified that CTLA-4 expression is a marker for HIV-1 provirus that
is more likely to be defective, and contain low levels of these intact
ORFs. We do stress, however, that future work is required to confirm
these results. Importantly, we also identified that participant-specific
variation contributed to most differences in the levels of particular HIV-
1 proviruses found between memory CD4" T-cells expressing PD-1
and/or CTLA-4. This indicates that the search for a single specific cell
surface marker that identifies persistent HIV-1-infected cells is
complicated by considerable variation between individual participants
in the cell types that contribute to the HIV-1 reservoir. As a result,
consideration of multiple additional cellular markers will likely be
needed to consistently identify cells harboring latent, and potentially
replication-competent, HIV-1 in the general population.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found below: https://www.ncbi.nlm.nih.gov/
genbank/, OP700895-OP701628.

Ethics statement

The studies involving human participants were reviewed and
approved by the institutional review board at the Western Sydney
Local Health District, which includes the Westmead Institute for
Medical Research, the Human Research Ethics Committees at The
Alfred and Avenue Hospitals in Melbourne, the University of
Melbourne Ethics Committee, and the Institutional Review Board at
the University of California San Francisco. The patients/participants
provided their written informed consent to participate in this study.

Author contributions

Conceptualization, KF, TAR, SRL and SP; Methodology, KF, SRL
and SP; Formal Analysis, KF, TES and ZB; Investigation, KF and ZB;
Resources, TAR, RH, FH, SGD, SRL and SP; Data Curation, KF; Writing
- Original Draft, KF; Writing - Review and Editing, TES, TAR, SRL and
SP; Visualization, KF; Supervision, SP; Project Administration, TAR,
AR, SRL and SP; Funding Acquisition, SGD, SRL and SP. All authors
contributed to the article and approved the submitted version.

Funding

This work was supported by the Delaney AIDS Research
Enterprise (DARE) to Find a Cure (1UM1AI126611-01 and 1UM
1AI1164560-01) and the Australian National Health and Medical
Research Council (APP1149990).

frontiersin.org


https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
https://doi.org/10.3389/fimmu.2023.1064346
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Fisher et al.

Acknowledgments

We acknowledge with gratitude the participants involved in this
study. We would like to acknowledge the Australian Genome
Research Facility (AGRF Sydney Site, the Westmead Institute for
Medical Research, Sydney, Australia) for operating the Illumina
MiSeq. We also acknowledge the Sydney Informatics Hub
(University of Sydney, Australia) for support for and access to the
analytical software, and the University of Sydney’s high performance
computing cluster Artemis for providing the high-performance
computing resources required for this study. We would also like to
acknowledge Anneke de Vries for proofreading the manuscript.

Conflict of interest

SRL has received funding from Gilead Sciences, Merck and ViiV
outside the submitted work. SRL is a paid member of advisory boards to
Merck, Gilead, Immunocore, Esfam and Vaxxinity. SRL has consulted for
Abbvie and BMS. TAR has received funding from Gilead, Viiv and Novo
Nordisk Foundation outside the submitted work.

References

1. Chun TW, Stuyver L, Mizell SB, Ehler LA, Mican JA, Baseler M, et al. Presence of
an inducible hiv-1 latent reservoir during highly active antiretroviral therapy. Proc Natl
Acad Sci United States America (1997) 94(24):13193-7. doi: 10.1073/pnas.94.24.13193

2. Finzi D, Hermankova M, Pierson T, Carruth LM, Buck C, Chaisson RE, et al.
Identification of a reservoir for hiv-1 in patients on highly active antiretroviral therapy. Sci
(New York NY) (1997) 278(5341):1295-300. doi: 10.1126/science.278.5341.1295

3. Wong JK, Hezareh M, Giinthard HF, Havlir DV, Ignacio CC, Spina CA, et al.
Recovery of replication-competent hiv despite prolonged suppression of plasma viremia.
Sci (New York NY) (1997) 278(5341):1291-5. doi: 10.1126/science.278.5341.1291

4. Chun T-W, Engel D, Berrey MM, Shea T, Corey L, Fauci Anthony S. Early
establishment of a pool of latently infected, resting Cd4+ T cells during primary hiv-1
infection. Proc Natl Acad Sci (1998) 95(15):8869-73. doi: 10.1073/pnas.95.15.8869

