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ABSTRACT The “shock and kill” strategy for HIV-1 cure incorporates latency-reversing
agents (LRA) in combination with interventions that aid the host immune system in
clearing virally reactivated cells. LRAs have not yet been investigated in pediatric clini-
cal or preclinical studies. Here, we evaluated an inhibitor of apoptosis protein (IAP) in-
hibitor (IAPi), AZD5582, that activates the noncanonical NF-«xB (ncNF-«B) signaling
pathway to reverse latency. Ten weekly doses of AZD5582 were intravenously adminis-
tered at 0.1 mg/kg to rhesus macaque (RM) infants orally infected with SIV,,,s; at
4 weeks of age and treated with a triple ART regimen for over 1 year. During
AZD5582 treatment, on-ART viremia above the limit of detection (LOD, 60 copies/mL)
was observed in 5/8 infant RMs starting at 3 days post-dose 4 and peaking at 771
copies/mL. Of the 135 measurements during AZD5582 treatment in these 5 RM
infants, only 8 were above the LOD (6%), lower than the 46% we have previously
reported in adult RMs. Pharmacokinetic analysis of plasma AZD5582 levels revealed a
lower Cmax in treated infants compared to adults (294 ng/mL versus 802 ng/mL).
RNA-Sequencing of CD4* T cells comparing pre- and post-AZD5582 dosing showed
many genes that were similarly upregulated in infants and adults, but the expression
of key ncNF-«B genes, including NFKB2 and RELB, was significantly higher in adult
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AZD5582 in SIV-Infected, ART-Treated Infant Macaques

of the IAPi AZD5582 and evaluate the pharmacokinetics and pharmacodynamics of
repeated dosing. The response to AZD5582 in macaque infants differed from what we
previously showed in adult macaques with weaker latency reversal in infants, likely due
to altered pharmacokinetics and less inducibility of infant CD4* T cells. These data sup-
ported the contention that HIV-1 cure strategies for children are best evaluated using
pediatric model systems.

KEYWORDS HIV, HIV cure, NHP, pediatric HIV, SIV

espite increased access to interventions to prevent perinatal transmission of HIV-1,

pediatric HIV-1 continues to be a global health crisis with 1.7 million children
infected worldwide and 150,000 new pediatric cases annually (1). Most new infections
occur postnatally through the breastmilk transmission route (2). Antiretroviral therapy
(ART) has dramatically improved disease outcomes and reduced mortality but does not
eliminate the long-lived viral reservoir established during acute infection (3-6).
Strategies to reduce or eliminate the viral reservoir to allow periods of ART-free remission
toward a long-term functional or sterilizing cure would greatly benefit children who
must adhere to lifelong ART to prevent progression to AIDS.

HIV-1 infection differs in children and adults, with children experiencing higher
peak and set-point viremia, slower decline to viral set point, and lower median survival
in the absence of ART (7). Additionally, the developing immune system yields a unique
environment that may influence both the pediatric HIV-1 reservoir and the impact of
HIV-1 cure strategies on this population. For these reasons, we advocate for HIV-1 cure
strategies to be investigated specifically in children. The use of a relevant pediatric ani-
mal model can provide important safety and efficacy information necessary to bring
experimental therapeutics to pediatric trials. Simian immunodeficiency virus (SIV) infec-
tion in the rhesus macaque (RM) has long been established as a robust animal model
for HIV-1 and has been used extensively to inform HIV-1 cure strategies (6, 8, 9).
Previously published work from our laboratory has demonstrated that oral SIV and sim-
ian-human immunodeficiency virus (SHIV) infection of infant RMs can simulate post-
natal HIV-1 infection through breastfeeding with ART-mediated suppression of viremia
then permitting the study of virus persistence (10, 11). Through this model, we identi-
fied naive CD4* T cells as a significant contributor to the viral reservoir in both SIV and
SHIV infection of infant RMs (10, 11) and tested therapeutic vaccination in combination
with TLR-7 stimulation to promote anti-SIV immune responses (12). This preclinical
model provides further opportunities to test important hypotheses regarding viral res-
ervoirs, infant immunity, and remission/eradication strategies.

The “shock and kill” HIV-1 cure strategy aims to “shock” virally infected cells out of a
state of latency using a latency-reversing agent (LRA) to induce the production of viral
RNA and proteins while introducing a “kill” therapeutic agent to aid the immune system
in the clearance of infected, reactivated cells (13-16). Performing such interventions in
the controlled setting of ART prevents new rounds of infection in uninfected cells while
allowing intervention-mediated clearance of the existing reservoir. There has been
extensive research into potential LRAs in preclinical and clinical trials; however, no LRA
has yet been evaluated in infants or children. In recent work, we identified an inhibitor
of apoptosis protein (IAP) inhibitor (IAPi), AZD5582 (also called a SMAC mimetic), as an
effective LRA that induced reactivation of the viral reservoir in SIV-infected adult RMs
treated with ART (17). Importantly, AZD5582 reactivates cells by targeting the noncanon-
ical NF-«B pathway (ncNF-«B), reducing off-target effects and improving safety over
agents that activate canonical NF-«B cell signaling.

In the present study, we evaluated AZD5582 in our preclinical model of SIV-infected
ART-suppressed RM infants. We reported induction of on-ART viremia in 63% of
AZD5582-treated infant RMs, but considerably reduced frequency of latency reversal
compared to adult RMs. Transcriptomic analyses revealed significant differences in
gene expression induced by AZD5582 in CD4* T cells from infant and adult RMs. An
altered pharmacokinetic profile of plasma AZD5582 in infant RMs was also observed,

April 2022 Volume 96 Issue 7

Journal of Virology

10.1128/jvi.01699-21

2


https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.01699-21

AZD5582 in SIV-Infected, ART-Treated Infant Macaques Journal of Virology

AZD5582,n=8
ART only controls, n =4

AZD5582 (i.v.)

