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Abstract

In people living with HIV (PLWH) on antiretroviral therapy (ART), virus persists in a latent

form where there is minimal transcription or protein expression. Latently infected cells are

a major barrier to curing HIV. Increasing HIV transcription and viral production in latently
infected cells could facilitate immune recognition and reduce the pool of infected cells that

persist on ART. Given that programmed cell death protein 1 (PD-1) expressing CD4* T cells are
preferentially infected with HIV in PLWH on ART, we aimed to determine whether administration
of antibodies targeting PD-1 would reverse HIV latency in vivo. We therefore evaluated the impact
of intravenous administration of pembrolizumab every 3 weeks on HIV latency in 32 PLWH and
cancer on ART. After the first infusion of anti—PD-1, we observed a median 1.32-fold increase in
unspliced HIV RNA and 1.61-fold increase in unspliced RNA:DNA ratio in sorted blood CD4*

T cells compared to baseline. We also observed a 1.65-fold increase in plasma HIV RNA. The
frequency of CD4* T cells with inducible virus evaluated using the zat/rev limiting dilution assay
was higher after 6 cycles compared to baseline. Phylogenetic analyses of HIV envsequences in a
participant who developed low concentrations of HIV viremia after 6 cycles of pembrolizumab did
not demonstrate clonal expansion of HIV-infected cells. These data are consistent with anti—-PD-1
being able to reverse HIV latency in vivo and support the rationale for combining anti-PD-1 with
other interventions to reduce the HIV reservoir.

INTRODUCTION

Despite the success of antiretroviral therapy (ART) in reducing morbidity and mortality
for people living with HIV (PLWH), there is still a need for a cure (1). ART inhibits

HIV replication, but latent HIV persists as an integrated genome in long-lived CD4* T
cells capable of proliferation with minimal or no antigen expression (2). Latency reversal
is a proposed approach to induce expression of HIV antigens or virions to allow for
immune recognition and elimination of infected cells (reviewed by Zerbato ef al)) (3).
Together with enhanced immune clearance, this approach could potentially eliminate cells
that contain replication-competent HIV (4). Latency-reversing agents evaluated to date in
PLWH on ART, including histone deacetylase inhibitors and toll-like receptor agonists, have
not consistently demonstrated latency reversal, and no intervention other than allogeneic
stem cell transplant has yet shown a sustained decrease or elimination of cells that contain
replication-competent virus (5).

Sci Transl Med. Author manuscript; available in PMC 2022 April 18.
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Programmed cell death protein 1 (PD-1) is an inhibitory checkpoint molecule expressed

on T cells that inhibits immune responses against cancers and viral infections. Monoclonal
antibodies targeting PD-1 or its ligand, PD-L1, are approved to treat a growing number of
cancers, including several HIV-associated malignancies (6). PD-1 is up-regulated on CD4*
and CD8* T cells in PLWH on and off ART (7) and, along with other immune checkpoints,
is preferentially expressed on latently infected cells in blood and tissue (8-12). Ex vivo,
engagement of PD-1 by its ligand PD-L1 inhibits T cell receptor-mediated activation,
allowing for the establishment of HIV latency (12). In vitro, anti-PD-1 antibodies enhanced
viral production from infected cells when used in combination with a submaximal activating
stimulus (10, 13).

On the basis of preclinical data, we hypothesized that anti-PD-1 would lead to latency
reversal in vivo. Several small studies of PLWH on ART who have received anti-PD-1

or other immune checkpoint blockers, such as anti—-PD-L1 or anti—cytotoxic T lymphocyte—
associated protein 4 (CTLA-4) have previously explored this issue. Most, but not all, suggest
that immune checkpoint blockade may perturb the HIV reservoir (12, 14-16). Cancer
Immunotherapy Trials Network 12 (CITN-12; NCT02595866) is a prospective clinical

trial in PLWH on ART and cancer across a range of CD4* T cell counts evaluating the
safety and anticancer activity of pembrolizumab, a humanized immunoglobulin G4 (IgG4)
monoclonal antibody. Participants from CITN-12 were enrolled in a prospective virology
substudy to conduct a detailed characterization of the longitudinal effects of anti-PD-1 on
HIV transcription.

