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A cure for human immunodeficiency virus (HIV-1) is restricted by the continued presence
of a latent reservoir of memory CD41 T cells with proviruses integrated into their
DNA despite suppressive antiretroviral therapy (ART). A predominant strategy currently
pursued in HIV-1 cure-related research is the “kick and kill” approach, where latency
reversal agents (LRAs) are used to reactivate transcription from integrated proviruses.
The premise of this approach is that “kicking” latent virus out of hiding allows the
host immune system to recognize and kill infected cells. Clinical trials investigating the
efficacy of LRAs, such as romidepsin, have shown that these interventions do induce
transient spikes in viral RNA in HIV-1-infected individuals. However, since these trials
failed to significantly reduce viral reservoir size or significantly delay time to viral rebound
during analytical treatment interruptions, it is questioned how much each individual
latent provirus is actually “kicked” to produce viral transcripts and/or proteins by the
LRA. Here, we developed sensitive and specific digital droplet PCR-based assays with
single-provirus level resolution. Combining these assays allowed us to interrogate the
level of viral RNA transcripts from single proviruses in individuals on suppressive ART with
or without concomitant romidepsin treatment. Small numbers of proviruses in peripheral
blood memory CD4™ T cells were triggered to become marginally transcriptionally active
upon romidepsin treatment. These novel assays can be applied retrospectively and
prospectively in HIV-1 cure-related clinical trials to gain crucial insights into LRA efficacy
at the single provirus level.

Keywords: HIV-1 latency, single-provirus, digital droplet PCR, latency reversal, romidepsin

INTRODUCTION

Human immunodeficiency virus (HIV-1) is a major part of the global disease burden causing
suppression of the immune system by depletion of its central regulators, the CD4T T cells.
Introduction of antiretroviral therapy (ART) in the mid 1990’ has greatly reduced morbidity and
mortality associated with HIV-1 by preventing depletion of CD4™ T cells and suppressing viral
loads to undetectable levels (1, 2). However, ART is not curative. Soon after HIV-1 individuals
stop taking their medication, the virus rebounds, and thus lifelong ART adherence is necessary to
prevent disease progression (3).
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Developing a cure for HIV-1 have so far been limited by the
establishment of a reservoir of latently infected memory CD4" T
cells harboring integrated HIV-1 DNA. Most of these proviruses
are transcriptionally silent and they ensure viral persistence
despite suppressive treatment of the infection with ART (4-6).
Therefore, elimination of cells harboring integrated proviruses in
order to achieve a cure for HIV-1 has been the goal since this
latent proviral reservoir was discovered. One of the dominant
strategies currently used in the search for a cure is the “kick and
kill” approach (7-12). This approach intends to reverse latency
by forcing the latently infected cells to (re)activate proviral
transcription thus allowing the host immune system to clear the
infected cells (8). Different latency reversal agents (LRAs) have
been tested in clinical trials since 2005 (13, 14). Our research team
have tested the HDAC inhibitors panobinostat and romidepsin as
well as a TLR9 agonist as LRAs (15-18). We and another group
have observed transient spikes in cell-associated unspliced HIV-
1 RNA copies following romidepsin infusion in HIV-1 infected
individuals on suppressive ART as a marker of the “kick” (15,
17, 19). However, limited changes were found in the size of the
viral reservoir after treatment with romidepsin in these studies
and romidepsin treatment alone did not lead to significant delays
to viral rebound during analytical treatment interruptions.

Previously, a single-cell, microfluidics-based analysis strategy
was employed to estimate the number of HIV-1 transcripts
in human CD4" T cells stimulated ex vivo (20). However,
only bulk populations of cells have been used to analyze viral
transcription in samples from individuals on suppressive ART as
well as in clinical samples from latency reversal trials. It is well-
documented that there is an increase in HIV-1 transcription in
response to LRAs, yet the contribution of individual proviruses
to these increased transcript levels has never been assessed.
This is important because the overall efficacy of LRAs has been
below what was originally hypothesized or desired. Thus, we
need to increase the resolution whereby we can define LRA
efficacy to have single-provirus resolution. With that granularity
of understanding, it will be easier to assess whether a given LRA,
or combination of agents is likely to have sufficient impact on the
latent viral reservoir to allow for ART-free remission. A single-
provirus resolution assay for HIV-1 transcription is therefore
needed to comprehensively evaluate whether observed increases
in viral transcription in individuals upon stimulation with
LRAs results from a small number of transcriptional productive
proviruses or from a larger proportion of transcriptional active
proviruses. Such differentiation is critical as these distinctive
mechanisms of transcriptional activity upon latency reversal will
have very different impacts on the latent HIV-1 reservoir.

