Conflict of interest: The authors have
declared that no conflict of interest
exists.

Copyright: © 2020, American Society
for Clinical Investigation.

Submitted: October 14, 2019
Accepted: January 24, 2020
Published: February 27, 2020.

Reference information: /C/ Insight.
2020;5(4):e134105.
https://doi.org/10.1172/jci.
insight.134105.

insight.jci.org

RESEARCH ARTICLE

Differences in inducibility of the latent HIV
reservoir in perinatal and adult infection

Adit Dhummakupt,’ Jessica H. Rubens,’ Thuy Anderson, Laura Powell,’ Bareng A.S. Nonyane,?
Lilly V. Siems," Aleisha Collinson-Streng,’ Tricia Nilles,? R. Brad Jones,? Vicki Tepper,* Allison Agwu,’
and Deborah Persaud’

'Division of Infectious Diseases, Department of Pediatrics, School of Medicine, ? Bloomberg School of Public Health,
Johns Hopkins University, Baltimore, Maryland, USA. ®Division of Infectious Diseases, Department of Medicine, Weill
Cornell Medicine, New York, New York, USA. “Department of Pediatrics, School of Medicine, University of Maryland,
Baltimore, Maryland, USA.

The HIV latent reservoir in resting memory CD4* T cells precludes cure. Therapeutics to reactivate
and eliminate this reservoir are in clinical trials in adults, but not yet in pediatric populations. We
determined, ex vivo, the inducibility of the latent reservoir in perinatal infection as compared with
adult infections using the Tat/rev induced limiting dilution assay (TILDA), in which a single round
(12 hours) of CD4* T cell stimulation with PMA /ionomycin maximally activates T cells and leads
to proviral expression with multiply spliced HIV RNA production. Markers of immune activation
and exhaustion were measured to assess interactions with inducibility. Although rates of T cell
activation with PMA /ionomycin were similar, the latent reservoir in perinatal infection was slower
to reactivate and of lower magnitude compared with adult infection, independent of proviral load.
An enhanced TILDA with the addition of phytohemagglutin and a duration of 18 hours augmented
proviral expression in perinatal but not adult infection. The baseline HLA-DR*CD4* T cell level

was significantly lower in perinatal compared with adult infections, but not correlated with
induced reservoir size. These data support the hypothesis that there are differences in kinetics of
latency reversal and baseline immune activation in perinatal compared with adult infections, with
implications for latency reversal strategies toward reservoir clearance and remission.

Introduction

Nearly 1.7 million children under the age of 15 are living with HIV worldwide, with an estimated 160,000
new infections in children in 2018 (1). Treatment of HIV with combination antiretroviral therapy (ART)
in both children and adults can lead to durable virologic suppression for decades but does not eradicate
the infection due to early establishment of a latent HIV reservoir in resting memory CD4* T cells (2-5).
Within the latent reservoir, HIV persists as a transcriptionally silent, replication-competent, integrated
provirus that is modulated at the transcriptional and posttranscriptional levels (6, 7), and by its site of
integration (8, 9). The latent reservoir is highly heterogeneous and present in the various memory CD4*
T cell subsets including central, transitional, and effector memory CD4" T cells, which differ in cell sur-
vival and reactivation propensity (10-13).

Identifying strategies to eliminate the latent reservoir is a rapidly evolving field of HIV therapeu-
tics with hopes for long-term ART-free remission (14), and these include reversing latency to reactivate
latent proviruses in order to promote clearance of HIV-infected cells (referred to as the “shock and kill”
approach) (15, 16). Ex vivo studies of the latency reversal effects of various biologics on HIV-infected
resting CD4" T cells have informed the use of these agents in clinical trials in adults (17-19); similar
studies in perinatal infections have not begun.

Typically, the effectiveness of latency reversal agents (LRAs) are determined by their capacity to induce
unspliced cellular HIV transcripts (20), and their downstream effects on proviral latency by changes in reservoir
size as measured by a quantitative viral outgrowth assay (QVOA) or proviral DNA loads (21). PCR-based
DNA assays allows quantification of total proviral load but may overestimate the size of the reservoir due to
the overabundance of defective genomes generated in the course of HIV infection (22). A recently developed
Droplet Digital PCR-based (ddPCR-based) assay, the intact proviral DNA assay (IPDA), allows quantitation
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of intact and defective genomes and overcomes many limitations of total proviral DNA assays, but does not
provide information on the inducibility of the proviruses within the latent reservoir (23).