Participants had a range of cancers and well-controlled HIV at baseline

Thirty-two participants were included in the analysis (Fig. 1). There were 9 participants in
cohort 1 (100 to 199 CD4* T cells/ul), 12 in cohort 2 (200 to 350 CD4* T cells/ul), and

11 in cohort 3 (>350 CD4* T cells/ul) (Table 1). One (13%) participant in cohort 1 had

an AIDS-defining cancer, compared to four (33%) in cohort 2 and five (46%) in cohort 3.
No other substantial differences were noted between the cohorts. At baseline, plasma HIV
RNA concentrations were below the limit of quantification (20 copies/ml) in 29 participants
and detectable in the remaining 3 participants (at 21, 21, and 168 copies/ml). Individual
participant HIV, cancer, and treatment characteristics are noted in table S1.

Anti—PD-1 induces transient declines in HIV DNA and increases in unspliced HIV RNA and
the HIV RNA:DNA ratio

Baseline intracellular unspliced HIV RNA, HIV DNA, and multiply spliced HIV RNA did
not differ by CD4 cohort. Baseline median [interquartile range (IQR)] plasma HIV RNA

by the HIV Molecular and Monitoring Core gag (HHMCgag) assay was 0.31 (0.08, 0.54),
2.60 (0.18, 9.90), and 1.25 (0.49, 2.10) copies/ml in cohorts 1 to 3, respectively (P=0.03;
Fig. 2). Baseline plasma HIV RNA by HHMCgag assay was positively correlated with
unspliced HIV RNA (Spearman p = 0.42, £=0.049) but not with multiply spliced HIV RNA
(p =0.04, P=0.9) or HIV DNA (p = 0.28, £=0.15). Plasma and unspliced HIV RNA
remained correlated at day 8 (p = 0.52, P=0.01). Unspliced HIV RNA, multiply spliced

Sci Transl Med. Author manuscript; available in PMC 2022 April 18.
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HIV RNA, and HIVV DNA were not correlated on a pairwise basis at baseline or day 8 after
pembrolizumab administration (table S2).

On day 8 after anti—-PD-1, evaluation of intraparticipant changes demonstrated that unspliced
HIV RNA was 1.32-fold higher than baseline values (= 0.03; Table 2 and Fig. 3A).

By day 22, unspliced HIVV RNA remained elevated, although it was no longer different

from baseline. In contrast, cell-associated HIVV DNA decreased 1 day after pembrolizumab
infusion to 0.78-fold that of baseline (2= 0.005; Fig. 3B) and trended back toward the
baseline value by day 22. As a result, the HIV unspliced RNA:DNA ratio increased on day
8 after first administration of pembrolizumab to become 1.61-fold of baseline (P=0.001;
Fig. 3C). In a subset that included 23 participants, no changes in multiply spliced HIV RNA
were noted compared to baseline at any time point (Table 2). Whereas plasma HIV was
moderately correlated with unspliced HIV RNA, plasma HIV did not increase during the
first cycle of therapy (Table 2 and Fig. 3D). Individual-level changes in measures of HIV
are noted in waterfall plots (Fig. 4), with increased unspliced RNA:DNA ratio noted in 75%
of study participants at day 8. We also evaluated trends in plasma HIV at later time points.
Compared to baseline, plasma HIV RNA was not significantly (£ = 0.29) higher at end of
treatment (EOT) among the 12 participants for whom EOT was less than 6 months after
baseline. However, it was 5.8-fold (P = 0.04) higher among four participants for whom EOT
was greater than 6 months from baseline.

Post hoc analysis suggested that perturbation of the reservoir was related to the CD4:CD8
ratio. The increase in unspliced HIV RNA, unspliced HIVV RNA:DNA ratio, and HIV plasma
RNA by HMMCgag assay between baseline and day 8 was larger among participants with
CDA4:CD8 ratios above 0.5 (P=0.004, 0.041, and 0.053, respectively; table S3), whereas

the decrease in HIV DNA from baseline to day 2 was larger in participants with CD4:CD8
ratios below 0.5 (P=0.017; table S3). Change in HIVV DNA from baseline to day 8

was similar among all CD4:CD8 ratio strata (P = 0.8; table S3). Changes in unspliced

HIV RNA, unspliced HIV RNA:DNA ratio, and HIV plasma RNA by HMMCgag assay
between baseline and day 8 did not differ between participants with AIDS-defining or non-
AIDS-defining cancers or by cohort.