To this end, we determined that there are four possible models
that can account for the observed increased HIV-1 transcription
following LRA treatment. The LRA activates: (1) few proviruses
to each produce high levels of viral transcripts; (2) many
proviruses to each produce high levels of viral transcripts: (3) few
proviruses to each produce low levels of viral transcripts; or (4)
many proviruses to each produce low levels of viral transcripts.
To distinguish between these four outcomes, we invented a pair
of novel assays to determine the number of viral transcripts
present on single-provirus level.

Here, we first present the development and validation of
the two interrelated assays, referred to as the quantitative viral
transcription assay (QVTA) and single-provirus transcription
assay (SPTA). Then we present the outcomes of our assays after
we determined the breadth of provirus activation by romidepsin
in vivo.

MATERIALS AND METHODS

Ethical Statement and Samples From HIV-1

Individuals

Herein, cryopreserved PBMC samples from three different
groups of HIV-1 individuals were used (Table 1). All individuals
provided written informed consent. To ensure anonymity of
participants, only de-identified data were utilized to complete this
study. Participants in the “ART naive” group comprise a group
of five HIV-1 individuals from whom samples were collected
prior to ART initiation [Danish Data Protection Agency approval
#1-16-02-424-15 and approved by the National Committee
on Health Research Ethics (#1-10-72-260-15)]. Participants in
“suppressive ART—group 1”7 were part of a clinical study
approved by the National Committee on Health Research Ethics
(#1-10-72-311-13) and the Danish Data Protection Agency (#1-
16-02-464-13) (21). This was a non-interventional, longitudinal
study. Samples from participants from suppressive ART—group
1 included two longitudinal visits with 1-2 months between
sample collections. Participants in “suppressive ART—group
2” were part of a separate clinical study approved by the
National Committee on Health Research Ethics (#M-2013-364—
13) (15). This was an interventional, longitudinal study wherein
individuals received three infusions of romidepsin 1 week apart.
Samples from participants from suppressive ART—group 2
included pre-romidepsin samples which were taken before the
first infusion of romidepsin and post-romidepsin samples which
were taken 4 h after third infusion of romidepsin (except ID36
which is after second infusion).

Cell Isolation, Well Seeding, and RNA

Extraction

Cryopreserved PBMCs from study participants were thawed and
subjected to negative magnetic bead selection of memory CD4™
T cells according to the manufacturers instruction (Miltenyi
Biotec, Bergisch Gladbach, Germany; cat# 130-091-893). Purified
cells were seeded in dilutions of proviruses in 96-well plates.
In order to get a specific number of proviruses in each well
for ddPCR analyses as described below, we first calculated the
number of HIV-1 DNA copies per memory CD4™ T cells as
follows: total HIV-1 DNA copies in bulk divided by one minus
the proportion of naive T cells revealed by flow cytometry
based on prior observations that naive CD4" T cells harbor
very few proviruses (22-24). This number was per million cells,
which allowed us to determine the number of cells to seed in a
given well in order to have the prespecified number of HIV-1
proviruses present. Quantification of HIV-1 DNA copies in bulk
was available from previous studies or performed on a different
aliquot of the same sample as described in section Total HIV-1
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TABLE 1 | Clinical data for the three groups of HIV-1 individuals included in this study.

ART naive Suppressive ART

Group 1 (21) Group 2 (15)
Study participants (n) 5 3 8
Sample ID number 01, 07,09, 10, 12 06, 11, 25 28, 28, 29, 383, 36, 41, 42, 44
Sex
Male 5 2
Female 0 1 0
Ethnic origin
Caucasian 5 3 6
Hispanic 0 1
Asian 0 1
Age (years) 31 (23-50) 44 (42-50) 47 (39-61)
Months since HIV-1 diagnosis 0 79 (43-82) 135 (107-333)
Months from HIV-1 diagnosis to ART initiation - 1(0-5) 30 (1-116)
ART regimen
Pl based - 1
NNRTI based - 1
INI based - 1 1
NRTI based - 0 1
Months on ART 00 77 (43-78) 127 (52-217)
Months with HIV-1 RNA <50 copies/mL 0@ 40 (15-72) 98 (47-183)
Nadir CD4 count (cells/pL)* - 170 (10-250) 195 (60-330)
CD4 count (cells/pL)* 440 (400-470) 410 (400-650) 605 (440-890)
Log1p pre-ART viral load (copies/mL) 5.1 (4.8-6.6) 5.6 (4.8-6.2) 5.1 (4.6-6.0)