SNpues (5:0) HENEENEEN

Weeks post 0 4 12 >64 >77
infection
Intervention Week -2 0 1 2 3 4 5 6 7 8 9 10 M
PB ¢ ¢ ¢ ¢ Q000000000000 00000000
LN ( p

/ml)

opies

(c

B e =
o © o o
[ ~ 0 ©

o'+
0 4 8 1216 20 24 28 32 36 40 44 48 52 56 60 64 0 4 8 1216 20 24 28 32 36 40 44 48 52 56 60 64
Weeks post infection Weeks post infection
AZD5582 Controls
<48 RSe20 4B+ RVf20 <@ RZc20 4 RZj20 [ ART “® RHb20 <@ RQb20 3 gy
[0 RNf20 <l RFb20 <@ RRh20 [0 RW;j20 @ RVb20 O RQi20

FIG 1 Experimental design and response to ART in SIV-infected infant RMs. (A) Schematic of the study design. Twelve infant RMs were infected orally with
10° TCID50 SIV,..,s; (day 0) and starting at 4 weeks postinfection were treated with combination ART (TDF, FTC, DTG). Eight animals received 10 doses of
AZD5582 (0.1 mg/kg, i.v. infusion) at the indicated time points. The remaining 4 animals served as ART-treated controls. Peripheral blood (PB) and lymph
node (LN) biopsy specimens were collected at the indicated time points. Longitudinal analysis of plasma SIV RNA levels pre-ART and during ART (but
before AZD5582 treatment) in (B) AZD5582 and (C) control groups. The shaded area represents the period of ART treatment. The dashed line represents
the limit of detection of the assay.

which may explain the dampened latency reversal. This study provides a novel under-
standing of how an IAPi interacts with the pediatric viral reservoir and developing
immune system and suggests that optimization of LRA dosing may be crucial for
“shock and kill" strategies to be effective in children.

RESULTS

In vivo experimental design and treatments. In this study, we sought to evaluate
the impact of in vivo AZD5582 administration in SIV-infected, ART-suppressed infant
rhesus macaques. Twelve Indian-origin RMs (four males and eight females) were
selected for this study. RMs were confirmed negative for the MHC haplotypes (Mamu-
B*08 and Mamu-B*17) associated with natural control of SIV replication. The time
course of the experimental design and interventions used are shown in Fig. TA. All RMs
were exposed to two consecutive doses of 10° TCIDs, (50% tissue culture infective
doses) SIV,,.»s; by oral administration at approximately 4 weeks of age (range: 3.1 to
7.4 wk; mean: 4.45 wk). As breastmilk acquisition of HIV-1 is unlikely to be followed by
very early ART initiation (i.e., within hours or days), we started daily ART in all RMs at
4 weeks after SIV infection. The ART regimen (tenofovir, TDF; emtricitabine, FTC; dolu-
tegravir, DTG) was administered as a single dose coformulation once daily by subcuta-
neous injection, as described previously (10-12), throughout the experimental time
course (indicated by gray shading in Fig. 1A). ART was effective at suppressing SIV RNA
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TABLE 1 Parameters used to select experimental and control groups
Age at infection, CD4 frequency, Peak PVL, AUC pVL,

Group ID Sex  wks ART initiation pre-ART pre-ART

AZD5582 RVf20 F 3.1 47.9% 1.76 x 107 3.34 x 107
RNf20 F 33 35.6% 7.13 x 10° 1.77 x 107
RSe20 F 3.9 25.5% 9.01 x 10°¢ 2.05 x 107
RRh20 M 4 36.9% 9.53 x 10°  1.22 x 107
RW;j20 M 4.4 ND 3.34 x 107 9.59 x 107
RZj20 F 4.4 ND 1.61 x 107 2.61 x 107
RZc20 F 7.1 25.0% 739 x 10°  1.18 x 107
RFb20 M 74 32.7% 3.40 x 107 6.46 x 107
Mean 47 33.9% 3.40 x 107 6.46 x 107

Control RQi20 M 3.7 34.9% 3.70 x 107 1.00 x 10®
RVb20 M 4 28.5% 3.77 x 10°¢ 9.38 x 10°
RQb20 F 4 23.3% 5.55 x 10° 9.89 x 10°
RHb20 F 4.1 25.2% 1.99 x 10° 4,05 x 108
Mean 4.0 28.0% 1.08 x 107 2.86 x 107

in plasma below the limit of detection (LOD; 60 copies/mL) in all RMs (Fig. 1B and C).
As observed in children with HIV-1 (18-20), time to viral suppression was variable,
ranging from 4 to 26 weeks (median = 12 wk) with some infants showing transient
blips of viremia shortly following viral suppression.

Before the AZD5582 treatment phase of the experiment, two groups of RMs (con-
trol, n = 4; experimental ['AZD5582'], n = 8) were balanced for sex, age at infection,
CD4* T cell frequency at ART initiation, peak viral load, and area under the curve (AUC)
of pre-ART viremia (Table 1). After over 1 year of daily ART (range: 66 to 70 wk), 8 RMs
received 10 weekly doses of AZD5582 at 0.1 mg/kg by intravenous (i.v.) infusion (Fig.
1A). This dose is tolerated in adult RMs and effective in reversing latency (17). The
remaining four RMs served as ART-treated controls. Peripheral blood (PB) and lymph
node (LN) biopsy specimens were collected longitudinally at the time points indicated
in Fig. 1A. AZD5582 was well tolerated in infant macaques, without clinical adverse
events throughout the intervention phase of the study.