Administration of anti—PD-1 over 6 cycles led to increased measures of an inducible HIV
reservoir by the tat/rev induced limiting dilution assay

TILDA (tat/revinduced limiting dilution assay) was performed in 23 participants with
longitudinal samples, including 13 participants who completed less than 7 cycles of anti—
PD-1 therapy and 10 participants analyzed per protocol who completed at least 7 cycles of
therapy (Fig. 5). Of the 10 participants completing at least 7 cycles of therapy (pink circles),
5 were further evaluated after 13 cycles of therapy (red circles) and 6 were evaluated at a
subsequent EQT time point (orange triangles). By the seventh cycle of anti—-PD-1 therapy,
the frequency of cells with inducible virus was 1.44-fold higher than the baseline frequency
(P=0.008). Follow-up of these same participants demon-strated a subsequent decrease in
the frequency of cells with inducible HIV before the 13th cycle to a ratio of 0.75 (= 0.07)
compared to baseline. In participants who discontinued pembrolizumab before completing
6 cycles of therapy, there was a decrease in the frequency of cells with inducible virus

Sci Transl Med. Author manuscript; available in PMC 2022 April 18.
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at the end of anti-PD-1 therapy (Table 2 and Fig. 5, blue triangles). For participants who
completed 6 cycles of therapy, those with a CD4:CD8 ratio greater than 0.5 exhibited
increased inducible HIV transcription (P = 0.025). Stratification by baseline CD4 count,
AIDS-defining cancer, baseline HIVV DNA, or evidence of HIV latency reversal at day 8 did
not modify results (table S3).

HIV single-genome sequencing from a participant with low concentrations of plasma HIV
RNA after anti-PD-1 despite adherence to ART revealed no evidence of clonal expansion

Given that anti—-PD-1 can cause substantial T cell proliferation of both CD4* and CD8* T
cells [reviewed in (17)] and that we and others have shown that HIV latency is enriched

in PD-1* CD4* T cells in PLWH on ART (8, 18), we asked whether anti—-PD-1 could

drive clonal expansion of infected CD4™ T cells. We chose to investigate this in the one
participant who had a low degree of persistent viremia (<400 copies/ml) after anti—-PD-1
treatment. Therefore, HIV sequence analyses were performed in a participant who was
aviremic pre-pembrolizumab and who had persistent low concentrations of plasma HIV
RNA (20 to 400 copies/ml), first noted after 6 cycles despite adherence to ART (19). We
performed HIV envsingle-genome sequencing from sorted CD4* T cell subsets at baseline,
cycle 4, cycle 7, and EQOT after 24 months of therapy. As with others in the cohort, this
participant had decreased HIVV DNA on day 2, increased unspliced HIVV RNA on day

8, increased inducible HIV after 6 cycles, and decreased inducible HIV after 12 cycles.
Despite adherence to ART, we detected HIV RNA (20 to 400 copies/ml) in plasma from this
participant between cycles 6 and 31 of therapy, measured by a commercial assay performed
during routine safety monitoring. We hypothesized that anti—-PD-1 therapy may have induced
the proliferation of a specific proviral clone, contributing to the persistent viremia, as has
been previously observed in PLWH on ART (20). We observed several infected clones that
persisted across multiple time points during treatment (Fig. 6A) including several clones
present in cycles 4 and 7 that were not detected in the baseline sample (cycle 1). A large
clone that was infected with the predominant sequence detected at baseline (clone 12; 34.4%
of all detected variants) declined in prevalence over the treatment period (Fig. 6B). We also
did not observe an increase in env diversity over the time (Figs. 6C and 7). There was
insufficient plasma remaining from this participant to analyze the diversity and potential
evolution of the circulating viruses.

DISCUSSION

During long-term ART, HIV is enriched in CD4" T cells that express PD-1. Leveraging a
clinical trial of pembrolizumab in PLWH on ART with advanced cancer, we prospectively
evaluated the effects of anti-PD-1 on HIV transcription and persistence. We found evidence
of modest latency reversal defined by increased unspliced HIV RNA 1 week after
administration of anti—-PD-1 treatment, consistent with the induction of HIV transcription
(10). By contrast, multiply spliced HIV RNA did not change after pembrolizumab
administration, and values tended to be lower 8 days after the anti—-PD-1 infusion. After
multiple infusions of anti—-PD-1, there was an increase in the frequency of cells with
inducible virus as measured by TILDA in several participants, consistent with enhanced
capacity for HIV transcription.