Total HIV-1 DNA (copies/10° CD4+ T cells)
Cell-associated unspliced HIV-1 RNA (copies/108 CD4* T cells)

11804.5 (3312.3-40731.7)
118.2 (70.2-2769.2)

6794.1 (5465.8-7315.1)
105.7 (97.3-108.7)*

3116.8 (1082.0-8945.7)**
11.4 (5.7-21.2)*

Data is shown as median with the range listed in the parentheses. ART, antiretroviral therapy; Pl, protease inhibitors; NRTI, nucleoside reverse transcriptase inhibitors; NNRTI,
non-nucleoside reverse transcriptase inhibitors; INI, integrase inhibitors. *Data are baseline measurements at inclusion of the original study, **visit a data, ***pre-romidepsin data.

DNA Measurements. In order to ensure the presence of sufficient
cellular material for efficient RNA extraction from each well,
we added 5,000 MOLT-4/CCRS5 cells (NIH-ARP; Cat# 4984-447,
RRID:CVCL_S545) to each well that received proviruses. Cells
in each well were lysed in 100 nL RA1 lysis buffer containing
10mM DTT, and RNA was extracted using nucleoSpin 96 RNA
96-well kit (Macherey-Nagel, Dueren, Germany; cat# 740709.4)
according to the manufacturer’s instruction with the following
changes: we used 100 pL RA4 buffer, and we eluted RNA in 50
L RNase-free water.

Quantification of HIV-1 Nucleic Acid Levels

From Proviruses

Digital droplet PCR were used to quantify HIV-1 nucleic acid
levels from the number of proviruses seeded in each well in
the 96-well plates. More precisely, we are quantifying proviruses
with intact packaging signals present in the unspliced HIV-
1 RNA transcript based on previously published primer/probe
pairs (21). Complementary DNA synthesis and denaturation
were performed as previously described (21) with the following

modifications: we used 50 pmol/pL HIV-1 specific reverse
primer located in pol and 50 pmol/pnL gene specific reverse
primer for TBP (listed in Supplementary Table S1) (25). Reverse
transcription was performed at 50°C for 45min followed by
heat inactivation of the reverse transcriptase at 80°C for 15 min.
Triplicate technical replicates were used to assess HIV-1 nucleic
acid levels from each well using the HIV-1 RNA detection
combination of primers listed in Supplementary Table SI.
The reference gene TBP (Applied Biosystems, Foster City,
California; cat# 4448485) were analyzed in either duplicates or
quadruplicates. Droplet generation was performed according to
the manufacturer’s instructions using a QX100 droplet generator
(Bio-Rad, Hercules, California). The PCR reaction was carried
out on a C1000 thermal cycler (Bio-Rad) and reading of droplets
was performed by the QX100 droplet reader (Bio-Rad). Data
were analyzed using QuantaSoft™ software (Bio-Rad).

QVTA and SPTA
The assays we developed, referred to as QVTA and SPTA
quantify HIV-1 nucleic acid levels from single-proviruses seeded
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in 96-well plates using ddPCR as described above. The assays
generate two interrelated readouts: transcriptional units per
million proviruses (TUPM) and copies of HIV-1 RNA per active
provirus (CAP), respectively. The TUPM value is calculated
based upon Poisson statistics as applied to the number of HIV-
1 transcription-positive wells within a sample. The TUPM value
is analogous to an IUPM (infectious units per million resting
CD4™ T cells) value from the quantitative viral outgrowth assay
and it is built upon the same statistical basis (26). The distinction
of TUPM from IUPM is that infectious units are not estimated
in the TUPM results. Rather TUPM is an estimate of the total
number of transcriptionally active proviruses in a given sample.
The CAP value is a direct representation of the transcripts
generated from an individual provirus and CAP measures HIV-1
RNA copies per active provirus in a given well.