The QVOA has defined the long-term stability of the latent reservoir in adult (¢, of 44 months) (24, 25)
and perinatal HIV infection (2), and offers the advantage of quantifying the clinically relevant proviruses
that can be induced to produce infectious virions (26-28). However, this assay is limited by the large blood
volumes required to obtain sufficient CD4* T cells to detect the inducible replication-competent proviral
reservoir; its high cost and laborious nature, with 2—-3 weeks of coculture; and that a fraction of intact
proviruses require multiple rounds of T cell activation to be induced. An alternate approach to measuring
the size of the inducible latent reservoir is with the Tat/rev induced limiting dilution assay (TILDA) as
developed by Procopio et al. (29), which quantifies the inducible, transcriptionally competent reservoir ex
vivo within 3 days. With TILDA, a 12-hour CD4" T cell activation protocol with PMA and ionomycin in
the presence of antiretroviral drugs leads to proviral expression as measured by production of the multiply
spliced HIV mRNA transcripts tat and rev. With TILDA, the size of the inducible latent reservoir was
found to be 48-fold greater than that detected by QVOA in adult infections, with the caveat that the replica-
tion competence of reactivated provirus cannot be fully assessed (29).

In adults with HIV infections, it is estimated that only 1.5% of proviruses in resting CD4* T cells can
be reactivated ex vivo following T cell activation with anti-CD3/CD28 costimulation (30). Understanding
of the kinetics and fraction of the latent reservoir established in perinatal infection that can be reactivated is
lacking but critical for informing strategies aimed at eliminating the reservoir through proviral reactivation.
In this study, we sought to determine the permissivity and fraction of the latent reservoir susceptible to
reactivation in adolescents with perinatal infections compared with participants infected during adulthood
and their correlates using TILDA, in order to advance latency reversal strategies for this population.

Results

A total of 11 adolescents with perinatal infections and 10 adult participants were included in the analysis.
Table 1 summarizes the demographic characteristics, duration of virologic suppression, antiretroviral regi-
mens, and viral biomarker profiles of the study participants. 64% (7 of 11) of the perinatally infected par-
ticipants were infected with subtype B HIV, whereas 100% (10 of 10) of the adult participants were subtype
B infected. The median age of the perinatally infected cohort was 15.8 years IQR 13.3-17.5); 64% (n = 8)
were Black or African American, 18% (n = 1) Asian, and 18% (n = 2) White or mixed race; 73% (n = 8) were
female, and the median duration of virologic suppression was 6.7 years (IQR 3.7-12.8). The median age of
the adult participants was 40.5 years (IQR 38.5-57.5); 60% (n = 6) were White, 40% (n = 4) were Black, and
90% (n = 9) were male. Their median duration of virologic suppression was 7.3 years (IQR 2.9-11.0).

Overall, there was a large variation in the size of the proviral reservoir as measured by total HIV DNA
concentrations in PBMCs (Figure 1A and Table 1), with no significant difference between the 2 groups.
The median HIV DNA concentrations were 132.1 (IQR 40.4-222.7) and 66.7 (IQR 57.7-141.0) copies
per million PBMCs in the perinatal and adult infections, respectively (P = 0.51). The median HIV DNA
concentration in the participants with subtype B perinatal infections was 64.5 (IQR 12.7-132.1) copies per
million PBMCs and not significantly different from the adult infections (P = 0.54).

With standard TILDA conditions, an induced HIV reservoir was detected in 9 of 11 (82%) perinatally
infected samples and 10 of 10 (100%) adult-infected samples. In the samples from adolescents with subtype
B perinatal infections, 71% (5 of 7) had detectable induced proviral reservoirs, and all non—subtype B par-
ticipants (4 of 4, 100%) had detectable induced reservoirs. Using the standard TILDA assay, the median
size of the induced reservoir in those with perinatal infections was 2.99 multiply spliced RNA—producing
units per million (msRUPM) CD4" T cells (IQR 1.47-4.52), significantly lower than in adults (median =
11.92; IQR 5.37-22.52, P = 0.020) (Figure 1B). When only subtype B—infected participants were com-
pared, the difference in the induced reservoir size with standard TILDA remained significant (P = 0.016).
‘We then used a modified TILDA (enhanced TILDA), with the addition of phytohemagglutinin (PHA) and
a duration of 18 instead of 12 hours to augment detection of proviral reactivation. With enhanced TILDA
conditions, there was a slight but nonsignificant increase in msRUPM in individuals with perinatal infec-
tions (median msRUPM = 4.52, IQR = 2.96-6.08, P = 0.055). In contrast, there was a slight decrease in
msRUPM in the adult infections (median = 9.46, IQR = 2.63-23.44, P = 0.16) (Figure 1B). The size of the
induced latent reservoir, under Enhanced TILDA, in the individuals with perinatal infections was no longer
statistically significantly different from that of adult participcants (P = 0.16).
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Table 1. Patient profiles

Patient ID Mode of
infection
0113 Perinatal
3.72% 12.7
07 Perinatal
6.69 3144
0300 Perinatal
0301 Perinatal
0302 Perinatal
0304 Perinatal
0305 Perinatal
0306 Perinatal
0307 Perinatal
MQ105 Perinatal
MO113 Perinatal
0402 Behavior
CP39 Behavior
1 127.39
CP&7 Behavior
CP&9 Behavior
CP74 Behavior
CIRCO130 Behavior
CIRCO133 Behavior
0m265 Behavior
0m5203 Behavior
0m5323 Behavior