Impact of AZD5582 on latency reversal in infant RMs. In this study, latency rever-
sal was defined as a plasma SIV RNA level above 60 copies/mL during AZD5582 treat-
ment in the presence of continued daily ART (or, “on-ART viremia”). The first instance
of latency reversal was observed at 48 h after the 4th dose (Fig. 2A). On-ART viremia
peaked at 771 copies/mL in RVf20 2 days post-dose 9. In total, at least one episode of
on-ART viremia was observed in 5/8 RMs (63%) throughout treatment (Fig. 2A and Q)
in contrast with the durable viral suppression below 60 copies/mL observed in ART
only controls (Fig. 2B). This is comparable to our previously published study in which
5/9 (56%) AZD5582-treated SIV-infected adult RMs experienced on-ART viremia (Fig.
2C) (17). Cell-associated SIV RNA was measured in peripheral CD4* T cells before dose
1, 3dp-, and 2wp-AZD5582 treatment, and levels remained stable in both experimental
groups (not shown). We note that 3/5 macaques that experienced latency reversal dur-
ing AZD5582 treatment showed only a single episode of low-level on-ART viremia
(range: 62 to 110 copies/mL). This low-level viremia contrasts, however, with the sus-
tained suppression below 60 copies/mL in the 10 months before AZD5582 treatment
in these 3 infants (Fig. 1B).

Out of 135 total viral load measurements performed over the AZD5582 treatment
course in the 5 RMs that showed on-ART viremia, 8 total measurements (6%) were
above the limit of detection of 60 copies/mL. This frequency of on-ART viremia epi-
sodes was lower than that observed in RM adults treated with AZD5582 (64/140, 46%)
(17), despite similar overall percentages of responding animals (Fig. 2C).

SIV-infected adult RMs that exhibited on-ART viremia during AZD5582 treatment
could be distinguished from those with stably suppressed viral loads during AZD5582
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FIG 2 AZD5582 treatment and on-ART viremia in SIV-infected, ART-suppressed infant RMs. Longitudinal analysis of plasma SIV RNA levels during the
intervention phase in (A) AZD5582 and (B) control groups. AZD5582 doses are indicated by green lines. The shaded area represents ART treatment. The
dashed line represents the limit of detection of the assay. (C) Comparison of on-ART viremia in SIV-infected, ART-treated infant macaques and SIV-infected,
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were compared using a two-sided Mann-Whitney test.
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treatment by their significantly higher pre-ART viral loads (21). We investigated this
association in the infants studied here but did not see a similar trend, although we
were limited by the small sample size (Fig. 2D). Although the pre-ART viral loads of
infants and adults with on-ART viremia were similar (P = 0.35), there was no significant
difference in pre-ART viral loads between infants that responded to AZD5582 and
infants that remained stably suppressed (P = 0.14). Interestingly, the infant RM with the
most pronounced latency reversal (RVf20) also had the lowest pre-ART viral load from
the group with on-ART viremia (lower than two of the stably suppressed infants).
Together, these data highlight distinct age-related responses to this dosing regimen of
AZD5582.

Immunologic and virologic impact of AZD5582 in infant RMs. The ncNF-«B path-
way plays an important role in regulating T cell differentiation without causing broad
systemic inflammation (22). We have previously observed a stimulatory effect on periph-
eral T cells following AZD5582 treatment specifically measurable through increased in-
tracellular Ki67 expression (17). To further assess the effect of AZD5582 on infant RMs,
flow cytometry was performed longitudinally on whole blood on the day of doses 1, 3,
6, and 9 and both 48 to 72h and 7 days after each of these doses. These time points
were selected to allow longitudinal evaluation while remaining within blood volume
constraints. Although natural fluctuations of Ki67 expression were observed throughout
the experimental time course an increase in Ki67 expression in memory CD4* and mem-
ory CD8* T cells (identified as CD3+*CD95*) was most prominent 7 days following dose 1
(Fig. 3A; 8.7% to 46.9% and 5.1% to 46.7%, respectively, in AZD5582 treated RMs com-
pared with 5.3% to 31.2% and 12.5% to 30.4%, respectively, in control RMs). When three
baseline measurements were used to account for natural variation, Ki67 expression
increased by an average of 24.3% and 23.3% after dose 1 in memory CD4* and CD8* T
cells, respectively, in treated RMs compared to 14.0% and 10.6% in control RMs (Fig. 3A).
To assess the response to all doses in tandem, the expression of Ki67 in peripheral mem-
ory CD4* and memory CD8" T cells averaged 21.0% and 18.2%, respectively, at baseline
and significantly increased to a mean of 28.4% and 26.5%, respectively, at 3-days post-
AZD5582 (Fig. 3B; P = 0.02 and P = 0.03, respectively). We did not observe increases to
other markers of activation, including HLA-DR and PD-1, following AZD5582 treatment.
While we have previously shown that AZD5582 treatment alone did not consistently
impact the size of the viral reservoir (17), we note that proliferation of CD4* T cells (as
suggested by increased Ki67 levels) may result in an expansion of infected cells.
However, we found similar levels of cell-associated SIV DNA in CD4™ T cells isolated from
the periphery and lymph nodes in AZD5582-treated infant RMs compared to ART-only
controls (Fig. 30).

Pharmacokinetics of AZD5582 were altered in infant RMs. As a potential expla-
nation for the dampened virologic response to AZD5582 observed in infant RMs, we
investigated AZD5582 pharmacokinetics (PK) following the third dose using a sparse
sampling design. Blood samples were collected immediately following infusion in 4
RMs and from 2 RMs per time point at 1 h, 2 h, 4 h, 8 h, and 24 h postinfusion. Plasma
concentrations of AZD5582 in infants exhibited biphasic elimination with a rapid distri-
bution half-life followed by a slower terminal elimination half-life of 9.9 h (Fig. 4A).
Noncompartmental analysis (NCA) was conducted to determine pharmacokinetic pa-
rameters in infants and compared with available PK data from adult historical controls
of SIV-infected, ART-suppressed rhesus macaques (n = 7) given matched doses of
AZD5582 (Fig. 4B) (17). Infants exhibited 2.5- and 2.3-fold lower C,,, and AUC, .,
respectively (Table 2). Although corresponding data were not collected from adult
macaques, we note that in infants the AUC,,,, was calculated as 239 ng x hr/mL.