Sci Transl Med. Author manuscript; available in PMC 2022 April 18.
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Our findings differ from a recent report showing no evidence of latency reversal after
administration of another anti—-PD-1 monoclonal antibody, nivolumab, in PLWH and cancer
(15). The different findings in relation to HIV latency reversal may be due to several

factors related to study design. First, participants in CITN-12 had lower baseline unspliced
HIV RNA and HIV DNA, suggesting better control of HIV. In addition, our post hoc
analyses show that induction of viral transcription was greatest in participants with higher
CD4:CD8 ratios, suggesting that unmeasured differences in chronic inflammation between
the cohorts may be responsible for differences in findings. Last, we adjusted our analyses
for HIV DNA that decreased after PD-1 in both studies, which strengthened the inferred
case for latency reversal. We cannot exclude that differences between studies may be due to
differences between pembrolizumab and nivolumab. Both are IgG4 monoclonal antibodies
with variable regions that bind different epitopes on PD-1 [reviewed in (21)]. Their relative
effect on CD4* T cell activation, which could affect HIV latency reversal, has, to our
knowledge, not been directly compared. As 1IgG4 monoclonal antibodies, both are inefficient
in eliciting complement-dependent cytotoxicity and antibody-induced cytotoxicity, and
therefore, unmeasured differences in the Fc function are unlikely to be contributing to
observed differences.

We used TILDA, an assay that measures the frequency of cells expressing fat/rev after
exposure to T cell activation with phorbol 12-myristate 13-acetate (PMA) and ionomycin,
which represents an inducible provirus population. We observed an increase in the
frequency of cells with inducible virus after 6 cycles and recognize at least two potential
interpretations. One possibility is the expansion of the number of infected cells potentially
through proliferation, resulting in more infected cells with inducible virus. We think that
this is unlikely because this would require infected cells to proliferate more than uninfected
cells after anti—PD-1 treatment. Alternatively, the finding could be explained by the number
of infected cells being unchanged, but that HIV transcription was easier to induce after
stimulation with PMA and ionomycin ex vivo. We are unable to distinguish between these
two possible explanations currently; however, we favor the latter interpretation given our
prior studies where we examined CD4* T cells from PLWH on ART ex vivo and showed
that PD-1 engagement directly inhibited the positive transcriptional elongation factor b
(P-TEFb) signaling pathway, which is usually activated after T cell stimulation (10) and
enhances HIV transcription (22). Therefore, in the presence of anti-PD-1, we would expect
to see greater activity of P-TEFb and enhancement of HIV transcription in each latently
infected cell, which means an increase in the frequency of cells with inducible virus, as we
observed with the TILDA assay. Ideally, we would measure the number of intact viruses
using the intact proviral DNA assay (IPDA), but sufficient material was not available to
complete this assay. It is intriguing that, in participants that did not complete 6 cycles
because of adverse events or disease progression, there was a decline in the frequency

of cells with inducible virus. This could indicate a PD-1-independent mechanism of T

cell suppression leading to lack of response to anti—PD-1 that is common to both cancer
responses and HIV latency reversal.

Most CITN-12 participants had undetectable HIV at all time points using a commercial
plasma HIV RNA assay, and we did not observe any consistent changes in plasma HIV
RNA. We did, however, observe a sustained increase in plasma HIVV RNA in one participant.

Sci Transl Med. Author manuscript; available in PMC 2022 April 18.
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To evaluate the possibility of clonal expansion on long-term anti—-PD-1 administration, we
conducted HIV sequencing in this individual, who clinically exhibited a complete clinical
oncologic response to pembrolizumab and who reported adherence to ART throughout his
treatment. Sequencing of HIV envwithin peripheral blood mononuclear cells (PBMCs)
collected at four time points did not demonstrate emergence of a predominant variant as
might be expected if anti—PD-1 therapy was inducing the proliferation of a proviral clone. In
the absence of sequencing of the plasma RNA, we are unable to conclude whether any of the
minor emergent variants were the source of the persistent viremia observed. Our results did
not show evidence of ongoing viral replication on the basis of lack of sequence evolution,
suggesting that low concentrations of plasma HIV may be due to latency reversal in this
participant. We acknowledge that the analysis of envsequences in only one participant does
not exclude the possibility of clonal expansion of HIV-infected CD4" T cells or ongoing
virus replication after anti—PD-1, but in this one participant, new onset viremia could not be
explained by an adverse effect of anti-PD-1 on the HIV reservoir. Collectively, these data
support the hypothesis that PD-1 signaling in cells helps maintain HIV in a latent state and
that inhibition of this signaling can contribute to latency reversal.

Our study also confirmed a decrease in HIV DNA in CD4* T cells observed 24 hours after
anti-PD-1 therapy (15). Our results may be due to generalized decreases in lymphocytes
24 hours after anti-PD-1 administration as has been observed in other studies and has
been attributed to cell trafficking to tissues (23). However, anti—-PD-1 therapy may also
lead to proliferation and activation of HIV-specific CD8* T cells (24). Ongoing studies

in our laboratories are evaluating the effects of pembrolizumab on immune responses and
HIV-specific cytotoxicity.

