
Nonhuman Primate Testing of the Impact of Different
Regulatory T Cell Depletion Strategies on Reactivation and
Clearance of Latent Simian Immunodeficiency Virus

Ranjit Sivanandham,a,b Adam J. Kleinman,a Paola Sette,a,b Egidio Brocca-Cofano,b

Sindhuja Murali Kilapandal Venkatraman,a,b Benjamin B. Policicchio,c Tianyu He,b Cuiling Xu,a,b Julia Swarthout,a,b

Zhirui Wang,d Ivona Pandrea,b,c Cristian Apetreia,c

aDivision of Infectious Diseases, Department of Medicine, School of Medicine, University of Pittsburgh, Pittsburgh, Pennsylvania, USA
bDepartment of Pathology, School of Medicine, University of Pittsburgh, Pittsburgh, Pennsylvania, USA
cDepartment of Infectious Diseases and Microbiology, Graduate School of Public Health, University of Pittsburgh, Pittsburgh, Pennsylvania, USA
dDepartment of Surgery, School of Medicine, University of Colorado, Aurora, Colorado, USA

ABSTRACT Regulatory T cells (Tregs) may be key contributors to the HIV/SIV latent
reservoir, since they harbor high levels of HIV/SIV; reverse CD4� T cell immune acti-
vation status, increasing the pool of resting CD4� T cells; and impair CD8� T cell
function, favoring HIV persistence. We tested the hypothesis that Treg depletion is a
valid intervention toward an HIV cure by depleted Tregs in 14 rhesus macaque (RM)
controllers infected with SIVsab, the virus that naturally infects sabaeus monkeys,
through different strategies: administration of an anti-CCR4 immunotoxin, two doses
of an anti-CD25 immunotoxin (interleukin-2 with diphtheria toxin [IL-2-DT]), or two
combinations of both. All of these treatments resulted in significant depletion of the
circulating Tregs (�70%) and their partial depletion in the gut (25%) and lymph
nodes (�50%). The fractions of CD4� T cells expressing Ki-67 increased up to 80% in
experiments containing IL-2-DT and only 30% in anti-CCR4-treated RMs, paralleled
by increases in the inflammatory cytokines. In the absence of ART, plasma virus re-
bounded to 103 vRNA copies/ml by day 10 after IL-2-DT administration. A large but
transient boost of the SIV-specific CD8� T cell responses occurred in IL-2-DT-treated
RMs. Such increases were minimal in the RMs receiving anti-CCR4-based regimens.
Five RMs received IL-2-DT on ART, but treatment was discontinued because of high
toxicity and lymphopenia. As such, while all treatments depleted a significant pro-
portion of Tregs, the side effects in the presence of ART prevent their clinical use
and call for different Treg depletion approaches. Thus, based on our data, Treg tar-
geting as a strategy for HIV cure cannot be discarded.

IMPORTANCE Regulatory T cells (Tregs) can decisively contribute to the establish-
ment and persistence of the HIV reservoir, since they harbor high levels of HIV/SIV,
increase the pool of resting CD4� T cells by reversing their immune activation sta-
tus, and impair CD8� T cell function, favoring HIV persistence. We tested multiple
Treg depletion strategies and showed that all of them are at least partially success-
ful in depleting Tregs. As such, Treg depletion appears to be a valid intervention to-
ward an HIV cure, reducing the size of the reservoir, reactivating the virus, and
boosting cell-mediated immune responses. Yet, when Treg depletion was attempted
in ART-suppressed animals, the treatment had to be discontinued due to high toxic-
ity and lymphopenia. Therefore, while Treg targeting as a strategy for HIV cure can-
not be discarded, the methodology for Treg depletion has to be revisited.
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The difficulty in curing HIV infection stems from the virus ability to persist in
long-term reservoirs and our incapacity to identify and eliminate these cells (1, 2).

An HIV-infected cell can lay dormant for many years (3–5). Antiretroviral therapy (ART)
successfully suppresses replicative virus and thus controls the deleterious conse-
quences of the active virus replication but does not eliminate the latent reservoirs (3–6).
The interest for HIV cure research was prompted by the Berlin patient, the first case of
cured HIV infection (7, 8) and, more recently, by the second confirmed cured case, the
London patient (9). Both received bone marrow transplants from donors with a
CCR5-Δ32 mutation (7–9). Due to the dangerous nature of this treatment and the
limited availability of donors carrying this mutation, the approach is not scalable as a
universal cure strategy. Therefore, the HIV field is actively searching for more tolerable
strategies toward an HIV cure.