Age at analysis Sex Race HIV CD4* count ART at Duration Total HIVDNA in
(yr) subtype (cells/mm?) near analysis of virologic PBMCs (copies
time of analysis suppression (yr)  per 10° cells)
15.3 Male AA B 453 TAF/FTC/
EVG/C
16.2 Female Black C 778 ABC/3TC/DTG
17.5 Female AA B 643 TAF/FTC/BIC 15.0 81.3
21.5 Female AA B 640 TAF/FTC/BIC 5.26 1321
19.5 Male Mixed Al 810 TAF/FTC/BIC 17.94 152.4
15.8 Female Black A/G 882 ABC/3TC/DTG 12.8 381.8
13.3 Female Asian A/E 912 TAF/FTC/RPV 746 190
1.1 Female AA B 975 TAF/FTC/BIC 3.66 10
9.5 Female  White /Mixed B 2177 TAF/FTC/BIC 3.66 222.7
16.8 Female AA B 988 ABC/3TC/DTG 1.36 64.49
13.8 Male AA B NA ABC/3TC/DTG 12.65 404
26.6 Male AA B 503 TAF/FTC/ 2.93 614
EVG/C
57 Male AA B 829 ABC/3TC/DTG
59 Male AA B m TAF/FTC/ n 100.31
EVG/C
N Female AA B 1395 TAF/FTC/ 2.98 289.45
EVG/C
37 Male White B 974 TAF/FTC/BIC 10 181.84
56 Male White B 676 TDF/FTC// 2.82 4948
DRV/r
39 Male White B 596 ABC/3TC/DTG 8.96 598
60 Male White B 480 ABC/3TC/ 20.54 688
DRV/r/RAL
40 Male White B 936 ABC/3TC, DTG 5.70 56.98
40 Male White B 940 ABC/3TC,RAL 2.63 49.348

AA, African American; EVG/C, elvitegravir/cobicistat; FTC, emtricitabine; TAF, tenofovir alafenamide; ABC, abacavir; 3TC, lamivudine; DTG, dolutegravir;
EFV, efavirenz; NVP, nevirapine; DRV/r, darunavir/ritonavir; RAL, raltegravir; BIC, bictegravir; RPV, rilpivirine. ASuppressed for 12.4 years with brief ART
interruption for 4 weeks before resuppression for 3.72 years. ®Proviral load estimated from values measured in CD4* T cells.

insight.jci.org

To determine the individual effect of the enhanced TILDA conditions on the induced reservoir size, a
fold change calculation was performed for each sample stimulated with standard and enhanced conditions.
A consistent increase in induced provirus with enhanced compared with standard TILDA was detected in
samples from individuals with perinatal infections (Figure 1C). With the enhanced stimulation, the size of
the induced latent reservoir increased in the participants with perinatal infections by a median of 1.51-fold
(IQR 1.00-1.65), whereas no fold change in the induced reservoir in adult infection was observed (median,
0.98-fold; IQR 0.71-1.03); the difference in fold change in msRUPM between adolescents with perinatal
infections and adult participants was significant (P = 0.034). This difference remained significant when the
comparison was restricted to subtype B perinatal infections (median fold change in perinatal subtype B,
1.52, IQR 1.00-1.65; median in adults, 0.98; IQR 0.71-1.03; P = 0.029).

To determine the fraction of proviral genomes that were induced with standard and enhanced TILDA,
the msRUPM was normalized to the concentration of HIV-infected cells, estimated as copies of gag long
terminal repeats (GAGLTRs) per million CD4* T cells. The median proportion of induced provirus in the
population with perinatal infection using standard TILDA conditions was 1.62% (IQR 0.45%—2.80%), sig-
nificantly lower than the proportion in adults (median, 4.03%; IQR 1.61%-8.03%; P = 0.030) (Figure 2A).
With the enhanced TILDA, the proportion of induced proviral genomes increased significantly to a medi-
an of 2.49% in the perinatally infected participants (IQR 0.65%-3.56%, P = 0.039), but decreased in adult
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Figure 1. The viral reservoir in perinatal infection is more resistant to reactivation than in adult infection. (A) Proviral load as quantified by both ddPCR
measuring GAGLTR only and double-positive intact droplets as measured by IPDA (23). Perinatally infected samples are shown in blue (subtype B) and red
(non-subtype B). Adult samples are labeled in orange; open symbols indicate samples that were undetectable by the specified assay. (B) Size of the induc-
ible reservoir quantified as multiply spliced HIV RNA-producing units per million CD4* T cells (msRUPM) in participants with perinatal (n = 11) and adult

(n =10) infection as measured by standard (circles) and enhanced TILDA (squares). (C) Fold change in the size of the inducible reservoir with the enhanced
stimulation condition in perinatal and adult infections. Bars represent median and IQR. The significance of differences between populations or stimula-
tion conditions was calculated using nonparametric 2-tailed unpaired Mann-Whitney U tests and paired Wilcoxon’s tests.
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infections (median, 2.99%; IQR 1.11%-8.38%; P = 0.31) (Figure 2A). When the proportions of induced
proviral genomes of only HIV subtype B perinatal samples was assessed, the median percent induced pro-
virus in HIV subtype B samples remained low at 1.62% (IQR 0.66%—4.77%), and increased slightly but not
significantly to 2.49% (IQR 1.17%—7.03%) with enhanced TILDA (P = 0.13).