Our study has important strengths and limitations. It was prospectively designed, with
clinical data and biologic specimens collected specifically to address the role of PD-1
blockade on the HIV reservoir. We recruited PLWH who were adherent to ART. The main
limitation of the study was that we studied individuals with cancer and hence were limited
in the types of biologic specimens obtained. In addition, because of the cancer and its
treatment, the immune system in our cohort was not normal and the results may not be
generalizable. The reservoir assays used also have their limitations. A quantitative viral
outgrowth assay, the gold standard for quantitating the HIV reservoir, was not feasible
within a multicenter cancer study because of leukapheresis requirements. Future studies
could use the IPDA, which measures intact proviruses and is not expected to be affected
by inducibility of HIV by anti-PD-1 (25). Last, we were unable to obtain sufficient plasma
to assess the env sequence of cell-free virus, which might be another informative way to
characterize latency reversal.

Development of immunotherapy remains a high scientific priority for HIV cure research
(26). One of the main challenges for developing anti—PD-1 as a strategy for an HIV cure

is the associated immune-related adverse events well described with all immune checkpoint
blockers (27). Although we have shown that the frequency and spectrum of immune-related
adverse events in PLWH compared to people living without HIV is similar (19), there is a
very low tolerance for any grade 3 or 4 adverse events in PLWH, given that the quality of
life is high on ART and life expectancy is similar to people without HIV (28). Therefore,

Sci Transl Med. Author manuscript; available in PMC 2022 April 18.
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although we have shown a clear effect of a single dose of anti-PD-1 on reversing latency

in this study, further dose-finding studies will be needed in PLWH to determine whether
toxicity could be reduced through reduction in dose without reducing activity, as recently
demonstrated in a clinical trial of low-dose nivolumab in chronic hepatitis B virus (29).
Whether a low dose of anti—-PD-1 alone will overcome all immune-related adverse events

is unclear, as recently demonstrated in a dose-escalating study of cemiplimab in PLWH on
ART without cancer (30). Alternate strategies include subcutaneous administration of anti—
PD-1 monoclonal antibodies (clinicaltrials.gov, NCT03316274) or combination of low-dose
anti-PD-1 with other interventions that can reverse latency or enhance HIV-specific T cell
function.

In summary, monoclonal antibodies targeting PD-1 led to reversal of HIV latency in CD4*
T cells after the first infusion. With repeated dosing in the setting of cancer therapy,

we observed an increase in the frequency of cells with inducible virus. Because limited
exposure of anti-PD-1 therapy in PLWH without cancer is desirable given possible immune-
related toxicities, it is promising that latency reversal was observed even after a single
infusion.

MATERIALS AND METHODS

Study design

Within a multicenter, open-label, nonrandomized phase 1 clinical trial of pembrolizumab
for PLWH on ART and advanced cancer, CITN-12, we conducted a prospective correlative
study to test the hypothesis that anti-PD-1 induced latency reversal and to evaluate the
effects of anti-PD-1 on measures of HIV persistence. Participant characteristics and primary
clinical results have been previously described (19). Briefly, the study enrolled PLWH on
ART with advanced cancer, on ART for at least 4 weeks with plasma HIV RNA of <200
copies/ml, and CD4 of >100 cells/ul. The sample size determination for this study was based
on the evaluation of safety in three cohorts of up to 12 participants with HIV and advanced
cancer defined by baseline CD4* T cell count (100 to 199, 200 to 350, or >350 cells/

ul). CITN-12 was approved by institutional review boards at the Fred Hutchinson Cancer
Research Center and each participating center. All participants provided written informed
consent. Pembrolizumab (200 mg) was administered intravenously every 3 weeks for up

to 35 doses with continuous ART. Treatment was discontinued for progressive disease as
defined by disease-specific criteria, unacceptable adverse events as graded by the Common
Terminology Criteria for Adverse Events version 4.0, other serious illness, investigator
decision, consent withdrawal, or completion of 2 years of therapy (19).

Biospecimen collection was prespecified (Fig 1). Peripheral blood was collected in acid
citrate dextrose tubes and shipped overnight for central processing of PBMCs. PBMCs

were isolated from whole blood using Ficoll-Hypaque and cryopreserved as described

(31). Frozen PBMC aliquots were stored in temperature-monitored liquid N, vapor-phase
freezers. Plasma was processed locally within 4 hours of collection for plasma HIV RNA
quantification using an ultracentrifugation procedure as previously described (32). Blood
was collected before each pembrolizumab administration, 1 day after administration (day 2),
and 7 days after administration (day 8). For the first cycle, blood was also collected 2 hours

Sci Transl Med. Author manuscript; available in PMC 2022 April 18.
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after administration. Additional blood samples were collected at the EOT and at a follow-up
visit 30 days after EOT (denoted FU).