Total HIV-1 DNA Measurements

The majority of total HIV-1 DNA levels presented herein were
first reported in our previous studies (15, 21). Pre-romidepsin
viral DNA levels for ID41 and ID44 are measurements
performed herein (cells were not available to determine post-
romidepsin viral DNA levels for ID41 and ID44) according
to our previously described methods. Also, HIV-1 DNA
level measurements are performed herein for the ART naive
individuals. Briefly, CD4" T cells were enriched from thawed
PBMCs using a negative-selection magnetic bead CD4™" T cell
isolation kit (Miltenyi Biotec; cat# 130-096-533) according to the
manufacturer’s instructions. Genomic DNA was isolated from
1 x 10° purified CD4™ T cells using AllPrep DNA/RNA Mini
Kit (Qiagen, Hilden, Germany; cat# 80204) according to the
manufacturer’s instructions. Total HIV-1 DNA was measured
using ddPCR as previously described (21) with the HIV-1
gag and pol detection primer-probes combinations provided in
Supplementary Table S1 (27-34).

Cell-Associated Unspliced HIV-1 RNA

Measurements

Cell associated unspliced HIV-1 RNA levels from 1 x 10°
CD4™ T cells were adapted from our previous studies for the
individuals on suppressive ART (15, 21). For the ART naive
individuals, measurements are performed herein. Briefly, CD4"
T cells were enriched from thawed PBMCs using a negative-
selection magnetic bead CD4™ T cell isolation kit (Miltenyi
Biotec) according to the manufacturer’s instructions. Genomic
RNA was isolated from 1 x 10° purified CD4" T cells using
AllPrep DNA/RNA Mini Kit (Qiagen; cat# 80204) according
to the manufacturers instructions. Cell-associated unspliced
HIV-1 RNA levels were measured using ddPCR as previously
described (21) with the same modifications as described therein
for quantification of HIV-1 nucleic acid from proviruses.

Statistics
All statistical analyses (alpha: 0.05) were carried out in GraphPad
Prism version 9.0.2. Specific statistical tests performed are called
out in the figure legends alongside the data that were analyzed by
that approach.

RESULTS

Defining the Number of Transcriptionally

Active Proviruses in HIV-1 Individuals

The first goal of this work was to develop a method to determine
contributions to viral transcription levels in HIV-1 infected
individuals with single-provirus resolution using a digital droplet
PCR (ddPCR) platform. Therefore, we first needed to assess
the sensitivity of proviral transcription measurements by the
ddPCR platform. For this, we used a relatively homogeneous
sample pool consisting of 8E5/LAV cells (NIH-ARP Cat#
95, RRID:CVCL_3484) harboring approximately one integrated
provirus per cell (35). 8E5/LAV cells were stimulated with
10nM PMA for 2h and seeded within a 10-fold dilution
series in 96-well plates with 100, 10, or 1 cell per well,
respectively. To ensure the presence of sufficient cellular
material for efficient RNA extraction, we added 5,000 MOLT-
4/CCRS5 cells to each well that received 8E5/LAV cells. RNA
was extracted from each well-and HIV-1 transcription was
measured by ddPCR. We found that transcriptional activity
could be measured from all three dilutions. Thus, the ddPCR
platform can be used to measure transcription from single
8E5/LAV cells which corresponds to transcription per active
provirus (Supplementary Figure S1A). From this result, we
concluded that ddPCR sensitivity is sufficient to measure
HIV-1 transcription from as little as one transcriptionally
active provirus.