Given that the total HIV proviral DNA assay detects both intact and 3’ defective proviral genomes, cor-
relations between msRUPM and the double-positive “intact” proviral reservoir size as measured by IPDA
were also examined (Figure 1A). The median concentration of double-positive proviruses in perinatal infec-
tion (n = 11) was 7 per million PBMCs (IQR undetectable-18), 18.9-fold lower than total HIV DNA con-
centrations. In the 4 adult participants with IPDA measurements, the median double-positive intact proviral
genomes was 4.52 per million PBMCs (IQR 2.96-6.082), 12-fold lower than the total HIV DNA concentra-
tions. Since the multiply spliced HIV RNA transcripts detected in the TILDA assays were likely derived from
intact proviral genomes, we also examined the fraction of induced provirus in the standard and enhanced
TILDAS relative to double-positive proviral genomes when normalized to CD4* T cell counts (Figure 2B).
Among the 7 perinatal participants with detectable double-positive provirus, the median fraction of induced
double-positive intact proviral genomes increased to 4.99% with the standard TILDA (IQR 3.21%-21.56%)
and 7.64% with the enhanced TILDA (IQR 2.54%-32.53%), although the difference between the standard
and enhanced was no longer statistically significant (P = 0.13), likely due to the small sample size. In adult
participants, the median fraction of induced double-positive provirus was also increased to 15.95% with the
standard TILDA (IQR 4.26%-33.26%) and 14.24% with the enhanced TILDA (IQR 2.01-34.65%). No sig-
nificant correlation between msRUPM and the total HIV DNA concentrations was found in perinatal or adult
infections (Figure 3, A and B). The induced reservoir size in perinatal infections also did not correlate with the
size of the double-positive proviral genomes (r = 0.41, P = 0.21) (Figure 3C).
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Figure 2. A small fraction of proviruses retained in the latent reservoir in perinatal and adult HIV infection are
induced to produce multiply-spliced HIV RNA transcripts. (A) Percentage of proviruses in CD4* T cells that were
induced under standard and enhanced TILDA conditions in perinatal (n = 11, subtype B in blue and non-subtype
B in red) and adult (n =10, in orange) infections, normalized to GAGLTR copies per calculated CD4* T cells. (B)
Percentage of proviruses in CD4* T cells that were induced under standard and enhanced TILDA conditions in
perinatal (n = 7) and adult (n = 4) infections, normalized to double-positive intact copies per calculated CD4* T
cells as detected by IPDA. Five samples from perinatal infections were excluded from the IPDA analysis due to
undetectable double-positive droplets, and thus could be used to normalize the TILDA. Open symbols represent
individuals with nondetectable inducible reservoir. Bars represent median and IQR. The significance of the differ-
ence in percent induced provirus was determined using nonparametric 2-tailed unpaired Mann-Whitney U tests
and paired Wilcoxon’s tests.

T cell immune activation, as measured by CD69 (an early marker of cell activation), CD25 (inter-
mediate activation), and HLA-DR (late activation) at baseline, and following standard and enhanced
TILDA was quantified in the subset of 11 study participants (7 adolescents with perinatal infections
and 4 adult participants). We found that despite lower reactivation rates of HIV proviruses in perina-
tal infections, CD4* T cells in pediatric and adult participants responded similarly to T cell activation
stimuli, as determined by cell surface expression of CD69, CD25, and HLA-DR (Figure 4). CD69
expression uniformly increased from a median of 3.62% (IQR 1.03%—4.45%) in unstimulated pediatric
samples to 96.72% (IQR 96.62%-98.75%) with standard TILDA and to 98.42% (IQR 98.22%-98.75%)
with enhanced TILDA. A similar trend was observed in the adult samples, with a median baseline
CD69 expression of 5.88% (IQR 1.645-23.55), and more variation in the range of CD69 expression
with standard TILDA (median = 92.95, IQR 64.6-98.29) and enhanced conditions (median, 94.10;
IQR 85.05-98.37; Figure 4A). Likewise, when comparing perinatal and adult infection within each
stimulation condition, no significant difference in the intermediate (CD25) or late (HLA-DR) activa-
tion markers was noted with either standard or enhanced TILDA (Figure 4, B and C). At baseline,
no significant difference in the proportion of CD69" or CD25" cells in unstimulated CD4* T cells
from pediatric and adult study participants on ART was found (Figure 5, A and B, and Supplemental
Tables 1 and 2; supplemental material available online with this article; https://doi.org/10.1172/jci.
insight.134105DS1). T cell surface exhaustion marker expression on CD4* T cells has been previously
reported to correlate with the size of the latent reservoir in adults (31, 32). To determine whether CD4*
T cells had lower expression of exhaustion markers in those with perinatal infections compared with
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adult infections, PD-1, TIM3, and TIGIT cell surface staining was performed and showed no difference
in expression between perinatal and adult infections (Figure 5, D—F, and Supplemental Tables 1 and
2). The proportion of HLA-DR*CD4" T cells was significantly lower in perinatal (median, 4.55%; IQR
2.56%—7.07%) compared with adult infection (median, 10.52%; IQR 9.07%—16.99%; P = 0.012; Figure
5C). However, the size of the induced reservoir was not correlated with any of the immune activation
markers at baseline in either perinatal or adult populations.