5. Fischer M, Hafner R, Schneider C, Trkola A, Joos B, Joller H, et al. Hiv rna in plasma
rebounds within days during structured treatment interruptions. AIDS (2003) 17(2):195-
9. doi: 10.1097/00002030-200301240-00009

6. Garcia F, Plana M, Vidal C, Cruceta A, O'Brien WA, Pantaleo G, et al. Dynamics of
viral load rebound and immunological changes after stopping effective antiretroviral
therapy. AIDS (1999) 13(11):F79-86. doi: 10.1097/00002030-199907300-00002

7. Joos B, Fischer M, Kuster H, Pillai SK, Wong JK, Béni J, et al. Hiv rebounds from
latently infected cells, rather than from continuing low-level replication. Proc Natl Acad
Sci United States America (2008) 105(43):16725-30. doi: 10.1073/pnas.0804192105

8. Banga R, Procopio FA, Noto A, Pollakis G, Cavassini M, Ohmiti K, et al. Pd-1(+)
and follicular helper T cells are responsible for persistent hiv-1 transcription in treated
aviremic individuals. Nat Med (2016) 22(7):754-61. doi: 10.1038/nm.4113

9. Perreau M, Savoye AL, De Crignis E, Corpataux JM, Cubas R, Haddad EK, et al.
Follicular helper T cells serve as the major Cd4 T cell compartment for hiv-1 infection,
replication, and production. ] Exp Med (2013) 210(1):143-56. doi: 10.1084/jem.20121932

10. Hiener B, Horsburgh BA, Eden JS, Barton K, Schlub TE, Lee E, et al. Identification
of genetically intact hiv-1 proviruses in specific Cd4(+) T cells from effectively treated
participants. Cell Rep (2017) 21(3):813-22. doi: 10.1016/j.celrep.2017.09.081

11. Lee GQ, Orlova-Fink N, Einkauf K, Chowdhury FZ, Sun X, Harrington S, et al.
Clonal expansion of genome-intact hiv-1 in functionally polarized Th1 Cd4+ T cells. J
Clin Invest (2017) 127(7):2689-96. doi: 10.1172/JCI93289

12. Horsburgh BA, Lee E, Hiener B, Eden J-S, Schlub TE, von Stockenstrom S, et al.
High levels of genetically intact hiv in hla-dr+ memory T cells indicates their value for
reservoir studies. AIDS (2020) 34(5):659-68. doi: 10.1097/QAD.0000000000002465

13. Postow MA, Callahan MK, Wolchok JD. Immune checkpoint blockade in cancer
therapy. J Clin Oncol: Off ] Am Soc Clin Oncol (2015) 33(17):1974-82. doi: 10.1200/
jc0.2014.59.4358

14. Van der Sluis RM, Kumar NA, Pascoe RD, Zerbato JM, Evans VA, Dantanarayana
Al et al. Combination immune checkpoint blockade to reverse hiv latency. J Immunol
(2020) 204(5):1242-54. doi: 10.4049/jimmunol.1901191

Frontiers in Immunology

10.3389/fimmu.2023.1064346

The remaining authors declare that the research was conducted in
the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.
1064346/full#supplementary-material

15. Fromentin R, DaFonseca S, Costiniuk CT, El-Far M, Procopio FA, Hecht FM, et al.
Pd-1 blockade potentiates hiv latency reversal ex vivo in Cd4+ T cells from art-suppressed
individuals. Nat Commun (2019) 10(1):814. doi: 10.1038/s41467-019-08798-7

16. Evans VA, van der Sluis RM, Solomon A, Dantanarayana A, McNeil C, Garsia R,
et al. Programmed cell death-1 contributes to the establishment and maintenance of hiv-1
latency. AIDS (London England) (2018) 32(11):1491-7. doi: 10.1097/
QAD.0000000000001849

17. Guihot A, Marcelin AG, Massiani MA, Samri A, Soulié C, Autran B, et al. Drastic
decrease of the hiv reservoir in a patient treated with nivolumab for lung cancer. Ann
Oncol (2018) 29(2):517-8. doi: 10.1093/annonc/mdx696

18. Husnain M, Park W, Ramos JC, Johnson TE, Chan J, Dasari A, et al. Complete
response to ipilimumab and nivolumab therapy in a patient with extensive
extrapulmonary high-grade small cell carcinoma of the pancreas and hiv infection. J
ImmunoTher Cancer (2018) 6(1):66. doi: 10.1186/s40425-018-0379-x