Evaluation of ncNF-xB gene expression following AZD5582 treatment. Treatment
with AZD5582 in SIV-infected, ART-suppressed adult RMs upregulates key genes associ-
ated with signaling through the ncNF-kB pathway, rather than the canonical NF-«B
(cNF-kB) pathway in CD4* T cells (17). Here, we performed RNA-Seq in total CD4* T
cells isolated from the peripheral blood of AZD5582-treated infant macaques at base-
line (pre-dose 1) and the end of the treatment period (post-dose 10). In total, 1,031
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genes were identified as differentially expressed following AZD5582 treatment in
infant RMs (855 upregulated and 176 downregulated) using a false discovery rate of
5% and a linear fold change of 50% (Fig. 5A). Principal-component analysis revealed a
distinct effect of AZD5582 on gene expression in CD4* T cells isolated from infant RMs
2 days post-dose 10 compared to peripheral CD4* T cells from infants pre-AZD5582

(Fig. 5B).

Enrichment of NF-«xB associated genes in AZD5582-treated infants was next
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compared with data generated from our prior adult macaque study, where RNA-Seq of
peripheral CD4* T cells was performed at the same time points (pre-AZD5582 and
2 days post-dose 10 of AZD5582) (17). The leading-edge genes in both groups of ani-
mals are shown in the heat maps in Fig. 5C to E, segregated by genes that were simi-
larly changed in infants and adults (Fig. 5C), higher in infants compared to adults (Fig.
5D), and higher in adults compared to infants (Fig. 5E). BIRC3 and BIRC5 were both
most significantly upregulated following AZD5582 in CD4" T cells from AZD5582
treated infant and adult RMs (Fig. 5C). BIRC3 encodes a cellular inhibitor of apoptosis 2
(clAP2) and BIRC5 (encoding survivin) also belongs to the IAP gene family, with both
genes involved in the regulation of the cNF-«B and ncNF-«B pathways (23, 24). Genes
identified as most upregulated in infant RMs but not adults include TNFRSF13B and
TNFRSF17, two TNF-receptor superfamily genes that encode proteins that can initiate
activation of NF-«B signaling (Fig. 5D) (25). Interestingly, RELB and NFKB2, hallmark
ncNF-«B signaling genes, as well as NFKBIA, an inhibitory gene of the cNF-«B signaling
pathway, were identified as significantly upregulated in CD4* T cells isolated from
adult RMs but not in infant RMs after AZD5582 treatment (Fig. 5E).

We did not identify a distinct gene expression profile that distinguished infants
with on-ART viremia from those that did not show evidence of latency reversal during
AZD5582 treatment (Fig. 5C and D). This result is consistent with our previous observa-
tions in adult RMs treated with AZD5582 (17) and indicates that in vivo administration
of this IAPi can impact CD4* T cell gene expression regardless of whether our defini-
tion of latency reversal was achieved. Even so, it is clear from these data that adult
macaques demonstrate greater upregulation of ncNF-kB signaling genes as well as a
greater frequency of latency reversal events during treatment with AZD5582 compared
to infants, potentially due to the altered PK profile of AZD5582 in infants.

Ex vivo evaluation of AZD5582 stimulation of infant CD4+ T cells. We have previ-
ously shown that naive CD4* T cells are a major contributor to the viral reservoir in
both SIV- and SHIV-infected infant macaques (10, 11). We were therefore interested to

TABLE 2 Pharmacokinetic properties of AZD5582 in infants compared with adult SIV-
infected, ART-suppressed RMs?

Age category C..ax (Ng/mL) AUC,,, (ng X hr/mL) AUC,,,, (ng X hr/mL) t,,, (hr)

Infant 294 223 239 9.9
Adult 802 512 ND ND
aC,..,» Maximum concentration; t, ,, terminal elimination halflife; AUC, ,,, and AUC,,,,, area under the curve from

time zero to 2 or 24 h postinfusion, respectively. ND, not determined.
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FIG 5 Gene expression changes in CD4" T cells from peripheral blood of SIV-infected, ART-suppressed rhesus macaques before and after treatment with
AZD5582. (A) Volcano plot showing genes upregulated or downregulated in peripheral CD4" T cells following AZD5582 treatment compared to pre-
AZD5582 treatment of SIV-infected, ART-suppressed infant RMs. Log,-fold change is represented on the x-axis and P value is represented on the y-axis. (B)
Principal component (PC) analysis of the transcriptomes of CD4™ T cells from the peripheral blood before and after treatment with AZD5582. (C to E) Heat
map of leading-edge genes that were differentially expressed after AZD5582 treatment and were (C) similar between infant and adult SIV-infected, ART-
suppressed RMs, (D) higher in SIV-infected, ART-suppressed infant RMs, or (E) higher in SIV-infected, ART-suppressed adult RMs. The contrast depicted is
the log,-fold change of each gene for each RM’s posttreatment sample relative to the pre-treatment values for peripheral CD4" T cells. Annotation
indicates the presence (black) or absence (green) of detectable on-ART viremia during AZD5582 treatment from pre-dose 1 to 3 d post-dose 10.