Discussion

In this study, we identified that the induced latent reservoir for HIV in CD4" T cells of adolescents with perinatal
infections on long-term effective ART was significantly more resistant to reactivation despite similar proviral
loads and rates of cellular activation in response to PMA/ionomycin in standard TILDA conditions. The addi-
tion of PHA, a T cell receptor signaling molecule, and a longer duration of stimulation of 18 hours (enhanced
TILDA) led to a 1.5-fold increase in the detected inducible reservoir in the perinatally acquired compared with
the adult infections, where no increase in msRUPM was observed. More than 96% of CD4* T cells from those
with perinatal infections expressed CD69 after 12 hours of T cell stimulation with PMA and ionomycin. The
proportion of CD25* and HLA-DR* CD4" cells also increased similarly in both study populations under the
standard and enhanced conditions, confirming similar rates of T cell activation (33). These comparable patterns
of activation markers exclude kinetics of T cell activation as the major mechanism for the quantitative differenc-
es in multiply spliced HIV RNA expression we observed in perinatal and adult infections.

Previous studies have shown that perinatally infected individuals treated early and with long-term
virologic control can have exceedingly low levels of HIV-infected cells in the circulation, whereas
those with delayed control of HIV replication in childhood have larger established pools of HIV-infect-
ed reservoir cells (34, 35). We found no correlation between proviral load, as measured by total HIV
DNA that includes both defective and intact proviral genomes, and the size of the inducible reservoir
in both perinatal and adult infections. The proviral reservoir size as measured by double-positive intact
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proviruses also did not correlate with the size of the induced reservoir, although this was limited by
the sample size. An overall increase in the fraction of induced reservoir was observed in both perina-
tal and adult infections, confirming the relevance of measuring the double-positive intact proviruses
in reservoir studies. This finding is consistent with the notion that total proviral load measurements
significantly overestimate the inducible viral reservoir due to the preponderance of defective genomes
(36, 37). In addition, studies have shown that not all intact proviruses can be induced with a single
round of T cell stimulation (37), highlighting differences in permissivity of the latent reservoir to
reactivation. The lack of correlation between the induced reservoir size and double-positive intact
genomes is also compounded by the finding that only 70% of double-positive cells were free of lethal
defects, as illustrated through near full-length sequencing, which can also lead to overestimation of
intact proviral reservoir size (23). Altogether, these data confirm that in both perinatal and adult infec-
tions, only a small fraction of CD4* T cells bear intact proviral genomes that are susceptible to virus
reactivation and production of infectious virions, although detection of inducible virus in perinatally
infected cells can be enhanced through combination T cell stimuli. The difference in the kinetics of
HIV reactivation between the 2 populations, with the increase in multiply spliced HIV RNA transcrip-
tion following enhanced stimulation conditions in perinatal infection, may reflect intrinsic differences
in cellular activation pathways that influence proviral gene expression in perinatal infections, which
requires further investigation.
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Figure 5. Baseline levels of activation markers. Comparison of the activation markers (A) CD69, (B) CD25, (C) HLA-DR and the exhaustion markers (D)
PD-1, (E) TIM3, and (F) TIGIT between perinatal (n = 7) and adult (n = 4) infections as measured by flow cytometry. Bars represent median and IQRs. The
tests for the differences in percent cells with the shown surface markers was conducted using a nonparametric 2-tailed unpaired Mann-Whitney U test.
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Nevertheless, the TILDA has potential for measuring efficacy of HIV cure interventions, including laten-
cy reversal strategies, in pediatric and adult infections, as it requires a limited number of CD4" T cells (2
million CD4* T cells) and has a turn-around time on the order of 3 days compared with weeks for the QVOA,
making it feasible for clinical trials. With standard TILDA, we found that the percentage of induced pro-
viruses in perinatal infections at 1.6% were significantly lower than the 4% we detected in adult infections.
Furthermore, with PMA/ionomycin combined with PHA in the enhanced TILDA, the fraction of induced
proviruses increased in perinatal infections by 2.5%. When the double-positive intact proviruses were used,
rather than total HIV DNA load, the size of the induced reservoir was increased even further to 7.64% with
the enhanced TILDA. Taken together, the enhanced TILDA combined with measurements of double-posi-
tive intact proviruses improved the detection of the fraction of inducible proviral reservoir in perinatal infec-
tion, with implications for use of this assay in clinical trials of reservoir elimination in pediatric participants.