19. Lau JSY, McMahon JH, Gubser C, Solomon A, Chiu CYH, Dantanarayana A, et al.
The impact of immune checkpoint therapy on the latent reservoir in hiv-infected
individuals with cancer on antiretroviral therapy. AIDS (2021) 35(10):1631-6. doi:
10.1097/QAD.0000000000002919

20. Scully EP, Rutishauser RL, Simoneau CR, Delagréverie H, Euler Z, Thanh C, et al.
Inconsistent hiv reservoir dynamics and immune responses following anti-Pd-1 therapy
in cancer patients with hiv infection. Ann Oncol (2018) 29(10):2141-2. doi: 10.1093/
annonc/mdy259

21. Wightman F, Solomon A, Kumar SS, Urriola N, Gallagher K, Hiener B, et al. Effect of
ipilimumab on the hiv reservoir in an hiv-infected individual with metastatic melanoma.
AIDS (London England) (2015) 29(4):504-6. doi: 10.1097/QAD.0000000000000562

22. Uldrick TS, Adams SV, Fromentin R, Roche M, Fling SP, Gongalves PH, et al.
Pembrolizumab induces hiv latency reversal in people living with hiv and cancer on
antiretroviral therapy. Science Translational Medicine (2022) 14(629). doi: 10.1126/
scitranslmed.abl3836

23. Rasmussen TA, Rajdev L, Rhodes A, Dantanarayana A, Tennakoon S, Chea S, et al.
Impact of anti-Pd-1 and anti-Ctla-4 on the human immunodeficiency virus (Hiv)
reservoir in people living with hiv with cancer on antiretroviral therapy: The aids
malignancy consortium 095 study. Clin Infect Dis (2021) 73(7):e1973-981.
doi: 10.1093/cid/ciaal530

24. Harper J, Gordon S, Chan CN, Wang H, Lindemuth E, Galardi C, et al. Ctla-4 and
pd-1 dual blockade induces siv reactivation without control of rebound after antiretroviral
therapy interruption. Nat Med (2020) 26(4):519-28. doi: 10.1038/s41591-020-0782-y

25. Chomont N, El-Far M, Ancuta P, Trautmann L, Procopio FA, Yassine-Diab B,
et al. Hiv reservoir size and persistence are driven by T cell survival and homeostatic
proliferation. Nat Med (2009) 15(8):893-900. doi: 10.1038/nm.1972

26. Fromentin R, Bakeman W, Lawani MB, Khoury G, Hartogensis W, DaFonseca S,
etal. Cd4+ T cells expressing pd-1, tigit and lag-3 contribute to hiv persistence during art.
PloS Pathog (2016) 12(7):¢e1005761. doi: 10.1371/journal.ppat.1005761

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1064346/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1064346/full#supplementary-material
https://doi.org/10.1073/pnas.94.24.13193
https://doi.org/10.1126/science.278.5341.1295
https://doi.org/10.1126/science.278.5341.1291
https://doi.org/10.1073/pnas.95.15.8869
https://doi.org/10.1097/00002030-200301240-00009
https://doi.org/10.1097/00002030-199907300-00002
https://doi.org/10.1073/pnas.0804192105
https://doi.org/10.1038/nm.4113
https://doi.org/10.1084/jem.20121932
https://doi.org/10.1016/j.celrep.2017.09.081
https://doi.org/10.1172/JCI93289
https://doi.org/10.1097/QAD.0000000000002465
https://doi.org/10.1200/jco.2014.59.4358
https://doi.org/10.1200/jco.2014.59.4358
https://doi.org/10.4049/jimmunol.1901191
https://doi.org/10.1038/s41467-019-08798-7
https://doi.org/10.1097/QAD.0000000000001849
https://doi.org/10.1097/QAD.0000000000001849
https://doi.org/10.1093/annonc/mdx696
https://doi.org/10.1186/s40425-018-0379-x
https://doi.org/10.1097/QAD.0000000000002919
https://doi.org/10.1093/annonc/mdy259
https://doi.org/10.1093/annonc/mdy259
https://doi.org/10.1097/QAD.0000000000000562
https://doi.org/10.1126/scitranslmed.abl3836
https://doi.org/10.1126/scitranslmed.abl3836
https://doi.org/10.1093/cid/ciaa1530
https://doi.org/10.1038/s41591-020-0782-y
https://doi.org/10.1038/nm.1972
https://doi.org/10.1371/journal.ppat.1005761
https://doi.org/10.3389/fimmu.2023.1064346
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Fisher et al.