Of the many tested cure strategies, the “shock and kill” is one of the most studied.
In this approach, the latently infected cells are “shocked” with latency reversal agents
(LRAs) to induce expression of latent proviruses, with the cells in which virus expression
is induced being eliminated by viral cytopathic effects or host immune responses (10).
De novo infection of susceptible cells by the LRA-induced virus is prevented by ongoing
ART (11, 12). While the rationale of this approach appears reasonable, the results to date
have not fulfilled expectations. Thus, the vast majority of LRAs did not lead to potent
and extensive induction of latent proviruses (13, 14), with only very small fractions of
proviruses present in resting CD4� T cells being reactivated by a single round of LRA
administration (15, 16). Only recently promising reactivation data were reported (17).
Even more daunting was the observation that LRA administration did not result in viral
cytopathic effect-mediated cell death (12), and thus elimination of the reactivated
resting CD4� T cells in which expression of latent proviruses was induced was proven
more challenging than originally believed (18). In immunosuppressed patients, even in
those virally suppressed with ART, HIV-specific cytotoxic T lymphocytes (CTLs) are
functionally impaired (19), with viral clearance by CTLs only occurring in elite controllers
(20). Meanwhile, some LRAs, such as the histone deacetylase inhibitors were reported
to impair CTL functions (21). Finally, much of the virus present in latently infected cells
in individuals that started ART in the chronic phase of infection contains escape
mutations for immunodominant epitopes (22) or is defective and cannot be reactivated
(23). As such, the “shock and kill” approaches are currently questioned in their ability to
ostensibly reduce the latent reservoir (24, 25), and a general consensus emerged that
new strategies to improve both shock and kill components are needed in order to
improve HIV reservoir purging.

We have previously suggested that targeting regulatory T cells (Tregs), an immune
subset of T cells with specific function (26), which are enriched in the lymph nodes (LNs)
and gastrointestinal (GI) mucosa, may play a central role in shaping the HIV reservoir
and improving HIV/SIV-specific immune responses (27). As such, Treg depletion might
be an effective strategy toward a cure. In HIV/SIV infection, the frequency of circulating
Tregs directly correlates with viral loads (VLs) and disease progression and inversely
correlates with SIV-specific cytotoxic T lymphocyte responses in circulation and lym-
phoid tissue (28–33). Tregs themselves can be infected by HIV/SIV (33–35) and contain
higher levels of HIV/SIV DNA than non-Tregs, suggesting that they may represent a
nonnegligible fraction of the viral reservoir (34, 36). Furthermore, Tregs have a better
survival from SIV/HIV infection (34) than non-Tregs, a characteristic that could also
contribute to Tregs being a key persistent HIV reservoir. Through their regulatory
function, Tregs also have the potential to significantly shape the viral reservoir. Thus,
during the acute HIV/SIV infection, Tregs may decisively contribute to the rapid
reservoir seeding, by reversing the activation status of CD4� T cells (33, 37–40), thereby
pushing them into latency. During chronic HIV/SIV infection, multiple lines of evidence
support Treg suppression of protective effector immune responses: (i) Treg expansion
correlates with loss of CTL function (40–42); (ii) Ex vivo Treg depletion from blood and
LNs enhances T cell responses to HIV/SIV antigens (43); (iii) higher perforin/transcrip-
tional factor forkhead box 3 (FoxP3) ratios are associated with the nonprogressor status;
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and (iv) HLAB27�and B57� HIV-specific CD8� T cells from controllers evade Tregs (31,
44). This Treg suppression of virus-specific immune responses may impact the efficacy
of the “shock and kill” strategies, which require effective killing of the reactivated virus.

Altogether, these findings strongly suggest that Tregs may be a critical cellular
subset that shapes the formation, persistence, and reactivation of the viral reservoir
(45). Their depletion may impact the reservoir either directly, through reduction of one
of its components, or indirectly, by significantly altering SIV-specific immune responses.
Therefore, we proposed Treg depletion as a novel HIV cure strategy with a 3-fold
benefit: (i) direct reduction of the latent reservoir, (ii) arresting driving activated
infected cells into latency, and (iii) improving the suppressive capacities of the SIV-
specific T cells (27).