The median fraction of provirus in CD4* T cells that are induced following T cell stimulation to pro-
duce intracellular unspliced RNA in adult infections has been estimated at approximately 7.5% (20). These
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findings highlight the overabundance of transcriptionally incompetent proviruses persisting in both perina-
tal and adult infections. Although it is possible for spliced tat/rev to be transcribed from replication-defi-
cient virus, it has been reported that 97% of non-intact genomes have defects in the tat and rev genes (23).
Thus, the transcription of spliced tat/rev from a defective genome is unlikely.

Our finding of enhanced HIV reactivation with the enhanced TILDA is also consistent with the finding
by Hosmane et al. that a fraction of latent proviruses in adult infections (an estimated 40%) requires mul-
tiple rounds of stimulation to produce infectious HIV (38). The percentage of noninduced intact provirus
appears to be amplified in perinatal infections, and these differences in kinetics between adult and perinatal
infection may be due to epigenetic effects, transcriptional interference, or orientation of HIV integration on
proviral gene expression in perinatal infections (39-42). Studies on integration sites of proviral genomes
have shown that long-term virologic suppression is associated with changes in the composition of the viral
reservoir, favoring sites associated with maintenance of deep viral latency (8, 43, 44). The immune-selective
pressure driving the establishment of the latent reservoir may be differentially affected by the underdevel-
oped immune system of infancy (45). Other factors that can account for the differences in reactivation are
the immune landscape in which HIV infection is established, including hyporesponsiveness due to higher
proportions of T regulatory cells in early infancy and childhood (46—48); as well as differences in the distri-
bution of the latent HIV reservoir in different memory T cell subsets (49, 50). We previously reported that
the reservoir predominated in effector memory CD4" T cells in perinatally infected adolescents (51) — as
opposed to central and transitional memory CD4* T cells as reported in adults (11) — highlighting differ-
ences in the composition of the reservoir in perinatal and adult infections.

It was previously shown that PMA/ionomycin and PHA have varying effects on cellular activation and
HIV reactivation in cell line models (52). Although CD4" T cells from both adult and perinatal infections were
effectively activated by both the standard stimulation conditions as determined by high cell surface marker
expression of CD69, this was insufficient to maximally induce proviral gene expression in perinatal infec-
tions. PMA combined with plant lectins (PHA) mediates T cell activation through different pathways: PMA
activation is mediated mainly through PKC, whereas PHA requires a functional TCR to cause an increase
in intracellular calcium for the downstream cellular activation effects. With TILDA, PMA/ionomycin was
shown to cause rapid onset of multiply spliced HIV RNA transcription in adults (29). Previous studies have
shown that the sequences in the long terminal repeat (LTR) targeted by PMA differ from those mediated by
TCR agonists such as PHA, whereby both NF-kB sites and the upstream U3 sequences, which contain the
binding site for NFAT, are required for activation of the LTR (53). Here, we identified that the combination
of PMA/ionomycin with PHA for 18 hours enhanced detection of the inducible reservoir in perinatal but
not in adult infections. This raises the possibility that NF-xkB/NFAT binding mediated with PMA /ionomycin
is insufficient to maximally stimulate HIV transcription in perinatal infections, for which alternate pathways
triggered via TCR-mediated signaling maybe operative, with implications for latency reversal strategies for
this population toward eradication of reservoir cells. In addition to the cellular conditions, the different stimu-
lation conditions may influence the stochastic nature of TAT protein production, a key requirement for laten-
cy reversal (54). Nevertheless, we have established that the standard TILDA is insufficient to reliably quantify
the inducible proviruses in perinatal infections, but can be enhanced with longer duration of stimulation and
with the addition of PHA to the PMA/ionomycin without compromising cell viability, supporting the poten-
tial use of the enhanced TILDA to measure the inducible latent reservoir in perinatal infections. Furthermore,
we identified the importance of attention to HIV subtype and consideration of subtype-specific primers in
widespread application of molecular assays monitoring the inducible reservoir. The study participants with
non-subtype B infection required subtype-specific primers to detect multiply spliced HIV RNA; the currently
published primer sets are specific for HIV subtypes B and A/E (29, 55).

A faster rate of reactivation of HIV from latency in adult infections could also have been a result of
higher baseline levels of immune activation compared with individuals with perinatal infections, which
may serve to prime the HIV provirus for faster reactivation kinetics following a 12-hour stimulation with
PMA /ionomycin. Indeed, at baseline, the median proportion of CD4* T cells expressing HLA-DR was
significantly higher in the adult-acquired infection compared with perinatal infections. This higher state of
immune activation may also alter epigenetic repression, making the proviruses more permissive to virus-me-
diated transcription. A recent study reported that children with perinatally acquired infection have genes
that were differentially hypermethylated when compared with age-matched uninfected children, especially
within the HLA genes (56). In adults with HIV infection, a hypomethylated profile when compared with
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HIV-negative adults has been reported (57). There are other intrinsic differences between the 2 study popu-
lations that likely contribute to the differences in viral reactivation profiles. Specifically, the immune system
in neonates when HIV reservoirs are established mainly consists of naive T cells, which gradually mature to
effector and central memory T cells (58, 59). The establishment of latency in these cell populations, which
are different from the memory CD4* T cell population in adults, may result in a more deeply repressed
provirus. In addition, the population of regulatory T cells is relatively large in early life (10%—-30% of CD4*
T cells) and contracts in adulthood (60); these cells have been previously shown to be a viral reservoir (61).