27. Pardons M, Baxter AE, Massanella M, Pagliuzza A, Fromentin R, Dufour C, et al.
Single-cell characterization and quantification of translation-competent viral reservoirs in
treated and untreated hiv infection. PloS Pathog (2019) 15(2):e1007619. doi: 10.1371/
journal.ppat.1007619

28. Baxter AE, Niessl ], Fromentin R, Richard J, Porichis F, Charlebois R, et al. Single-
cell characterization of viral translation-competent reservoirs in hiv-infected individuals.
Cell Host Microbe (2016) 20(3):368-80. doi: 10.1016/j.chom.2016.07.015

29. El-Far M, Ancuta P, Routy J-P, Zhang Y, Bakeman W, Bordi R, et al. Nef promotes
evasion of human immunodeficiency virus type 1-infected cells from the ctla-4-Mediated
inhibition of T-cell activation. J Gen Virol (2015) 96(Pt 6):1463-77. doi: 10.1099/
vir.0.000065

30. McGary CS, Deleage C, Harper ], Micci L, Ribeiro SP, Paganini S, et al. Ctla-4(+)
Pd-1(-) memory Cd4(+) T cells critically contribute to viral persistence in antiretroviral
therapy-suppressed, siv-infected rhesus macaques. Immunity (2017) 47(4):776-88.e5.
doi: 10.1016/j.immuni.2017.09.018

31. Rasmussen TA, Zerbato JM, Rhodes A, Tumpach C, Dantanarayana A, McMahon
JH, et al. Memory Cd4+ T cells that Co-express Pd1 and Ctla4 have reduced response to
activating stimuli facilitating hiv latency. Cell Rep Med (2022) 3(10):100766. doi: 10.1016/
jxcrm.2022.100766

32. Hiener B, Eden JS, Horsburgh BA, Palmer S. Amplification of near full-length hiv-
1 proviruses for next-generation sequencing. J Visualized Experiments: JoVE (2018) 140:
58016. doi: 10.3791/58016

33. Wang XQ, Zerbato JM, Avihingsanon A, Fisher K, Schlub T, Rhodes A, et al.
Markers of immune activation and inflammation are associated with higher levels of
genetically-intact hiv in hiv-hbv Co-infected individuals. J Virol (2022) 0(0):58016.
doi: 10.1128/jvi.00588-22

34. Cole B, Lambrechts L, Gantner P, Noppe Y, Bonine N, Witkowski W, et al. In-
depth single-cell analysis of translation-competent hiv-1 reservoirs identifies cellular
sources of plasma viremia. Nat Commun (2021) 12(1):3727. doi: 10.1038/s41467-021-
24080-1

35. Fisher K, Wang XQ, Lee A, Morcilla V, Ad V, Lee E, et al. Plasma-derived hiv-1
virions contain considerable levels of defective genomes.. Journal of Virology (2022) 96(6):
€02011-21. doi: 10.1128/jvi.02011-21

36. Li D, Liu C-M, Luo R, Sadakane K, Lam T-W. Megahit: An ultra-fast single-
node solution for Large and complex metagenomics assembly Via succinct de
bruijn graph. Bioinformatics (2015) 31(10):1674-6. doi: 10.1093/bioinformatics/
btv033

37. Morcilla V, Bacchus-Souffan C, Fisher K, Horsburgh BA, Hiener B, Wang XQ,
et al. Hiv-1 genomes are enriched in memory Cd4(+) T-cells with short half-lives. mBio
(2021) 12(5):0244721. doi: 10.1128/mBi0.02447-21

38. Shao W, Shan J, Hu WS, Halvas EK, Mellors JW, Coffin JM, et al. Hiv proviral
sequence database: A new public database for near full-length hiv proviral sequences and
their meta-analyses. AIDS Res Hum Retroviruses (2020) 36(1):1-3. doi: 10.1089/
2id.2019.0214

39. Rose PP, Korber BT. Detecting hypermutations in viral sequences with an
emphasis on G —> a hypermutation. Bioinformatics (2000) 16(4):400-1. doi: 10.1093/
bioinformatics/16.4.400

40. Ho YC, Shan L, Hosmane NN, Wang J, Laskey SB, Rosenbloom DI, et al.
Replication-competent noninduced proviruses in the latent reservoir increase barrier to
hiv-1 cure. Cell (2013) 155(3):540-51. doi: 10.1016/j.cell.2013.09.020

41. Purcell DF, Martin MA. Alternative splicing of human immunodeficiency virus
type 1 mrna modulates viral protein expression, replication, and infectivity. J Virol (1993)
67(11):6365-78. doi: 10.1128/JV1.67.11.6365-6378.1993

42. Wasserstein RL, Lazar NA. The asa statement on p-values: Context, process, and
purpose. Am Statistician (2016) 70(2):129-33. doi: 10.1080/00031305.2016.1154108

43. R Core Team. R: A language and environment for statistical computing. Vienna,
Austria: R Foundation for Statistical Computing (2021).