Samples with at least 10 million banked PBMCs (CD4" T cell-associated HIV RNA and
HIV DNA assays) or at least 15 million banked PBMCs (TILDA) or 8 ml of plasma were
processed for analyses. For measures of CD4* T cell-associated HIV RNA (unspliced or
multiply spliced) and CD4* T-cell associated HIV DNA, results from experimental wells
with fewer than 5000 or 1000 input CD4* T cells, respectively, were excluded from analysis.
Laboratory experiments included technical replicates. Analyses for unspliced and multiply
spliced HIV RNA were performed in quadruplicate and for HIV DNA in triplicate, as
previously described (33, 34). Samples from different time points from each patient were
run together on the same plate to reduce interassay variability. For TILDA analyses, flow
cytometry measures confirmed efficient activation of CD4* T cells (CD69* CD4* T cells
average frequency = 94%) and cell viability (87% LIVE/DEAD staining), and no samples
were excluded from the analysis. For each sample evaluated by TILDA, activated CD4* T
cells were distributed in limiting dilutions (four dilutions, up to 24 replicates per dilution,
average number of replicate wells per dilution = 21.3). All measurements of HIV were made
blinded to the clinical correlation including CD4* T cell count and time point in relation to
administration to pembrolizumab.

Measurement of HIV RNA and DNA

Cell-associated unspliced and multiply spliced HIV RNA and HIVV DNA were quantified in
CD4™* T cells isolated from PBMCs collected at baseline and during the first 2 cycles of
therapy as previously described (33, 34). The lower limit of detection of the total HIV DNA
and cell-associated HIVV RNA assays was one copy per well. If there was a signal detected
but unable to be quantified because it was less than 1.0, then it was included as 0.5. If there
was no signal, then this was included as zero.

Plasma HIV RNA was quantified using a previously described quantitative real-time
polymerase chain reaction (PCR) single-copy assay (HMMCgag) targeting a noncoding

5 region of HIV gag (32). In addition, plasma HIV RNA was monitored by clinical

assays before each of the first 4 cycles of pembrolizumab, and then every 3 cycles, using
commercial assays with lower limits of detection of either 20 or 40 copies/ml, depending on
the treating site.

tat/rev induced limiting dilution assay

Measurement of the frequency of CD4* T cells harboring inducible viruses was measured
by TILDA as previously described at baseline, after 6 and 12 cycles of therapy, and at EOT
(35). CD4* T cells were isolated from PBMCs by negative magnetic selection (STEMCELL
Technologies) per the manufacturer’s instructions and then stimulated for 12 hours with
PMA (100 ng/ml) and ionomycin (1 pg/ml) (Sigma-Aldrich). Cells were plated in limiting
dilutions, and HIV faf revtranscripts were measured by real-time PCR. The number of
positive wells at each dilution was counted, and Poisson law was used to calculate for
frequencies of HIV RNA" cells per million CD4* T cells using extreme limiting dilution
analysis (ELDA) software (http://bioinf.wehi.edu.au/software/elda/).
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Cell sorting, nucleic acid isolation, single-genome sequencing, and sequence analysis

HIV sequence analysis was performed on CD4" T cell subsets isolated from

blood collected at baseline, cycle 4, cycle 7, and EOT. Cryopreserved PBMCs

were thawed and incubated with a CD4* T cell subset identification cocktail

[anti-CD3 phycoerythrin (PE), anti-CD4 PE-Texas Red, anti-C-C motif chemokine
receptor 7 (CCR7) Alexa Fluor 488, anti-CD27 Brilliant Violet 711, anti-CD45RA
PE-Cy7, and LIVE/DEAD fixable dead cell aqua; table S4]. CD4* T cell

subsets were defined as naive (CD4*CD45RA*CD27+*CCR7*), central memory
(CD4*CD45RA™CD27*CCRT7*), transitional memory (CD4* CD45RA™CD27*CCR7"),
effector memory (CD4*CD45RA-CD27-CCR7"), and terminally differentiated
(CD4*CD45RA*CD27-CCR7"). (36) Sorting was performed on a FACSAria sorter (BD
Biosciences). Sorted cells were resuspended in lysis buffer [10 mM tris-HCI, 0.5% NP-40,
0.5% Tween 20, and proteinase K (300 pg/ml)]. Samples were incubated at 55°C for 1 hour
followed by an inactivation phase for 15 min at 85°C. Lysates were used as templates for
single-genome sequencing of the gp120 VI-V/3region as previously described, and PCR
amplimers were sequenced with Sanger sequencing (36).