Our study limitations include a relatively small sample size, differences in ART regimens, limited cell
numbers to allow study of all conditions systematically and full assessment of double-positive proviral load in
adult samples, and sex differences between the 2 groups (mostly females with perinatal and males with adult
infections) — all of which can impact the quantitative measure of the inducible reservoir. Sex differences in
HIV persistence markers have been reported, with higher levels of T cell activation, exhaustion states, and
baseline HIV cell-associated RNA in men compared in men with women (62, 63). Despite these limitations,
we identified that the latent reservoir in perinatal infections is slower to reactivate and is of a lower magni-
tude than with infection in adulthood, an effect that is independent of proviral load and kinetics of cellular
activation. We also demonstrate that several modifications to the TILDA, with increased duration of T cell
stimulation (18 hours) and combination with PHA, led to an increase in the inducibility of the proviral res-
ervoir persisting in perinatal infections, without affecting cell viability. Additionally, we show that inclusion
of measures that quantify the double-positive intact proviruses further enhanced the quantification of the
proportion of induced proviruses persisting in patients on long-term ART. Overall, the study highlights differ-
ences in the kinetics and magnitude of latency reversal in perinatal compared with adult infections, for which
future mechanistic studies will be important. The study findings have the potential to impact the assessment
of latency reversal strategies and assays to measure efficacy of cure strategies in perinatal infections.

Methods

Study population. Study participants with perinatal HIV infection were recruited from the Johns Hopkins Pedi-
atric and Adolescent HIV/AIDS Program and the University of Maryland Division of Pediatric Immunolo-
gy and Adolescent Medicine (Table 1). The inclusion criteria for participation of participants with perinatal
HIV infections were: confirmed perinatal infection; and known adherence to ART with virologic suppression
for at least 1 year, defined as undetectable plasma viral load (<20 copies/mL). Intermittent viremia with 2 or
fewer consecutive low-level (<400 copies/mL) detectable viral load measures during the course of virologic
suppression was allowed. The adult study participants were recruited through the Reservoir Characterization
Core (RCC) of the Martin Delaney BELIEVE Collaboratory and the John G. Bartlett Specialty Practice
Clinic at Johns Hopkins University School of Medicine (JHUSOM). The virologic inclusion criteria used to
identify adult study participants were similar to those used with the perinatal HIV infections.

Isolation of PBMCs from whole blood. For the study participants recruited at JHUSOM, whole blood was col-
lected in EDTA-containing tubes and processed within 24 hours of collection. PBMCs were isolated by Ficoll-
Hypaque gradient centrifugation (GE Healthcare) and cryopreserved in 90% FBS containing 10% DMSO
(MilliporeSigma) in 10-million-cell aliquots and stored in liquid nitrogen following slow freezing at —-80°C for
a minimum of 4 hours. A separate aliquot of 5 million cells was also preserved as a cell pellet for HIV DNA
quantitation by ddPCR. For the adult participants in the RCC Study of the BELIEVE Collaboratory, deiden-
tified cryopreserved PBMCs were shipped on dry ice overnight and stored in liquid nitrogen until further use.

TILDA and enhanced TILDA. Following a thaw using 50% FBS and 50% RPMI 1640, CD4" T cells were
purified from PBMCs using a negative bead enrichment system (Miltenyi Biotec). The size of the inducible
latent reservoir in perinatal infection was first assessed with standard TILDA (Figure 6). The size of the
reservoir in CD4* T cells that can be induced to produce the multiply spliced HIV transcripts tat and rev
following 12-hour stimulation with PMA and ionomycin and in the presence of antiretroviral drugs was
measured by reverse transcriptase PCR (RT-PCR) followed by quantitative PCR (qPCR) and estimated
using maximum likelihood methods. The frequency of viral RNA-producing cells was then quantified as
msRUPM (29, 64). Each sample and each condition were tested with the standard limiting dilution assay
as published by Procopio et al. (29); purified CD4" T cells were plated, following the T cell stimulation, in
a serial dilution consisting of 22 replicates at each of the following dilutions: 18,000, 9000, 3000, and 1000
cells (total 682,000 CD4* T cells; Figure 6). Positive controls had purified RNA from ACH2 cells, which
contain a single copy of HIV that can be induced to produced spliced viral mRNA (65, 66).
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Figure 6. Schematic of experimental conditions summarizing CD4* T cell selection and stimulation and subsequent
assay conditions. Cryopreserved PBMCs are thawed and enriched for CD4* T cells by negative bead enrichment. Cells are
subsequently aliquoted at 2 million cells per 1 mL of medium and rested for 2-6 hours. Following the rest period, each
sample is distributed into individual wells as (i) unstimulated, for subsequent flow studies for baseline measurements, (ii)
stimulated, using PMA and ionomycin for 12 hours (standard TILDA), or (iii) stimulated, with PMA, PHA, and ionomycin for
18 hours (enhanced TILDA). After stimulation, cells are washed and either fixed and stained for flow cytometry, or plated
in a limiting dilution scheme for direct lysis and RT-qPCR followed by gPCR as previously published.