44. Bates D, Michler M, Bolker B, Walker S. Fitting linear mixed-effects models using
Lme4. ] Stat Softw (2015) 67(1):1-48. doi: 10.18637/jss.v067.i01

45. Bruner KM, Murray AJ, Pollack RA, Soliman MG, Laskey SB, Capoferri AA, et al.
Defective proviruses rapidly accumulate during acute hiv-1 infection. Nat Med (2016) 22
(9):1043-9. doi: 10.1038/nm.4156

46. Duette G, Hiener B, Morgan H, Mazur FG, Mathivanan V, Horsburgh BA,
et al. The hiv-1 proviral landscape reveals nef contributes to hiv-1 persistence in
effector memory Cd4+ T-cells. J Clin Invest (2022) 132(7):e154422. doi: 10.1172/
JCI1154422

47. Imamichi H, Smith M, Adelsberger JW, Izumi T, Scrimieri F, Sherman BT, et al.
Defective hiv-1 proviruses produce viral proteins. Proc Natl Acad Sci (2020) 117(7):3704.
doi: 10.1073/pnas.1917876117

48. Pinzone MR, VanBelzen DJ, Weissman S, Bertuccio MP, Cannon L, Venanzi-Rullo
E, et al. Longitudinal hiv sequencing reveals reservoir expression leading to decay which is
obscured by clonal expansion. Nat Commun (2019) 10(1):728. doi: 10.1038/s41467-019-
08431-7

49. Pollack RA, Jones RB, Pertea M, Bruner KM, Martin AR, Thomas AS, et al.
Defective hiv-1 proviruses are expressed and can be recognized by cytotoxic T
lymphocytes, which shape the proviral landscape. Cell Host Microbe (2017) 21(4):494-
506.e4. doi: 10.1016/j.chom.2017.03.008

Frontiers in Immunology

10.3389/fimmu.2023.1064346

50. Sannier G, Dubé M, Dufour C, Richard C, Brassard N, Delgado G-G, et al.
Combined single-cell transcriptional, translational, and genomic profiling reveals
hiv-1 reservoir diversity. Cell Rep (2021) 36(9):109643. doi: 10.1016/
j.celrep.2021.109643

51. Collins DR, Collins KL. Hiv-1 accessory proteins adapt cellular adaptors to
facilitate immune evasion. PloS Pathog (2014) 10(1):e1003851. doi: 10.1371/
journal.ppat.1003851

52. Collins KL, Chen BK, Kalams SA, Walker BD, Baltimore D. Hiv-1 nef protein
protects infected primary cells against killing by cytotoxic T lymphocytes. Nature (1998)
391(6665):397-401. doi: 10.1038/34929

53. Schwartz O, Maréchal V, Gall SL, Lemonnier F, Heard J-M. Endocytosis of major
histocompatibility complex class I molecules is induced by the hiv-1 nef protein. Nat Med
(1996) 2(3):338-42. doi: 10.1038/nm0396-338

54. Karn J, Stoltzfus CM. Transcriptional and posttranscriptional regulation of hiv-1
gene expression. Cold Spring Harbor Perspect Med (2012) 2(2):a006916. doi: 10.1101/
cshperspect.a006916

55. De Scheerder MA, Vrancken B, Dellicour S, Schlub T, Lee E, Shao W, et al. Hiv
rebound is predominantly fueled by genetically identical viral expansions from diverse
reservoirs. Cell Host Microbe (2019) 26(3):347-58.¢7. doi: 10.1016/j.chom.2019.08.003

56. Gantner P, Pagliuzza A, Pardons M, Ramgopal M, Routy JP, Fromentin R, et al.
Single-cell tcr sequencing reveals phenotypically diverse clonally expanded cells harboring
inducible hiv proviruses during art. Nat Commun (2020) 11(1):4089. doi: 10.1038/s41467-
020-17898-8