However, since many proviruses are transcriptionally silent
in HIV-1 individuals (5, 36), seeding one provirus per well
from individuals would result in an unwieldy number of wells
to be analyzed with many wells lacking a transcriptionally
active provirus. Therefore, we next determined the number
of proviruses that must be assessed in order to measure
transcription from a single active provirus in each reaction
(Figure 1). To accomplish this, memory CD4" T cells from
three ART naive individuals as well as from two individuals
on suppressive ART—group 1 (Table 1) were seeded in limiting
dilutions based upon principles for the design and interpretation
of dilution assays (26). RNA was extracted from the cells
and the total number of HIV-1 RNA copies per number of
proviruses seeded per well were determined by ddPCR. A
graphical illustration of the experimental setup is presented
in Figure 1A. When analyzing the changes in HIV-1 RNA
copies per number of proviruses seeded, we observed the
expected decline in HIV-1 transcripts with lower numbers
of proviruses seeded per well (Figures1B,E). To have only
one transcriptionally active provirus per well, the frequency
of positive wells should hit approximately 33% according to
Poisson statistics. Therefore, we calculated the frequency of
positive wells from the four dilutions of proviruses for each single
individual (Figures 1C,F) and for each group of individuals
(Figures 1D,G). In both groups of individuals, the frequency of
positive wells was 39% when 200 proviruses were seeded per well
(Figures 1D,G). Therefore, assaying 200 proviruses is sufficient
to detect individual transcriptionally active proviruses in both
groups of individuals.
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FIGURE 1 | Limiting dilution digital droplet PCR (ddPCR) reveals that assaying 200 proviruses is sufficient to detect single transcriptionally active proviruses in ART
naive individuals as well as in individuals on suppressive ART. (A) Graphical illustration of the experimental setup. (B) Proviruses from three ART nalive individuals were
seeded in limiting dilutions with 1,000, 200, 40, or 8 proviruses per well. The transcriptional activity in each well was measured by ddPCR. Each dot represents a
positive well-measurement and shows the number of HIV-1 RNA copies measured in that well. In total, 36 wells were assayed for each dilution (9 wells for ID09, 9
wells for ID10, and 18 wells for ID12). (C,D) The frequencies of positive HIV-1 RNA measurements per ART naive individual at the differing dilutions tested are depicted
(C) and weighted averages accounting for all wells tested, both positive (black bars) and negative (gray bars) wells, are shown in (D). (E) HIV-1 transcripts from a
dilution series of proviruses in individuals on suppressive ART are presented as indicated for (B) (9 wells per visit: v, visit). (F,G) The frequency of positive
measurements of HIV-1 RNA by ddPCR in individuals on suppressive ART are presented as indicated for (C,D).
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The QVTA and the SPTA Generate Stable
Values of Transcriptional Units per Million
Proviruses as Well as Stable Values of
Copies per Active Provirus in HIV-1

Individuals on Suppressive ART

After defining the number of proviruses needed to detect
transcription from a single provirus, we went on to establish
and validate the reproducibility of the assays longitudinally
in individuals that received no intervention between sample
collection and had a previously demonstrated stable viral
reservoir (21) as well as cross-sectionally in ART naive
individuals. The assays we developed, referred to as QVTA and
SPTA generate two interrelated readouts: TUPM (transcriptional
units per million proviruses) and CAP (copies per active
provirus). The readouts are generated using ddPCR technology.
We first examined TUPM- and CAP-values over time in
suppressive ART—group 1 individuals. A graphical illustration
of the QVTA and SPTA experimental setup generating the
TUPM- and CAP-values is shown in Supplementary Figure 2A.
We purified memory CD4™ T cells from longitudinal samples
collected from three suppressive ART—group 1 individuals and
seeded the cells in 96-well plates with 200 proviruses per well.
Then, RNA was extracted from the cells in each well, and HIV-
1 transcription from each individual well was determined by
ddPCR. No difference in TUPM (p > 0.9999) or CAP (p =
0.3322) was observed between visit a and visit b (Figures 2B,C).
In addition, we looked at the stability of TUPM outcomes across
cell subtypes where proviruses are found. For this, we seeded
total PBMCs as well as purified CD4™ T cells and purified
memory CD4" T cells from a single individual on suppressive
ART—group 1 using the same experimental setup as shown in
Figure 2A. We did not observe any differences in TUPM or
CAP between total PBMCs and CD4" T cells (p = 0.7677),
between total PBMCs and memory CD4™ T cells (p > 0.9999) nor
between CD4™ T cells and memory CD4™ T cells (p > 0.9999)
(Supplementary Figure S2). Together these data show that our
assays generated stable TUPM- and CAP-values in individuals on
suppressive ART.

