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We tested the combination of a broadly neutralizing HIV an-
tibody with the latency reversal agent vorinostat (VOR). Eight
participants received 2 month-long cycles of VRC07-523LS
with VOR. Low-level viremia, resting CD4+ T-cell-associated
HIV RNA (rca-RNA) was measured, and intact proviral DNA
assay (IPDA) and quantitative viral outgrowth assay (QVOA)
were performed at baseline and posttreatment. In 3 participants,
IPDA and QVOA declines were accompanied by significant de-
clines of rca-RNA. However, no IPDA or QVOA declines clearly
exceeded assay variance or natural decay. Increased resistance
to VRC07-523LS was not observed. This combination therapy
did not reduce viremia or the HIV reservoir.
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Histone deacetylases (HDAC) contribute to human immuno-
deficiency virus (HIV) persistence [1], and HDAC inhibitors
can reverse HIV latency in vivo at the level of cell-associated
HIV RNA expression [2-4]. Vorinostat (VOR) induces HIV
expression sufficiently to allow viral clearance in vitro [5], and
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repeatedly engages host biomarkers with latency reversal in
vivo [3, 6]. We measured the effect of administering a broadly
neutralizing antibody with VOR to clear reactivated cells and
decrease the frequency of latent infection.

A clonal relative of the human monoclonal antibody (mAb)
VRCO1, the sequence of VRC07-523LS is engineered to increase
potency, breadth, and plasma half-life [7]. In prior studies a
40 mg/kg infusion of VRC07-523LS maintained serum concen-
trations >10 pg/mL for over a month, a level inhibitory for a
broad range of HIV species [7]. We assessed the safety of this
combination, and its ability to reduce persistent HIV infection.

METHODS

This study (NCT03803605) was approved by the University
of North Carolina Biomedical Institutional Review Board
and registered at Clinicaltrials.gov. Informed consent was
obtained from all participants and lymphocytes were obtained
by leukapheresis. Resting CD4" (rCD4") T cells were isolated,
and replication-competent virus measured by quantitative viral
outgrowth assay (QVOA) as described [2]. Intact proviral DNA
assay (IPDA) was performed with minor modifications [8].

Changes induced in rCD4" T-cell-associated RNA (rca-
RNA) in vivo in response to VOR and VRCO07-523LS were
measured [2] with minor modifications. Total RNA was isolated
from 36 replicates of 1 million resting cells using the MagJet
RNA Kit (Thermo Fisher Scientific). For HIV-1 gag RNA quan-
tification, triplicate polymerase chain reaction (PCR) amplifica-
tions were performed using TagMan Fast Virus 1-Step Master
Mix, and published HIV-1 gag primers and probe [9]. For TBP
RNA quantification, duplicate PCR amplifications were per-
formed [10]. A standard curve was generated for each reac-
tion using gag and TBP gBlocks (IDT). Low-level viremia was
measured from ultracentrifuged plasma as described [2]. HIV
gag RNA copy numbers were assessed using a quantitative PCR
(qPCR) assay [11].

Latent reservoir viruses (LRVs) were isolated from QVOA
supernatants. Supernatants from multiple wells with virus were
pooled, generating a swarm representative of the latent reser-
voir. Primary human CD4" T cells were isolated from cryopre-
served peripheral blood mononuclear cells (Miltenyi Biotech)
and infected as described [12], and 1.5 x 10° cells were infected
using 0.25-1 mL virus supernatant by spinoculation (1125g) for
2 hours at 20°C. After spinoculation, 2 mL of R20 supplemented
with interleukin 2 (IL-2) was added to each infection and left
for 72 hours. Cells were plated in a 12-well plate at the concen-
tration of 0.5 x 10° cells/mL in R20 plus 30 U/mL of IL-2.

For binding assays, 2 x 10° cells/well were incubated with 10
pg/mL mAb for 2 hours at 37°C followed by surface staining with
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anti-CD4-PerCP-Cy5.5 for 20 minutes at room temperature.
Cells were resuspended in 100 pL/well Cytofix/Cytoperm, incu-
bated for 20 minutes at 4°C, followed by staining with anti-p24
antibody and secondary fluorescein isothiocyanate (FITC)-
conjugated antibody (goat anti-human IgG(H+L)-FITC, KPL)
for 25 minutes at 4°C. Cells were washed and resuspended
in 125 pL phosphate-buffered saline-1% paraformaldehyde.
Samples were acquired within 24 hours using a BD Fortessa
cytometer.