57. Liu R, Simonetti FR, Ho Y-C. The forces driving clonal expansion of the hiv-1
latent reservoir. Virol J (2020) 17(1):4. doi: 10.1186/s12985-019-1276-8

58. Hosmane NN, Kwon KJ, Bruner KM, Capoferri AA, Beg S, Rosenbloom DI, et al.
Proliferation of latently infected Cd4(+) T cells carrying replication-competent hiv-1:
Potential role in latent reservoir dynamics. ] Exp Med (2017) 214(4):959-72. doi: 10.1084/
jem.20170193

59. Bacchus-Souffan C, Fitch M, Symons J, Abdel-Mohsen M, Reeves DB, Hoh R, et al.
Relationship between Cd4 T cell turnover, cellular differentiation and hiv persistence
during art. PloS Pathog (2021) 17(1):e1009214. doi: 10.1371/journal.ppat.1009214

60. Cohn LB, Chomont N, Deeks SG. The biology of the hiv-1 latent reservoir and
implications for cure strategies. Cell Host Microbe (2020) 27(4):519-30. doi: 10.1016/
j.chom.2020.03.014

61. Bui JK, Sobolewski MD, Keele BF, Spindler J, Musick A, Wiegand A, et al.
Proviruses with identical sequences comprise a Large fraction of the replication-
competent hiv reservoir. PloS Pathog (2017) 13(3):e1006283. doi: 10.1371/
journal.ppat.1006283

62. Josefsson L, Stockenstrom SV, Faria NR, Sinclair E, Bacchetti P, Killian M, et al.
The hiv-1 reservoir in eight patients on long-term suppressive antiretroviral therapy is
stable with few genetic changes over time. Proc Natl Acad Sci U S A (2013) 110(51):
E4987-E96. doi: 10.1073/pnas.1308313110

63. von Stockenstrom S, Odevall L, Lee E, Sinclair E, Bacchetti P, Killian M, et al.
Longitudinal genetic characterization reveals that cell proliferation maintains a persistent
hiv type 1 DNA pool during effective hiv therapy. J Infect Dis (2015) 212(4):596-607.
doi: 10.1093/infdis/jiv092

64. Lee E, Stockenstrom SV, Morcilla V, Odevall L, Hiener B, Shao W, et al. Impact of
antiretroviral therapy duration on hiv-1 infection of t cells within anatomic sites. J Virol
(2020) 94(3):e01270-19. doi: 10.1128/JV1.01270-19

65. Buzon M]J, Martin-Gayo E, Pereyra F, Ouyang Z, Sun H, Li JZ, et al. Long-term
antiretroviral treatment initiated at primary hiv-1 infection affects the size, composition,
and decay kinetics of the reservoir of hiv-1-Infected Cd4 T cells. J Virol (2014) 88
(17):10056-65. doi: 10.1128/jvi.01046-14

66. Bachmann N, von Siebenthal C, Vongrad V, Turk T, Neumann K, Beerenwinkel N,
et al. Determinants of hiv-1 reservoir size and long-term dynamics during suppressive art.
Nat Commun (2019) 10(1):3193. doi: 10.1038/s41467-019-10884-9

67. Anderson EM, Simonetti FR, Gorelick R], Hill S, Gouzoulis MA, Bell J, et al.
Dynamic shifts in the hiv proviral landscape during long term combination antiretroviral
therapy: Implications for persistence and control of hiv infections. Viruses (2020) 12
(2):136. doi: 10.3390/v12020136

68. Peluso MJ, Bacchetti P, Ritter KD, Beg S, Lai J, Martin JN, et al. Differential decay
of intact and defective proviral DNA in hiv-1-Infected individuals on suppressive
antiretroviral therapy. JCI Insight (2020) 5(4):e132997. doi: 10.1172/jci.insight.132997

69. Chaillon A, Gianella S, Dellicour S, Rawlings SA, Schlub TE, De Oliveira MF, et al.
Hiv persists throughout deep tissues with repopulation from multiple anatomical sources.
J Clin Invest (2020) 130(4):1699-712. doi: 10.1172/JCI134815

70. Hatano H, Jain V, Hunt PW, Lee TH, Sinclair E, Do TD, et al. Cell-based measures of
viral persistence are associated with immune activation and programmed cell death protein 1
(Pd-1)-Expressing Cd4+ T cells. J Infect Dis (2013) 208(1):50-6. doi: 10.1093/infdis/jis630