TUPM and CAP Are Higher in ART Naive
Individuals Compared to Individuals on

Suppressive ART

Given the reproducibility of the QVTA and SPTA over time,
we next determined the contribution of single-proviruses to
HIV-1 transcription in ART naive individuals as well as in
individuals on suppressive ART. Due to ongoing viral replication
in untreated HIV-1 individuals and therefore high plasma viral
loads compared to individuals on suppressive ART (37), we
hypothesized that ART naive individuals would have higher
transcriptional activity on a per provirus basis. We purified
memory CD4™ T cells from five ART naive individuals and 11
individuals on suppressive ART (suppressive ART—group 1 and
suppressive ART—group 2). Because suppressive ART—group
1 individuals exhibited higher cell-associated unspliced HIV-1
RNA levels relative to suppressive ART—group 2 individuals

(median difference = 94.3 copies/10® CD4" T cells; Mann-
Whitney p = 0.012), the groups were analyzed separately
(Table 1; Figure 2). ART groups 1 & 2 also differed in their time
on ART (median difference = 50 months; Mann-Whitney p =
0.042), but not in their time with HIV-1 below 50 copies/mL
(median difference = 48 months; Mann-Whitney p = 0.183)
(Table 1). Cells from the two groups of individuals were seeded
and analyzed as illustrated in Figure 2A. We found that TUPM
in ART naive individuals was significantly higher compared
to individuals on suppressive ART—group 2 (p = 0.0451)
(Figure 2D; Table 1). When looking at the SPTA for the same
groups of individuals, we observed significantly higher CAP-
values in ART naive individuals compared to suppressive ART—
group 2 (p < 0.0001) (Figure 2E). Moreover, we found that CAP-
values are significantly higher in individuals on suppressive ART
with high cell-associated unspliced HIV-1 (group 1) compared
to individuals on suppressive ART with low cell-associated
unspliced HIV-1 RNA levels (group 2) (p = 0.0009).

Romidepsin Treatment Reactivates
Proviruses to Each Produce Few Viral
Transcripts in HIV-1 Individuals on

Suppressive ART

We had eight individuals on suppressive ART with elevated
viral transcription in response to romidepsin and sufficient
PBMC:s cryopreserved for evaluation with our novel QVTA and
SPTA (suppressive ART—group 2) (15). Figure 3A shows the
cell-associated unspliced HIV-1 RNA data (copies/10® CD4™"
T cells) for these eight individuals pre- and post-romidepsin
treatment that was observed by Leth et al. (15). We defined the
TUPM + CAP outcome combination that would be observed
with each of the given reactivation scenario models described
in the introduction (Figure 3B). We purified memory CD4™
T cells from the eight individuals pre- and post-romidepsin
treatment and performed the QVTA and SPTA as illustrated in
Figure 2A. We first examined the TUPM outcomes generated
by the QVTA. Two out of the eight individuals (ID33 and
ID42) had elevated TUPM values post-romidepsin treatment.
However, we did not observe significant changes group-wide in
transcriptional units at the per million proviruses level in the
individuals (Figure 3C). Similarly, we saw no overall increases
in the levels of transcripts generated from a single provirus
after treatment with romidepsin (Figure 3D). Together, these
outcomes support the third model depicted in Figure 3B. To
ensure that our result was not driven by relative differences in
the number of memory CD4™ T cells or proviruses analyzed, we
calculated the number of cells as well as the number of proviruses
analyzed per individual pre- and post-romidepsin treatment. No
significant differences were observed between the total number
of memory CD4" T cells analyzed pre- and post-romidepsin
treatment (p = 0.6875) (Supplementary Figure S3A). Also,
no significant differences were observed in the number of
proviruses analyzed pre- and post-romidepsin treatment in
these individuals (p = 0.5312) (Supplementary Figures S3B,C).
When examining total HIV-1 DNA levels for the same
individuals, no significant changes were observed after treatment
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FIGURE 2 | Transcriptional units per million proviruses as well as transcription number per each transcriptionally active provirus are higher in ART naive individuals
compared to individuals on suppressive ART with low baseline cell-associated unspliced HIV-1 RNA. (A) Graphical illustration of the experimental setup. (B)
Assessment of transcriptional units per million proviruses (TUPM) over time in individuals on suppressive ART. The Wilcoxon matched-pairs signed rank test was
performed to test for the difference in the transcriptional activity between visit a and b (1-2 months between sample collections) in individuals on suppressive ART (n =
3). (C) Assessment of copies of HIV-1 RNA per active provirus (CAP) in individuals on suppressive ART over time. Each symbol represents a positive measurement of
HIV-1 RNA in a well containing one active provirus. The Mann Whitney test was used to assess potential differences in HIV-1 RNA copies per active provirus between
two visits for each individual on suppressive ART. Paired analysis was not performed given that data included were generated from multiple wells per individual per visit
(v, visit). (D) Assessment of TUPM in ART naive individuals vs. individuals on suppressive ART [group 1 and group 2 are graphed independently given the substantial
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individuals on suppressive ART evaluated using Dunn’s multiple comparison test. Each symbol represents a positive measurement of HIV-1 RNA in a well containing
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FIGURE 3 | Treatment with romidepsin causes few proviruses to each produce low numbers of HIV-1 transcripts. (A) Graphical illustration of clinical trial participants
included in this study. Specifically, participants who exhibited romidepsin-induced HIV-1 transcription were included. (B) Four models depicting possible combinations
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with romidepsin (Supplementary Figure S4). In conclusion, the
general lack of changes in TUPM and CAP post-romidepsin
reveal that few proviruses are stimulated to generate viral
transcripts by this intervention and that each provirus that is
activated is only mildly stimulated to produce low levels of viral
transcripts in HIV-1 individuals.