Infected cell elimination assays were performed as described
[12] with minor modifications. Target/effector cell suspension
was plated in V-bottom 96-well plates and cocultured with
VRC07-523LS starting at 100 pg/mL with 6 subsequent dilu-
tions at 1:5. Specific killing was determined by reduction in
percent of p24-positive cells in the presence of mAbs after con-
sidering nonspecific killing, and calculated as:

% p247 (target + effector cells)
- % p24t(target + effector cells + mADb)

% p24+ (target + effector cells)

The antibody mix (A32, 7B2, 2G12, and CH44 HIV Env Abs)
was used as a positive control [12]. Antibody-dependent cellular
cytotoxicity (ADCC) end point concentration (EC), defined as
the lowest mADb concentration capable of mediating ADCC in
our in vitro assay, was calculated by interpolation of the mAb
concentration that intersected the cutoff of 15% specific killing.
Statistical significance was calculated using Wilcoxon signed
rank test.

Mlumina MiSeq library preparation was performed as de-
scribed [13]. Viral RNA was extracted from LRV pools, cDNA
synthesized using the env V3/V5 Primer ID primer (HXB2
positions 6976 to 7650). Sequences were sequentially processed
using Illumina bcl2fastq and template consensus sequence
pipeline software version 2.3.2 (https://primer-id.org/tcs) to
correct sequencing errors and avoid resampling. Paired ends
were joined using a consensus end joining script and phylo-
genetic trees constructed using Muscle version 3.8.31 (http://
www.drive5.com/muscle) and rooted to HXB2.

RESULTS

Fifteen antiretroviral therapy (ART)-treated, aviremic people
with HIV enrolled. Entry criterion included baseline fre-
quency of rCD4" T-cell infection (RCI) >0.30 per million cells
to allow a measurement of significant decline, given QVOA
assay characteristics [14]. Seven of 15 participants did not re-
ceive study treatment as baseline RCI was <0.30 per million
cells. Therefore, 6 men and 2 women, suppressed (<50 copies/
mL) for at least 2.8 years (Supplementary Table 1), received
VOR and VRC07-523LS (Supplementary Figure 1). In 5 of 8
participants with sufficient cells available, ex vivo exposure [2]
to VOR resulted in a significant increase in rca-RNA in rCD4"

T cells (Supplementary Table 2). The day after VRC07-523LS
40 mg/kg infusion, participants initiated VOR, 400 mg orally
every 72 hours for 30 days. ART was maintained. After a 4 to
8-week pause, participants received a second cycle of VRC07-
523LS and VOR. The second cycle for 1 participant (V7-008)
started 5 months after the first due to the coronavirus disease
2019 (COVID-19) pandemic.

VRCO07-523LS and VOR were well tolerated. Grade 1 adverse
events possibly associated with VOR (nausea, diarrhea, pruritis
in 1 participant each) or VRC07-523LS (diaphoresis, arthralgia
in 1 each, fatigue in 2) all resolved without treatment. Five
participants had transient grade 3 hypertension at the time of
leukapheresis, resolving without intervention.

HIV gag rca-HIV RNA was measured at baseline and the
end of study. As a biomarker of VOR effect [6], we validated
serial host gene induction (Supplementary Figure 2). We ob-
served quantitative increases in rca-RNA after the second cycle
in 3 participants (V7-005, -006, and -008), consistent with serial
VOR induction of rca-RNA expression. Four participants (V7-
002, -013, -014, -015) showed a significant decrease in HIV gag
rca-HIV RNA following the second cycle (Figure 1A).

We also measured frequency of RCI by QVOA, and fre-
quency of intact proviral genomes in rCD4" T cells by IPDA
(Figure 1B-1D). As the QVOA assay is robust and reproducible,
declines of more than 50% on serial measures are infrequently
seen and would be suggestive evidence for reservoir depletion
[14]. While there was a numerical decline in the point estimate
of IUPM in 3 participants (V7-013, -014, -015) who displayed
a significant decrease in HIV gag rca-HIV RNA, no QVOA re-
ductions exceeded the 50% threshold.