Hypermutants were identified using the Hypermut2.0 tool (hiv.lanl.gov), and nonintact

env sequences were removed from analyses. Alignments were performed using Clustal

W in CLC Main Workbench (QIAGEN), and maximum likelihood trees were constructed
on Molecular Evolutionary Genetics Analysis (MEGA) X (http://megasoftware.net) using
the general time reversible plus gamma model of nucleotide substitution and supported

by 100 bootstrap replicates. Identical sequences representing expansion of infected cells
were identified using the UniSeq program (https://indra.mullins.microbiol.washington.edu/
cgi-bin/UniSeg/uniseq.cgi) and confirmed with individual sequence alignments. Divergence
of unique sequences related to the most common recent ancestor was estimated using
DIVEIN (37). Images were created with MEGA X (phylogenetic tree) or PRISM (graphs)
and further edited using Adobe Illustrator.

Statistical analysis

Raw, individual-level data can be found in data file S1. For each study visit, measurements
of plasma HIV RNA, as well as unspliced HIV RNA, multiply spliced HIV RNA and HIV
DNA, and the ratio of unspliced HIV RNA to DNA were summarized by median and IQR.
Comparison of baseline measurements between cohorts was evaluated by the Kruskal-Wallis
test. Fold change compared to the baseline of individual measures of plasma HIV RNA,
unspliced HIV RNA, and HIV DNA per 108 CD4* T cells and the RNA:DNA ratio were
computed for each participant at each visit. Pairwise Spearman rank correlation coefficients
of these measures were calculated for baseline and day 8.

Within-participant longitudinal changes in HIV RNA and DNA were assessed by multilevel
mixed-effects negative binomial regression models in which each virological measure was
the dependent variable (33, 38). Log of the cellular input (18 S ribosomal RNA copies

for unspliced HIV RNA and CCR5 DNA copies for HIV DNA) was included in the

fixed effects model as an offset. The clustered sandwich estimator was used for SEs from
regression models. For analysis of plasma HIV RNA, input was assumed fixed. Time

Sci Transl Med. Author manuscript; available in PMC 2022 April 18.


http://hiv.lanl.gov/
http://megasoftware.net/
https://indra.mullins.microbiol.washington.edu/cgi-bin/UniSeq/uniseq.cgi
https://indra.mullins.microbiol.washington.edu/cgi-bin/UniSeq/uniseq.cgi

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Uldrick et al.

Page 11

was parameterized as a categorical variable by visit. Two-tailed £ < 0.05 was interpreted

as statistically significant. CD4 cohort, CD4:CD8 strata (<0.5 versus =0.5), and tumor

type (AIDS-defining malignancy versus non—AlDS-defining malignancy) were evaluated
for effect modification of HIV outcomes by adding a multiplicative interaction term to
regression models. All analyses were conducted with Stata v15 and v16. Data for Figs. 2 to
5 were visualized with the ggplot2 package.

For TILDA analyses, because not all participants completed 6 cycles of therapy, EOT
samples were categorized as before or after 6 cycles. Within-participant fold change of
TILDA from baseline was estimated by nesting TILDA within a multilevel mixed-effects
model with complementary log-log link function (39). For one participant with no positive
replicates at one time point, we imputed a single positive replicate to allow the model to
converge. In addition, we evaluated whether baseline HIV DNA elevated unspliced HIV
RNA:DNA ratio at day 8, tumor type, baseline CD4* T cell stratum, and baseline CD4:CD8
stratum for effect modification of TILDA by adding a multiplicative interaction term to the
regression model.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Study schema of specimen collection in relation to pembrolizumab administration.
Cycles of pembrolizumab (red triangles) were administered every 3 weeks on day 1 of a