determine whether the dampened ART viremia that we observed in vivo was due to
differential induction of ncNF-kB activation in naive and memory CD4* T cells follow-
ing AZD5582 treatment. It is well documented that activation of naive CD4* T cells
relies predominantly on cNF-«B and not the ncNF-«B pathway (22). However,
AZD5582 targets intracellular components of the ncNF-«B pathway, including baculo-
viral inhibitor of apoptosis (IAP) repeat-containing 2 (BIRC2) and 3 (BIRC3), which to-
gether with another key component of ncNF-kB signaling, the NFKB inducing kinase
(NIK), are equally expressed between naive and memory CD4* T cells (26, 27). To con-
firm that the ncNF-«B pathway is activated following AZD5582 stimulation ex vivo in
naive and memory CD4* T cells, we purified naive (CD62L*CCR7+CD95-) and memory
(CD95%) CD4* T cells from the peripheral blood of two healthy and eight SIV-infected,
ART-suppressed infant macaques. Sorted cells were stimulated with 100 or 1,000 nM
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FIG 6 Induction of ncNF-kB genes and SIV RNA following ex vivo AZD5582 stimulation. (A and B) Naive and Memory CD4" T cells were
sorted and treated with 1000 nM (n = 6) or 100 nM AZD5582 (n = 4) overnight. Cell lysates were analyzed by RT-PCR for (A) BIRC3 and (B)
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AZD5582 for 24 h and RT-gPCR was performed to evaluate the expression of the ncNF-
«B pathway genes BIRC3 and NFkB2 (Fig. 6A and B). When gene expression of BIRC3 or
NFKB2 were compared in SIV-infected, ART-suppressed infants and healthy controls
following stimulation with 1000 nM AZD5582 in naive and memory CD4" T cells no
significant difference was observed between the two groups. For this reason, all
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1000 nM stimulations are represented together as a single group. No significant differ-
ence was observed in fold induction of BIRC3 and NFkB2 gene expression between na-
ive and memory CD4* T cells at 1000 nM (P = 0.16 and 0.25, respectively, n = 6) or
100 nM (P = 0.13 and 0.75, respectively, n = 4). These results indicate that both naive
and memory CD4" T cells have the potential to utilize the ncNF-«B pathway following
AZD5582 stimulation despite the more modest gene expression changes observed in
infants in vivo (Fig. 5).

Following confirmation of ncNF-«B pathway activation in infant naive and memory
CD4+ T cells ex vivo, we next sought to evaluate SIV reactivation following ex vivo
AZD5582 stimulation in CD4™ T cells isolated from SIV-infected, ART-suppressed infant
RMs compared to CD4" T cells from SIV-infected, ART-suppressed adult RMs. To do so,
we isolated CD4* T cells through negative selection from the peripheral blood of five
SIV-infected, ART-suppressed adult RMs and five SIV-infected, ART-suppressed infant
RMs. Cells were stimulated with either 100 nM AZD5582 or rhesus specific anti-CD2/
CD3/CD28 beads (as a positive control) in the presence of ART (DTG+FTC) for 9 days.
The supernatant was collected to quantify SIVgag RNA through gPCR as a measure of
viral reactivation. All infant and adult cultures showed an increase in SIV RNA copies in
the supernatant following bead stimulation compared to unstimulated wells (Fig. 6C
and D). In the AZD5582 condition, only 1/5 infants showed increased SIV RNA expres-
sion compared to 3/5 adults (Fig. 6C and D). These data indicate that AZD5582 stimula-
tion does not substantially induce virus reactivation in CD4™ T cells from infant RMs ex
vivo and support the observed weaker latency reversal in infants compared to adults in
vivo.

DISCUSSION

This study provides insight into the use of latency-reversing agents to reactivate
the viral reservoir in a pediatric model of HIV-1 infection and ART suppression. We first
demonstrated the safety of repeated AZD5582 infusions and evaluated pharmacoki-
netics and pharmacodynamics following AZD5582 treatment. The IAPi AZD5582
induced on-ART viremia in 63% of infants, a number similar to what has previously
been reported in adult RMs. However, only 6% of assays of plasma viremia throughout
AZD5582 treatment in the infants that experienced on-ART viremia were above the
limit of detection, perhaps related to the altered pharmacokinetic profile compared to
adult macaques and resultant differential gene expression patterns. Although pre-ART
viral loads served as an efficient predictor of on-ART viremia following AZD5582 treat-
ment in adults, in our infants, pre-ART viremia was not a predictor of the presence or
absence of latency reversal during AZD5582 treatment. Finally, through flow cytome-
try, we identified an increase in Ki67 expression in peripheral memory CD4* and mem-
ory CD8* T cells at 3 days post-dose compared to the pre-dose time point. Despite this
transient activation of memory CD4* T cells, we did not observe an expansion of
infected cells in peripheral blood or lymph nodes.

Quantification of plasma AZD5582 concentrations revealed that weight-based dos-
ing resulted in lower Cmax and AUC,_,,, for infants compared to adult RMs, which likely
contributed to the altered response observed here compared to our previously pub-
lished adult study (17). Pharmacokinetic processes differ between children and adults
and, therefore, the same dosage of many drugs may not correspond to the same phar-
macological effect (28). Metabolism, body composition, and gastrointestinal absorption
fluctuate during development and need to be considered when determining an opti-
mal dosing strategy in pediatric populations (29). The dose we used (0.1 mg/kg) is the
highest dose tested in SIV-infected RMs to our knowledge, and we found it to be well-
tolerated and safe in infants over 10 infusions. Thus, future efforts to maximize latency
reversal in infants should involve testing a higher dose or longer infusion duration to
identify an optimal AZD5582 dosing strategy for this age group. As the viral reservoir
primarily consists of CD4" T cells in tissues such as lymph nodes, evaluation of the
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concentrations of AZD5582 achieved in tissues will also be important to consider in
future studies.