These samples were assayed in parallel by IPDA. We ob-
served similar numerical reductions in intact proviruses
(Figure 1B and 1D and Supplementary Figure 3) in 3 partici-
pants (V7-013, -014, -015) with parallel declines in rca-RNA
and QVOA. IPDA reductions were also seen in 3 other par-
ticipants (V7-002, -005, -006). Only 1 participant had a 50%
decline of IPDA (intact HIV DNA per million rCD4" T cells
median —11, mean —20, range +9 to —78; percent decline in in-
tact HIV DNA per million rCD4" T cells median —14%, mean
—-11%, range +31% to —49%). No significant change was seen
in total HIV DNA or nonintact proviral frequencies by IPDA
(Supplementary Figure 3).

Low level viremia (LLV) has been linked to viral sequences
recovered from the rCD4" T cell reservoir. We measured LLV
by SCA twice at baseline, twice during study interventions,
and twice posttreatment (Supplementary Figure 1). We pre-
dicted that LLV could be dampened by activity of a broadly
neutralizing antibody on cells producing HIV. Exposure to
VRC07-523LS [7] 4 weeks after dosing appeared adequate
(Supplementary Table 3). LLV was barely detectable in 7 of 8
participants, with no reduction in LLV during or after VRCO07-
523LS administration (Supplementary Table 4).
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Figure 1. Impact of VOR and VRCO7-523LS on HIV reservoir measurements. A, Changes in resting CD4 cell-associated HIV-1 gag RNA from baseline to week 16 after 2
cycles of VOR/VRC07-523LS. Declines (red) and increases (blue) were significant P< .0001 by Wilcoxon 2-sample test. At each time point 24-36 replicates of 1 x 10 rCD4*
T cells were evaluated. Mean and SD are shown. B, Linear scale frequency of replication-competent HIV in rCD4 T cells measured by quantitative viral outgrowth assay (red)
and intact HIV DNA by IPDA (orange) before and after the study intervention. Dotted lines highlight the study period. Errors bars for QVOA represent the 95% Cls from the
maximum likelihood method. Errors bars for IPDA measurements represent 95% Cls for the proviral frequency estimates using the total error from the QuantaSoft analysis
software. Cand D, Log scale changes in frequency of (C) replication-competent HIV by QVOA and (D) intact HIV DNA by IPDA. Abbreviations: Cl, confidence interval; HIV,
human immunodeficiency virus; IPDA, intact proviral DNA assay; QVOA, quantitative viral outgrowth assay; rCD4 T cell, resting CD4 T cell; VOR, vorinostat.
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Insufficient RNA was available for sequence analysis in 7
participants with profound viral suppression and 1 participant
(V7-006) with persistent LLV (25 to 36 copies/mL [c/mL] at 5
time points, median = 32 ¢/mL). MiSeq deep sequencing with
Primer ID [13] sequenced 2 regions of env associated with re-
sistance to VRCO1 (loop D and V5 [15]). As sequencing was
performed on LRVs generated by pooling supernatants from
QVOA wells containing multiple LRV, we could not accurately
estimate the frequency of LRV variants. However, sequences
were genetically well mixed (Supplementary Figure 4), sug-
gesting little change in diversity between the 2 time points. One
potential exception was a viral lineage with an observed fre-
quency of 18% at baseline that was absent at the end of study.
The limited number of LRV acquired prevented determination
of the cause of the apparent loss of this lineage, due to inade-
quate sampling.

To confirm HIV Env epitopes expressed by reactivated la-
tently infected cells could be recognized by VRC07-523LS,
we performed an infected cells antibody binding assay [12] in
7 participants (V7-014 isolates were not assessable). VRCO07-
523LS recognized cells infected with LRVs obtained prior to
infusions (baseline; Supplementary Figure 1) with the median
frequency of 34.8% (range, 23%-50%) infected cells bound by
VRCO07-523LS at entry, and median 25.8% (range 11%-51.7%;
Figure 2A) bound at the end of study. Median fluorescence in-
tensity at baseline (514, range 300-1200) was unchanged at the
end of study (476, range 148-1048; Figure 2B).