71. Kulpa DA, Talla A, Brehm JH, Ribeiro SP, Yuan S, Bebin-Blackwell AG, et al.
Differentiation into an effector memory phenotype potentiates hiv-1 latency reversal in
Cd4(+) T cells. J Virol (2019) 93(24):¢00969-19. doi: 10.1128/jvi.00969-19

72. Banga R, Procopio FA, Ruggiero A, Noto A, Ohmiti K, Cavassini M, et al. Blood
Cxcr3(+) Cd4 T cells are enriched in inducible replication competent hiv in aviremic
antiretroviral therapy-treated individuals. Front Immunol (2018) 9:144. doi: 10.3389/
fimmu.2018.00144

frontiersin.org


https://doi.org/10.1371/journal.ppat.1007619
https://doi.org/10.1371/journal.ppat.1007619
https://doi.org/10.1016/j.chom.2016.07.015
https://doi.org/10.1099/vir.0.000065
https://doi.org/10.1099/vir.0.000065
https://doi.org/10.1016/j.immuni.2017.09.018
https://doi.org/10.1016/j.xcrm.2022.100766
https://doi.org/10.1016/j.xcrm.2022.100766
https://doi.org/10.3791/58016
https://doi.org/10.1128/jvi.00588-22
https://doi.org/10.1038/s41467-021-24080-1
https://doi.org/10.1038/s41467-021-24080-1
https://doi.org/10.1128/jvi.02011-21
https://doi.org/10.1093/bioinformatics/btv033
https://doi.org/10.1093/bioinformatics/btv033
https://doi.org/10.1128/mBio.02447-21
https://doi.org/10.1089/aid.2019.0214
https://doi.org/10.1089/aid.2019.0214
https://doi.org/10.1093/bioinformatics/16.4.400
https://doi.org/10.1093/bioinformatics/16.4.400
https://doi.org/10.1016/j.cell.2013.09.020
https://doi.org/10.1128/JVI.67.11.6365-6378.1993
https://doi.org/10.1080/00031305.2016.1154108
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1038/nm.4156
https://doi.org/10.1172/JCI154422
https://doi.org/10.1172/JCI154422
https://doi.org/10.1073/pnas.1917876117
https://doi.org/10.1038/s41467-019-08431-7
https://doi.org/10.1038/s41467-019-08431-7
https://doi.org/10.1016/j.chom.2017.03.008
https://doi.org/10.1016/j.celrep.2021.109643
https://doi.org/10.1016/j.celrep.2021.109643
https://doi.org/10.1371/journal.ppat.1003851
https://doi.org/10.1371/journal.ppat.1003851
https://doi.org/10.1038/34929
https://doi.org/10.1038/nm0396-338
https://doi.org/10.1101/cshperspect.a006916
https://doi.org/10.1101/cshperspect.a006916
https://doi.org/10.1016/j.chom.2019.08.003
https://doi.org/10.1038/s41467-020-17898-8
https://doi.org/10.1038/s41467-020-17898-8
https://doi.org/10.1186/s12985-019-1276-8
https://doi.org/10.1084/jem.20170193
https://doi.org/10.1084/jem.20170193
https://doi.org/10.1371/journal.ppat.1009214
https://doi.org/10.1016/j.chom.2020.03.014
https://doi.org/10.1016/j.chom.2020.03.014
https://doi.org/10.1371/journal.ppat.1006283
https://doi.org/10.1371/journal.ppat.1006283
https://doi.org/10.1073/pnas.1308313110
https://doi.org/10.1093/infdis/jiv092
https://doi.org/10.1128/JVI.01270-19
https://doi.org/10.1128/jvi.01046-14
https://doi.org/10.1038/s41467-019-10884-9
https://doi.org/10.3390/v12020136
https://doi.org/10.1172/jci.insight.132997
https://doi.org/10.1172/JCI134815
https://doi.org/10.1093/infdis/jis630
https://doi.org/10.1128/jvi.00969-19
https://doi.org/10.3389/fimmu.2018.00144
https://doi.org/10.3389/fimmu.2018.00144
https://doi.org/10.3389/fimmu.2023.1064346
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Fisher et al.