A modified TILDA (enhanced TILDA) that includes the addition of PHA at 1 ug/mL with the PMA/
ionomycin and for 18 hours instead of 12 hours was developed to augment detection of proviral reactivation
(Figure 6 and ref. 67). Additionally, given that our study cohort was diverse with respect to country of origin,
HIV subtyping was conducted on all study participants and HIV subtype—specific primer and probe sets were
designed and optimized specifically for subtypes A1, C, and A/G (Supplemental Table 3) for RT-PCR, and
qPCR. The already published primer and probe sets were used for subtypes B and A/E (29, 55).

HIV DNA quantitation. Genomic DNA was isolated from 5 million PBMC pellets using the QIAamp
DNA Blood Midi Kit (QIAGEN), but modified as reported by Strain et al. to include additional column
washes and an overnight ethanol precipitation step to maximize HIV DNA purity and yield for ddP-
CR (68). Eight replicates of 1000 ng genomic DNA were assayed for total HIV DNA concentrations
with the QX200 Auto Droplet Generator and Digital Droplet Reader (Bio-Rad) (69). Proviral load is
expressed as GAGLTR copies per million PBMCs, with cell numbers determined using RPP30 as the
housekeeping gene. Due to the insufficiency of cells for a separate determination of the proviral load
in CD4* T cells, the HIV-infected CD4" T cell load was approximated by dividing the GAGLTR copies
per million PBMCs by the percentage of CD4" T cells present in the sample at the time of analyses.
For samples that were insufficient to assay for the proportion of CD4" T cells, a factor of 0.30 was used
based on published values (22). The percent-induced provirus in CD4* T cells was then calculated by
dividing the msRUPM of each sample by this calculated GAGLTR per million CD4* T cells. HIV DNA
concentrations were also determined using the recently published intact proviral DNA assay, which dif-
ferentiates double-positive intact proviral genomes from single positives containing hypermutations, or
3" and 5’ deletions (23). Genomic DNA from an average of 300,000 cells was assayed for intact proviral
DNA and reported as double-positive intact HIV DNA per million cells assayed. IPDA on the perinatal
samples was performed at Accelevir Diagnostics and on the adult cohort at the RCC.
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Flow cytometric analyses of immune activation and exhaustion markers. Cells were thawed and processed for
flow cytometry in tandem with the TILDA. After negative enrichment for CD4* T cells, aliquots of 500,000
unstimulated cells were incubated with antiretrovirals to serve as baseline control for flow cytometric anal-
yses of markers of immune activation and exhaustion; and an aliquot of 1 million cells from both standard
and enhanced TILDA stimulation conditions was used for flow cytometric analyses (Figure 6).

The activation phenotype of cultured CD4* T cells was evaluated using 2 antibody panels (Sup-
plemental Table 4). The panel included “backbone” markers (live/dead FVS780, CD3 APC-R700,
CD4 BV421, CD8 BV510, CD14 BV510, CD19 BV510) with either T cell activation markers (CD69
FITC, CD25 -PE and HLA-DR-BB515) or exhaustion molecules (PD-1-BV786, TIM-3-PE, TIGIT—
PerCP-eF710) (BD Biosciences; eBioscience). After stimulation, cells were counted, washed with PBS
twice, and stained with live/dead antibody for 15 minutes at room temperature. Cells were then washed
with PBS twice, stained for 30 minutes with an antibody cocktail of the cell surface markers, washed
twice with stain buffer (PBS/2% FBS), and fixed with 1% paraformaldehyde. Samples were immedi-
ately analyzed on an LSR II flow cytometer using FACSDiva software version 10 (BD Biosciences)
through the Johns Hopkins Becton Dickinson Immune Function Laboratory. Cell phenotypic data were
analyzed using FlowJo software (version 10.2, Tree Star). Each activation and exhaustion marker had
an appropriate isotype control in the fluorescence-minus-one control, which was used to set gates for
each population in FlowJo (Supplemental Figure 1).

Statistics. All comparisons were performed using nonparametric tests due to small sample sizes. Tests
for differences between paired measurements (i.e., 2 or more measurements within the same participant;
for example, the standard versus enhanced TILDAs within adults) were conducted using 2-tailed Wil-
coxon’s signed-rank test. For unpaired data, such as comparing perinatal with adult participants, 2-tailed
Mann-Whitney U 2-sample rank-sum test was used. Correlations were quantified by the Spearman’s rank
correlation coefficient and the corresponding P values reported. P values less than 0.05 were considered sta-
tistically significant. GraphPad Prism version 8.0.0 was used for data compilation and statistical analyses.
All error bars in graphs show median and IQR.

Study approval. This study was approved by the Johns Hopkins Medicine Office of Human Subjects
Research Institutional Review Boards as study number NA_00087629. Written informed consent was
received from all participants before inclusion in the study.
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