We assessed the sensitivity of persistent viruses to ADCC
mediated by VRC07-523LS using an infected cell elimination
assay. At the highest concentration of antibody tested (100 pg/
mL), median LRV killing mediated by VRC07-523LS at base-
line was 8% (range, 0%-28%) and median killing at the end
of study was 16% (range, 0%-36%). The observed changes in
ADCC susceptibility of LRV from baseline to the end of study
were not statistically significant (Figure 2C).

We also determined the lowest concentration of VRCO07-
523LS at which at least 15% specific ADCC was observed (EC).
The median EC of VRC07-523 against baseline LRVs was 78
pg/mL, and median EC against end point LRV's was 17 pg/mL;
4 LRVs displayed increased susceptibility to VRCO07-523LS
at end point. No reductions in sensitivity to VRC07-523LS
were seen (Figure 2D). Finally, standard neutralization assays
(Supplementary Reference 2) showed no significant change in
neutralization over time (Supplementary Table 5).

DISCUSSION

This study combined a latency reversing agent with a potent
broadly neutralizing antibody. We hypothesized that VOR
would stimulate expression of persistent proviral HIV from
rCD4" T cells, and VRC07-523LS might clear persistent in-
fection while viral replication was inhibited by uninterrupted
ART. We administered VOR every 72 hours, as this interval was
shown to repeatedly induce rca-RNA expression without signif-
icant clinical toxicity or immune dysfunction [3].
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Figure 2.  VRCO07-523LS binding to and elimination of LRV-infected cells. A, The frequency of infected cells with antibody bound to their surface (% p24+Ab+) and (B) MFI.
CH65 antibody (Supplementary Reference 1) was used as negative control. Cand D, End point concentrations (ug/mL), the concentration at which at least 15% target cell
killing occurs. The data represent a single experiment with mAb starting with 100 pg/mL and subsequent 1:5 dilutions tested in duplicate. Statistical significance was cal-
culated using Wilcoxon signed rank test. Horizontal lines indicate mean. Abbreviations: EC, end point concentration; LRV, latent reservoir virus; mAb, monoclonal antibody;

MFI, mean fluorescence intensity; NS, not significant.
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VRC07-523LS infusions combined with VOR was safe and
well tolerated, with only grade I treatment-related adverse events.
Unfortunately, the combined treatment had no significant impact
on the replication-competent reservoir as measured by QVOA. We
observed a significant decline of rca-RNA in 4 of 8 participants,
which could reflect depletion of cells producing full-length HIV
RNA, a substantial proportion of which might not have been repli-
cation competent and therefore not result in a measurable decline
in QVOA or IPDA. As the frequency of cells expressing HIV RNA
is much larger than that of cells producing replication-competent
HIV, a significant but modest decline of rca-RNA may not be
measurable as a significant decline of RCI. Alternatively, as the rca-
RNA assay has not been extensively characterized in longitudinal
studies, this change could reflect slow natural decay of persistent
infection [14]. Notably, all 4 participants with a significant decline
of rca-RNA (V7-002, -013, -014, -015) also displayed a decline of
IPDA, and 3 (V7-013, -014, -015) displayed a decline in QVOA.

We were surprised to see no effect of treatment on LLV in
V7-006, with between 25 and 36 ¢/mL at all time points without
evidence of viral resistance to VRC07-523LS. This raises the
concern that, by itself, ADCC may be too inefficient to target
and eliminate small populations of persistently infected cells,
particularly with transient expression.

In summary, serial administration of VRC07-523LS and VOR
was well tolerated but did not deplete markers of persistent in-
fection. There are several limitations to this work, including the
small sample size and lack of a control group. However, even if
the modest trends towards latency reversal and clearance seen
in rca-RNA, IPDA, and QVOA in 3 of 8 participants were val-
idated in a larger, controlled study, we would still conclude that
achieving an HIV cure requires more effective latency reversal
coupled with efficacious immune interventions.

Supplementary Data

Supplementary materials are available at The Journal of Infectious
Diseases online. Supplementary materials consist of data pro-
vided by the author that are published to benefit the reader. The
posted materials are not copyedited. The contents of all supple-
mentary data are the sole responsibility of the authors. Questions
or messages regarding errors should be addressed to the author.
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