73. Valk E, Rudd CE, Schneider H. Ctla-4 trafficking and surface expression. Trends
Immunol (2008) 29(6):272-9. doi: 10.1016/}.it.2008.02.011

74. Linsley PS, Bradshaw J, Greene ], Peach R, Bennett KL, Mittler RS. Intracellular
trafficking of ctla-4 and focal localization towards sites of tcr engagement. Immunity
(1996) 4(6):535-43. doi: 10.1016/s1074-7613(00)80480-x

75. El-Far M, Isabelle C, Chomont N, Bourbonniére M, Fonseca S, Ancuta P, et al.
Down-regulation of ctla-4 by hiv-1 nef protein. PloS One (2013) 8(1):e54295.
doi: 10.1371/journal.pone.0054295

76. Muthumani K, Choo Andrew Y, Shedlock Devon J, Laddy Dominick J, Sundaram
Senthil G, Hirao L, et al. Human immunodeficiency virus type 1 nef induces programmed
death 1 expression through a P38 mitogen-activated protein kinase-dependent
mechanism. J Virol (2008) 82(23):11536-44. doi: 10.1128/JV1.00485-08

77. Ferdin ], Goricar K, Dolzan V, Plemenitas A, Martin JN, Peterlin BM, et al. Viral
protein nef is detected in plasma of half of hiv-infected adults with undetectable plasma
hiv rna. PloS One (2018) 13(1):e0191613. doi: 10.1371/journal.pone.0191613

Frontiers in Immunology

22

10.3389/fimmu.2023.1064346

78. Stevenson EM, Ward AR, Truong R, Thomas AS, Huang S-H, Dilling TR, et al.
Hiv-specific T cell responses reflect substantive in vivo interactions with antigen despite
long-term therapy. JCI Insight (2021) 6(3):e142640. doi: 10.1172/jci.insight.142640

79. Jubel JM, Barbati ZR, Burger C, Wirtz DC, Schildberg FA. Impact of antiretroviral
therapy duration on HIV-1 infection of T Cells within anatomic sites. Front Immunol
(2020) 11:487. doi: 10.3389/fimmu.2020.00487

80. White JA, Kufera JT, Bachmann N, Dai W, Simonetti FR, Armstrong C, et al.
Measuring the latent reservoir for hiv-1: Quantification bias in near full-length genome
sequencing methods. PloS Pathog (2022) 18(9):e1010845. doi: 10.1371/
journal.ppat.1010845

81. Scully EP. Sex differences in hiv infection. Curr HIV/AIDS Rep (2018) 15(2):136—
46. doi: 10.1007/s11904-018-0383-2

82. Scully EP, Gandhi M, Johnston R, Hoh R, Lockhart A, Dobrowolski C, et al. Sex-
based differences in human immunodeficiency virus type 1 reservoir activity and residual
immune activation. J Infect Dis (2019) 219(7):1084-94. doi: 10.1093/infdis/jiy617

frontiersin.org


https://doi.org/10.1016/j.it.2008.02.011
https://doi.org/10.1016/s1074-7613(00)80480-x
https://doi.org/10.1371/journal.pone.0054295
https://doi.org/10.1128/JVI.00485-08
https://doi.org/10.1371/journal.pone.0191613
https://doi.org/10.1172/jci.insight.142640
https://doi.org/10.3389/fimmu.2020.00487
https://doi.org/10.1371/journal.ppat.1010845
https://doi.org/10.1371/journal.ppat.1010845
https://doi.org/10.1007/s11904-018-0383-2
https://doi.org/10.1093/infdis/jiy617
https://doi.org/10.3389/fimmu.2023.1064346
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Unequal distribution of genetically-intact HIV-1 proviruses in cells expressing the immune checkpoint markers PD-1 and/or CTLA-4
	Introduction
	Materials and methods
	Study participants and design
	Sample processing and cell sorting
	DNA extraction and full-length individual proviral sequencing
	Sequence analysis
	Statistics
	Data availability

	Results
	Genetically-intact HIV-1 proviruses are less frequent in CD4+ T-cells expressing CTLA-4
	Proviruses that can express p24 protein are enriched in PD-1+ cells
	Proviruses with genetically-intact nef are enriched in PD-1+ cells and less frequent in CTLA-4+ cells
	Proviruses with genetically-intact tat + rev + RRE are enriched in PD-1+ cells and less frequent in CTLA-4+ cells
	Peripheral blood PD-1+ cells have a high proportion of genetically-identical sequences
	Lymph node CTLA-4+ cells have low levels of HIV-1 provirus
	Adjustment for multiple comparisons

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