We found that the IAPi AZD5582 activates the NF-«B pathway in treated infant RMs
as shown by transcriptomic analyses. IAP inhibitors target and activate the ncNF-«B
pathway, which leads to activation of fewer host genes than the cNF-«B pathway, lim-
iting systemic activation and likely increasing clinical tolerability (25). Through tran-
scriptomic profiling, key ncNF-«B pathway genes, such as BIRC3 and BIRC5, were identi-
fied as significantly upregulated in both treated infant and adult RMs following
AZD5582 treatment. However, we did not observe increased expression of hallmark
ncNF-«B signaling genes RELB and NFKB2 nor the cNF-«B pathway inhibitor NFKBIA,
unlike what we have previously reported in adult macaques.

It is well established that naive CD4* T cells, the predominant subset in infants (10,
11), rely on the cNF-«B pathway for activation while the ncNF-«B pathway is more im-
portant in memory CD4™" T cells (25). However, we demonstrated that there is no sig-
nificant difference between upregulation of both ncNF-«B genes BIRC3 and NFKB2 fol-
lowing ex vivo AZD5582 stimulation in naive and memory CD4* T cells isolated from
SIV-infected, ART-suppressed infants. It has also been shown that infected naive cells
are less inducible than more differentiated CD4" T cells in vitro (30). Furthermore, naive
CD4* T cells produce less infectious virus following multiple rounds of stimulation
compared to memory CD4* T cells ex vivo (31). Conflicting data on the inducibility of
naive CD4* T cells exist, however, with Zerbato et al. (32) reporting similar levels of vi-
rus production in naive and central memory CD4* T cells following CD3/CD28 stimula-
tion. In a study specifically investigating the reactivation potential of the pediatric res-
ervoir, Dhummakupt et al. (33) suggested that the reservoir from perinatally HIV-1
infected children is less inducible than the reservoir from HIV-1 infected adults ex vivo.
In the present study, we demonstrate that infant CD4* T cells do not demonstrate sub-
stantial viral reactivation when stimulated with AZD5582 ex vivo. While dampened
pharmacokinetics of ADZ5582 in infant RMs compared to adult RMs was likely a key
contributor to our virologic findings in vivo, our results also complement a growing
body of evidence for a lower inducibility potential of the pediatric viral reservoir, which
also may impact the response to AZD5582 in infants.

This study has several limitations. The small size of infant RMs limits blood volume
availability and biopsy specimen frequency, reducing our ability to perform extensive
evaluative assays. Specifically, we were unable to perform ultrasensitive plasma viral
load quantification, an assay with a much lower limit of detection compared to the 60
copies/mL limit used here. Although the ultrasensitive assay may have revealed a
higher frequency of reactivation events under ART, it is expected that an effective LRA
will induce a high-level on-ART viremia to permit clearance of virally infected cells and,
as such, results from an ultrasensitive assay would likely not have altered our key find-
ings. Additionally, through ex vivo stimulation with AZD5582, we demonstrated similar
activation of the ncNF-«B pathway in naive and memory CD4* T cells, but we were
unable to evaluate the effect of in vivo AZD5582 treatment on specific CD4* T cell sub-
sets. Latency reversal may differ between naive and memory CD4™" T cells despite simi-
lar ncNF-«B activation levels. Additionally, infant macaques were infected with
SIVmac251 while adult macaques were infected with SIVmac239, but both viral strains
induce robust infection and reservoir formation. Thus, we do not believe this impacted
our results. Finally, although not unexpected, AZD5582 alone did not impact the viral
reservoir size estimated by CD4" T cell-associated SIV DNA, but we acknowledge that
we did not analyze the replication-competent or rebound competent viral reservoir
here. Despite these limitations, we believe studies such as this one demonstrate the
importance of investigating HIV-1 in a pediatric model to provide key preclinical data
of pediatric HIV-1 cure interventions.

In conclusion, we demonstrated that the IAPi AZD5582 is safe and can activate the
T cell compartment in SIV-infected, ART-suppressed infant RMs. This activation differed
from that seen in adult RMs in terms of ncNF-«B gene expression and extent of latency
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reversal, which may be driven by both altered drug metabolism and lower inducibility
of the pediatric viral reservoir. We hope that future studies optimize LRA dosing in pe-
diatric preclinical models and incorporate the use of a “kill" agent to aid the immune
system in clearing virally infected, reactivated cells to reduce the latent viral reservoir.

MATERIALS AND METHODS

Cell sorting. For cell sorting, peripheral CD4" T cells were first enriched by negative selection with the
use of magnetic beads and column purification (nonhuman primate CD4* T cell isolation kit; Miltenyi).
Enriched CD4" T cells were then stained with viability dye (Live/Dead Aqua) and previously determined vol-
umes of the following fluorescently conjugated MAbs: CD3-AF700 (clone SP34-2), CD8-APC-Cy7 (clone SK1),
CD95-PE-Cy5 (clone DX2), CD62L-PE (clone SK11), and CCR7-PE-Cy7 (clone 3D12) from BD Biosciences; CD4-
BV650 from BioLegend. Sorted live CD3*CD8-CD4* populations were defined as follows: naive cells, CD62L*
CCR7" CD95- and memory, CD95™. Sorting was performed on a FACSAria LSR I (BD Biosciences) equipped
with FACSDiva software.

Target gene RT-qPCR. Naive and memory CD4* T cells were treated with 100 or 1000 nM AZD5582
for 24 h and then stored as a dry pellet until RNA extraction. Total RNA was isolated using the RNEasy
Minikit (Qiagen) according to the manufacturer’s instructions. The following TagMan primer-probe sets
were sourced from Applied Biosystems: Rh02837734_m1 (BIRC3), Rh01028900_m1 (NFKB2), and
Rh00427620_m1 (TBP). TagMan-based quantitative PCR with reverse transcription (RT-qPCR; Fast Virus
1-Step Master Mix, Applied Biosystems) was used to amplify host genes of interest and acquire the signal
on an Applied Biosystems 7500 Fast System (ThermoFisher). Gene expression was normalized to TATA
box binding protein (TBP) and the comparative threshold cycle (Ct) method (AACt) was used for relative
quantification of gene expression. Relative quantification was analyzed by ABI 7500 Software (v.2.3, Life
Technologies).