cycle for up to 35 cycles for participants benefiting from therapy. Participants discontinued
treatment in the setting of unacceptable adverse events, progressive cancer, or participant
preference. Blood was collected at regular time points (shown as dashed vertical lines),
including before pembrolizumab administration on day 1, and plasma and peripheral blood
mononuclear cells (PBMCs) were processed and cryopreserved. More frequent collection
of specimens occurred after the first dose (red shaded box). DNA and RNA were extracted
from CD4* T cells isolated from PBMCs, and HIVV DNA and unspliced and multiply spliced
HIV RNA were quantified by PCR (shown as +). Plasma HIVV RNA was quantified at the
same time points. PBMCs collected at baseline, before cycle 7, and before cycle 13 were
used for the inducible HIV using the fat/revinduced limiting dilution assay (TILDA,; red
tick). For participants receiving less than 7 cycles of therapy, TILDA was evaluated at the
end of therapy.
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Fig. 2. Baseline measures demonstrated persistent forms of HIV on ART.
Baseline (day 1) plasma HIV RNA (copies/ml), unspliced HIV RNA (usRNA,; copies

per 108 cells), HIV DNA (vDNA; copies per 108 cells), and multiply spliced HIV RNA
(msRNA,; copies per 106 cells) are shown for participants stratified by CD4* T cell count.
Values greater than zero were transformed by log19()) and grouped in 10 bins per logyg unit,
with exact zeros set apart for visualization.
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Fig. 3. Anti-PD-1 affects measures of HIV in CD4-sorted T cells.
Estimated within-participant changes from cycle 1, day 1 administration of pembrolizumab

of (A) unspliced HIV RNA, (B) HIV DNA, (C) the ratio of unspliced HIV RNA:HIV DNA,
and (D) plasma HIV RNA are shown. The yaxis scale is log-transformed. Dots represent
point estimates from regression analyses, and error bars indicate 95% confidence intervals;
dashed line indicates no change from baseline; and exclusion of dashed line from confidence
interval indicates P < 0.05 by Wald test of regression coefficient.
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Fig. 4. After a single infusion of pembrolizumab, there is an increase in unspliced HIV RNA and
the ratio of unspliced HIV RNA:HIV DNA.

Waterfall plots of changes in (A) plasma HIV RNA, (B) unspliced HIV RNA, (C) HIV
DNA, and (D) ratio of unspliced HIV RNA:HIV DNA from baseline administration of
pembrolizumab on day 1 are shown for individual patients. Participants missing baseline or

visit measures were excluded from the corresponding waterfall plots.
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Fig. 5. Repeated administration of anti-PD-1 over 6 cycles increased the inducible HIV reservoir
in CD4* T cells.

Changes in the frequency of cells with inducible HIV as measured by TILDA are shown
stratified by initial comparisons performed at the prespecified cycle 7 (C7) time point versus
an earlier time point due to dis-continuation of therapy. Orange triangles represent the

final study time point. Cessation of the study participation occurred because of toxicity or
progression of malignancy. EOT indicates end of therapy.
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Fig. 6. Comparison of HIV env sequences and clonal composition over time revealed no evidence
of clonal expansion.

(A) The proportional distribution of 13 clones over four time points (cycle 1, cycle 4,
cycle 7, and EOT) is shown. Clones are represented by color. (B) The percent of total env
sequence at each time point are shown. Clone 12, which represented 34.4% of all clones
at baseline, declined proportionally over time. (C) Pairwise distance analyses of distance
from most recent common ancestor (MRCA\) reveal no significant change over time. Data
are presented as means and SD.
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Fig. 7. Phylogenetic analysis of HIV env sequences isolated from CD4* T cell subsets over 2 years
in a participant receiving pembrolizumab reveals no evidence of clonal expansion.

Sequences were categorized by time point (color) and T cell subset (shape). The outgroup is
the prototypical HIV type 1 subtype B (isolate HXB2) (empty triangle). The scale indicates
the number of nucleotide substitutions per site. Asterisk (*) indicates branches supported by
>74% bootstrap replicates. NV, naive; CM, central memory; TM, transitional memory; EM,
effector memory; TD, terminally differentiated.
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Participant baseline characteristics.

Table 1.

Characteristic

Number or median

Percent or IQR

Cohort, 77 (% of cohort)
100 to 199 CD4*/ul

200 to 350 CD4*/pl
>350 CD4*/pl

Age, median (IQR)

Sex, 1 (% of cohort)
Men

Women

Race, 77 (% of cohort)
White
Black/African-American
Other/unknown/more than 1
Ethnicity

Hispanic

Non-Hispanic

Not reported

Cancer, 71(% of cohort)
AIDS-defining
Non-AIDS-defining

12
11
55

29

19

28

10
22

CD4:CD8 ratio, 77 (% of cohort)

<0.5
=0.5

16
16

Plasma HIV RNA, 7 (% of cohort)

Below limit of detection

Detected

29

28%
38%
34%

(48, 61)

91%
9%

59%
28%
13%

9%
88%
3%

31%
69%

50%
50%

91%
9%
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