DISCUSSION

In the HIV-1 cure research field, multiple interventional
approaches have been proposed as strategies to achieve ART-
free remission (7, 38, 39). Among the proposed interventions
is one that has been quite extensively evaluated in clinical
trials—namely the “kick and kill” latency reversal concept (8,
13). Our group and others have successfully used LRAs to
“kick” latent HIV-1 such that viral transcription and virion
production are induced by the intervention(s) (13, 15-17, 19,
40, 41). Two common questions raised when LRAs are used
in clinical studies are: How much is each individual latent
provirus actually “kicked” by a given intervention and what is
the frequency of proviruses being activated? Here we report a
pair of sensitive and specific ddPCR-based assays that can be
used in tandem to answer these critical questions facing the
HIV-1 cure field. Our two interrelated assays, the QVTA and
SPTA, can be used to quantify viral transcription from single
transcribing proviruses derived from HIV-1 infected individuals.
Control experiments of the generated assays revealed that the
QVTA and SPTA generates stable TUPM- and CAP-values,
respectively, in longitudinal clinical samples in the absence
of a clinical intervention. One of the most effective LRAs
reported to date in the literature is romidepsin (15, 17, 19,
42). We report here that few proviruses are only moderately
activated by romidepsin such that they produce low levels of
viral transcripts.

We found that romidepsin-induced increases in viral
transcription in individuals on suppressive ART result from
a small number of transcriptional productive proviruses
each producing low levels of viral transcripts. This finding
agrees with the fact that romidepsin treatment did not change
the viral DNA reservoir size in the same individuals we
analyzed (15) (Supplementary Figure S4). Together, these
results, our previously reported outcomes of analytical
treatment interruption in these individuals (15) and the
recent pharmacodynamic data of McMahon et al. (43) show
that romidepsin alone is insufficient as a LRA to lead to
ART-free remission. Importantly, the data provided herein
present a mechanistic explanation for why romidepsin is
insufficient as single LRA: Not only are too few proviruses
activated out of latency, but the proviruses that are activated
are insufficiently stimulated to generate enough viral proteins
to boost a sufficiently robust immune response that will lead to
the killing of individual cells harboring an activated provirus. In
this context, it is relevant to discuss how a robust stimulation
of proviruses might look like. In Supplementary Figure S1B
we have plotted CAP for PMA-stimulated 8E5/LAV cells
(one cell per well). A quarter of the positive wells containing

one 8E5/LAV cell have CAP-values above 800 copies per
active provirus, and more than half of the positive wells
have CAP-values above 100 copies per active provirus. These
data suggest how a robust LRA-mediated stimulation of
proviruses may look with the SPTA in future ex vivo or in vivo
clinical studies.

The conclusions presented in the previous paragraph are true
at the individual cohort level. However, there is much more
nuance to the interpretation when individuals are examined
more closely. These nuances open doors for more investigations.
For example, romidepsin reactivated many proviruses to each
produce low levels of HIV-1 transcripts in individual ID33
and individual ID42, fitting with model 4. When looking
into the clinical data from these two individuals, we could
not identify a clinical parameter that could explain why
romidepsin appears to be activating more proviruses in those
two individuals. It is the paired QVTA/SPTA outcomes that
identified these individuals as unique in their response to
romidepsin. Using the paired QVTA/SPTA to identify such
differential responders from other latency reversal clinical trials
will help to focus LRA efficacy biomarker search efforts.
Seeking a biomarker(s) of QVTA/SPTA robust responders to
various LRAs, or combinations thereof, is fertile ground for
future studies.