Animals and infection. Twelve infant, Indian RMs (Macaca mulatta), with the exclusion of Mamu
B*08- and B*17-positive animals, were enrolled in this study. The animals were born at the Yerkes
National Primate Research Center (YNPRC) to dams housed in indoor/outdoor group housing. The
infants were removed from the dams when they were approximately 2 weeks old and transferred to an
indoor nursery, where they were housed in social pairs with either full contact or protected contact for
the duration of the study. The infants were fed in accordance with the YNPRC standard operating proce-
dures (SOPs) for NHP feeding. After being removed from the dam, infants were fed center-approved
milk replacer (Similac Advance, OptiGro Infant Formula with Iron and/or Similac Soy Isomil OptiGro
Infant Formula with Iron; Abbott Nutrition, Columbus, OH) until 14 weeks of age. Infants were provided
softened standard primate jumbo chow biscuits Jumbo Monkey Diet 5037; Purina Mills, St. Louis, MO)
and a portion of orange starting between 2 to 4 weeks of age. As animals aged additional enrichment of
various fresh produce items were provided daily. The animals were orally infected at 4 to 5 weeks of age
with two consecutive doses of 10° TCID, (50% tissue culture infectious doses) of SIV,_,s;. Three infants
required multiple weekly 2-dose challenges before successful infection (totaling up to three challenges).
Eight historical controls that followed the same regimen were included in this study. Yerkes National
Primate Research Center is accredited by both the U.S. Department of Agriculture (USDA) and by the
Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC). All animal proce-
dures were performed in accordance with guidelines established by the Emory University Institutional
Animal Care and Use Committee Guidelines and those set up by the NIH’s Guide for the Care and Use of
Laboratory Animals, 8th edition.

Antiretroviral therapy. The 12 RM infants were treated with a potent three-drug ART regimen initi-
ated at 4 weeks postinfection. The preformulation ART cocktail contained two reverse transcriptase
inhibitors, 5.1 mg/kg tenofovir disoproxil fumarate (TDF) and 40 mg/kg emtricitabine (FTC), plus 2.5 mg/
kg of the integrase inhibitor dolutegravir (DTG). This ART cocktail was administered once daily at 1 mg/
kg via the subcutaneous route.

Administration of AZD5582. The IAPi AZD5582 was reconstituted to 0.4 mg/mL in 10% Captisol
within 1 week of administration as previously described (17). Monkeys assigned to the experimental
intervention group received 10 administrations of 0.1 mg/kg AZD5582 by intravenous (i.v.) infusion with
an inline filter for 30 minutes every week for 10 weeks.

Sample collection and processing. EDTA-anticoagulated blood samples were collected regularly
and used for a complete blood count, routine chemical analysis, and immunostaining, with plasma sepa-
rated by centrifugation within 1 h of phlebotomy. PBMCs were prepared by density gradient centrifuga-
tion. Lymph node biopsy specimens were collected at indicated time points (Fig. 2A). Lymph nodes
were ground using a 70-um cell strainer. Cell suspensions were washed and immediately used for im-
munostaining or cryopreserved at —80°C until use.

Immunophenotype by flow cytometry. Multicolor flow cytometric analysis was performed on
whole blood (WB) or cell suspensions using predetermined optimal concentrations of the following fluo-
rescently conjugated monoclonal antibodies (MAbs). For WB T cell analysis the following MAbs were
used: CD3-allophycocyanin (APC)-Cy7 (clone SP34-2), CD95-phycoerythrin (PE)-Cy5 (clone DX2), Ki67-
AF700 (clone B56), HLA-DR-peridinin chlorophyll protein (PerCP)-Cy5.5 (clone G46-6), CCR7-fluorescein
isothiocyanate (FITC) (clone 150503), CCR5-APC (clone 3A9), CD62L (clone SK11), and CD45-RA-PE-Cy7
(clone L45) from BD Biosciences; CD8-BV711 (clone RPA-T8), CD4-BV650 (clone OKT4), and PD-1-BV421
(clone EH12.2H7) from BioLegend; and CD28-ECD (clone CD28-2) from Beckman-Coulter. Flow cytomet-
ric acquisition and analysis of samples were performed on at least 100,000 events on an AURORA flow
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cytometer driven by the SpectroFlo software package (Cytek). Analyses of the acquired data were per-
formed using FlowJo version 10.0.4 software (TreeStar).

Plasma RNA and cell-associated DNA lysate viral quantification. Plasma viral quantification was
performed as described previously (12). The frozen cell pellet was lysed with proteinase K (100 wg/mL in
10 mM Tris-HCl pH 8) for 1h at 56°C. Quantification of SIVmac gag DNA was performed by quantitative
PCR (gPCR) using the 5’ nuclease (TagMan) assay with an ABI7500 system (PerkinElmer Life Sciences). The
sequence of the forward primer for SIV,,. gag was 5'-GCAGAGGAGGAAATTACCCAGTAC-3’, the reverse
primer sequence was 5'-CAATTTTACCCAGGCATTTAATGTT-3’, and the probe sequence was 5'-6-carboxy-
fluorescein (FAM)-TGTCCACCTGCCATTAAGCCCGA-6-carboxytetramethylrhodamine (TAMRA)-3'. 7.5 ulL of
cell lysate were mixed in a 50 uL reaction mixture containing 1x Platinum Buffer, 3.5 mM MgCl,, 0.2 mM
dNTP, primers 200 nM, probe 150 nM, and 2U Platinum Tag. For cell number quantification, quantitative
PCR was performed simultaneously for monkey albumin gene copy number. The sequence of the forward
primer for albumin was F 5'-TGCATGAGAAAACGCCAGTAA-3’; the reverse primer sequence was 5'-
ATGGTCGCCTGTTCACCAA-3" and the probe sequence was 5'-AGAAAGTCACCAAATGCTGCACGGAATC-3'
(34). The reactions were performed on a 7500 real-time PCR system (Applied Biosystems) with the follow-
ing thermal program: 10 min at 95°C, followed by 40 cycles of denaturation at 95°C for 15 s and annealing
at 60°C for 1 min.

Pharmacokinetics of AZD5582. Plasma samples were collected from RMs over 24 h following the
start of a single 30 min intravenous infusion of AZD5582 using a previously published (17). A high-per-
formance liquid chromatography-mass spectrometry (HPLC-MS/MS) method with a dynamic range of
0.2 to 1000 ng/mL. Noncompartmental analysis (NCA) was performed using Phoenix64 WinNonlin v8.1
software using the sparse sampling function to derive mean PK parameters. The linear up-log down
trapezoidal rule was used to calculate AUC. The terminal elimination rate constant (k,) was estimated by
fitting a linear regression line on a semilog plot to the individual concentration data constrained to
observations from 4 to 24 h post start of infusion and used to calculate terminal elimination half-life.
One observation below the assay’s limit of quantification was imputed at '/, the lower limit of quantifica-
tion (35).

RNA-sequencing analysis. RNA-sequencing (RNA-seq) analysis was conducted at the Yerkes
Nonhuman Primate Genomics Core Laboratory (http://www.yerkes.emory.edu/nhp_genomics_core/).
RNA was purified from 50,000 peripheral blood-derived CD4* T cells purified by negative selection and
lysed in 350 uL of RLT buffer at —80°C, using Qiagen Micro RNEasy columns, and RNA quality was
assessed using an Agilent Bioanalyzer. Following this, 2 ng of total RNA was used as input for mRNA
amplification using 5’ template switch PCR with the Clontech SMART-seq v4 Ultra Low Input RNA kit
according to the manufacturer’s instructions. Amplified mRNA was fragmented and appended with
dual-index bar codes using lllumina NexteraXT DNA library preparation kits. Libraries were validated by
capillary electrophoresis on an Agilent 4200 TapeStation, pooled and sequenced on an lllumina HiSeq
3000 using 100-bp single reads at an average depth of 25 million reads. Alignment was performed using
STAR version 2.7.3a (36) and transcripts were annotated using a composite reference of rhesus macaque
(Mmul10 Ensembl release 100).

Historical animal groups. Data from an additional group of SIV-infected, ART-suppressed adult RMs
treated with AZD5582 were used for comparative analysis (17). Nine Indian rhesus macaques, with the
exclusion of MamuB*08+ and MamuB*17+ animals, were infected i.v. with 3 x 10° TCID, of SIV,,,.»30
(nef open). Animals were treated with an identical ART regimen, as described above, initiated at 8 weeks
postinfection. Animals remained suppressed for a similar time frame, over 1 year, as the infant macaques
before AZD5582 treatment.

Ex vivo viral RNA induction assay. Viable cryopreserved PBMCs from SIV-infected, ART-suppressed
infant and adult RMs collected 34 to 97 weeks post ART initiation were thawed, and CD4" T cells were
enriched by negative selection using the NHP CD4™" T cell isolation kit (Miltenyi Biotec). Enriched CD4" T
cells were rested overnight in R10 (RPMI + 10% FBS) and then cultured in the presence of 100 nM DTG,
1 uM FTC, and 50 IU/mL IL-2 at 2 x 10° cells/mL and either 100 nM AZD5582 or rhesus-specific anti-
CD2/CD3/CD28-conjugated beads (Miltenyi Biotec) as a positive control for 9 days. Cells plated ranged
from 3.5 x 10° to 6.5 x 10° cells with the same cell input per condition for individual animals. One ani-
mal (RCi20) did not have sufficient cell availability for bead stimulation. Half of the culture medium was
removed on days 3 and 6 and replaced with a fresh medium containing FTC, DTG, and IL-2. The viral
RNA content of frozen cell-free culture supernatants collected on day 9 was determined using the
SIVgag qPCR described above.

Statistical analyses. Statistical analyses were performed using GraphPad Prism Software (v.7 or v.8).
P = 0.05 was considered statistically significant. To compare differences in pre-ART viral loads between
experimental groups in Fig. 2D and SIV DNA levels in Fig. 3C a two-sided Mann-Whitney test was used.
To test the statistical significance observed in Ki67 expression on memory CD4" and CD8™ T cells in Fig.
3B, BIRC3, NFKB2 gene expression in Fig. 6A and B, and SIV RNA expression in Fig. 6C and D. A Wilcoxon
matched-pairs signed-rank test was used. For RNA-seq analysis in Fig. 5, RNA-seq data were mapped to
the NCBI Mmul10 assembly of the Indian rhesus macaque genome, and alignment was performed with
STAR (v.2.7.3a) using Ensemble release 100 annotations as a transcript annotation and splice junction
reference. Transcript abundance estimates were calculated internal to the STAR aligner using the algo-
rithm of htseq-count (37). DESeq2 (38) was used for normalization and differential expression analysis.
Gene set enrichment analysis (39) (GSEA), performed with the GSEA desktop module (available at
https://www.broadinstitute.org/gsea/) and the Molecular Signatures Database (MSigDB), was used to
determine pathway/gene set enrichment. Heat maps, volcano plots, and principal-component analysis
plots were generated with the R (v 3.6.0) package ggplot2.
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