As with any study, there are limitations to our work. We
acknowledge that our data needs to be interpreted in the light
of two important aspects of HIV-1 persistence. With our current
setup we are not able to infer the replication competence of the
reactivated proviruses and further we are unable to account for
any potential effects that clonal expansion of provirus containing
cells may have on the breadth of romidepsin’s impact. In
addition, comparisons between data from viremic individuals
and individuals on suppressive ART is complicated by the
fact that short-lived HIV-1 DNA copies (such as 2LTR circles,
and other un-integrated forms) are more frequent in viremic
individuals. It is possible that romidepsin could have reactivated
few proviruses to each become extremely transcriptionally active
to produce many hundreds or thousands of HIV-1 RNA copies
each. However, such an outcome would be extraordinarily rare
considering that we analyzed nearly 2.5 million memory CD4™
T cells on average for each individual on suppressive ART pre-
and post-romidepsin treatment as well as 11,500 proviruses on
average for each of these individuals pre- and post-romidepsin
treatment. With that level of coverage, we believe that our
conclusions are reflective of the overall reality present in the
peripheral blood of the individuals at the time of sampling. What
our peripheral blood analyses cannot account for is the possibility
that other anatomical sites may exhibit differential latency
reversal outcomes. For example, lymphoid tissues, intestinal
tissues and central nervous system tissues have been described
as persistent HIV-1 reservoirs, and that viral replication here
maintains local tissue reservoirs in infected individuals and non-
human primates on suppressive ART (44-48). To this end, the
diversity of cell types residing in the blood and in different
tissues that could harbor latent HIV-1 is considered one of
the major barriers to implementing a successful “kick and kill”
strategy in the clinic (38). Thus, it could be important to apply

Frontiers in Virology | www.frontiersin.org

October 2021 | Volume 1 | Article 736395


https://www.frontiersin.org/journals/virology
https://www.frontiersin.org
https://www.frontiersin.org/journals/virology#articles

Kjeer et al.

Single Provirus Reactivation by Romidepsin

our paired QVTA/SPTA in other anatomical compartments and
with other cell types to gain the greatest possible insights into
LRA efficacy.

Interestingly, we found that cell-associated unspliced HIV-
1 RNA levels in individuals on suppressive ART seems to
have an impact on the QVTA and SPTA outcomes. We found
that TUPM as well as CAP in ART naive individuals were
significantly higher compared to suppressive ART—group 2
individuals who exhibited lower cell-associated unspliced HIV-
1 RNA levels, while no difference was observed in TUPM or
CAP between the ART naive individuals and suppressive ART—
group 1 individuals. Also, we found that CAP was higher in
suppressive ART—group 1 individuals compared to suppressive
ART—group 2 individuals. Besides having notably different levels
of cell-associated unspliced HIV-1 RNA levels, these two groups
of individuals also differed in the median time they have been on
ART (Table 1). It has been shown that the half-life of the latent
reservoir is 43.9 months in individuals treated with ART (49).
Thus, the median time on ART might therefore explain why we
see a difference in HIV-1 transcription at the individual provirus
level between the two groups of individuals on suppressive ART.
These data also indicate that individuals who have been on
suppressive ART for long time (like the group 2 individuals)
have lower levels of single-provirus transcription. This is in
accordance with a recent finding showing preliminary evidence
of a selection, over time, for proviruses that are in a deeper state
of latency (50). Which also bolsters the hypotheses that treating
with latency reactivating agents early during ART may be more
effective than treating individuals that have been on suppressive
ART for many years (42, 51, 52).

In conclusion, we show that our novel QVTA/SPTA
can measure the response to a LRA in vivo with single
cell resolution. When we applied our assays to assess the
clinical impact of the LRA romidepsin, we determined that a
small number of proviruses were activated to be marginally
transcriptionally active. The QVTA/SPTA have the potential
to be used to evaluate the efficacy of any LRA using bio
banked samples from the past as well as future latency reversal
trials. Gaining a comprehensive understanding of the impact
of such interventions at the individual provirus level will
facilitate the development of more efficacious HIV-1 cure
intervention strategies.
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