Treg depletion in vivo is complicated by the fact that Tregs do not express a
specific surface marker. FoxP3, which is currently the best Treg marker, is intracel-
lular (46–48) and cannot be targeted without altering the cell membrane. Therefore,
Treg depletion strategies rely on targeting surface surrogate markers expressed by
Treg subsets: CD25 (denileukin diftitox; Daclizumab), CCR4 (anti-CCR4-DT, Mogamu-
lizumab), or CTLA-4 (Ipilimumab). As such, none of the current Treg depletion
strategies can induce full Treg depletion (27, 49–52). Note, however, that post-
depletion persistence of residual Tregs is not necessarily daunting, since even a
partial Treg depletion alters their regulatory capacities (27, 49–52), while preventing
the massive autoimmune and inflammatory reactions associated with their com-
plete absence, as reported to occur in human newborns without functional Tregs
(53, 54) or in mice with Treg ablation (55, 56).

Of the Treg depletion strategies, we employed two and targeted either CD25 or
CCR4. CD25 is essential for Treg differentiation (57) and can be targeted with
interleukin-2 (IL-2), which exhibits its biological activity by binding to CD25 on the cell
surface (58). We previously showed that administration of a commercially available IL-2
immunotoxin, denileukin diftitox (Ontak), a fusion protein in which the IL-2 segment is
fused to the enzymatically active and membrane translocation domain of diphtheria
toxin, can induce Treg depletion in two nonhuman primate (NHP) species (27, 49). In a
model of SIV controlled infection of rhesus macaques (RMs), Ontak administration
induced effective plasma viral reactivation and boosted SIV-specific T cell responses,
suggesting that Treg depletion could indeed represent a viable HIV cure strategy (27).
Since Ontak has been discontinued due to problems with the protein purification, we
evaluated here a new IL-2-diphtheria toxin (IL-2-DT) immunotoxin produced with a
different purification system (59).

The second strategy was based on the use of immunotoxin that targeted CCR4.
CCR4 is a receptor for CCL17/CCL22, which is expressed with high frequency on the
surface of a subset of Tregs (60) and can be targeted with an anti-CCR4 antibody.

We thus tested these two immunotoxins individually and, to improve the efficacy of
Treg depletion, we also tested their combinations and assessed their impact on SIV
reactivation and residual reservoir. We report that the use of these novel immunotoxins
effectively but transiently led to Treg depletion from circulation, LNs, and at mucosal
sites, which subsequently leads to an increase in SIV-specific CD4� and CD8� T cells,
including those with a lytic phenotype (CD107a). Treg-depleting agents had minimal
toxicity when administered to SIV-infected, ART-naive RMs. All Treg depletion strategies
induced massive increases of systemic immune activation, yet only the IL-2-DT admin-
istration resulted in detectable viral reactivation. However, we also report that IL-2-DT
administration to SIV-infected RMs on ART causes dangerous toxicity and severe
lymphopenia, including the reduction of the SIV-specific T cells. As such, we report that,
while the current immunotoxins tested cannot be used as HIV cure agents due to
severe toxicities when associated with ART, Treg depletion could be combined with
other more potent LRAs to boost SIV-specific immune responses and improve HIV
reactivation from the latent reservoir.
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RESULTS
Study design. Fourteen SIVsab-infected RM controllers (61, 62) were used to assess

the impact of Treg depletion on SIV reactivation (Fig. 1). Five treatment conditions for
Treg depletion and SIV reactivation were tested, which included different doses and/or
combinations of an IL-2 diphtheria toxin (IL-2-DT), an anti-CCR4 diphtheria toxin
(anti-CCR4-DT), and the combination of these.

The first group of three SIVsab-infected RM controllers received anti-CCR4-DT which
was administered intravenously (i.v.), at a dose of 25 �g/kg, twice a day (BID) for 5 days.
These RMs were monitored for up to 28 days posttreatment (dpt) initiation. Blood and
superficial LN biopsy specimens were serially collected, and intestinal resections were
performed pretreatment in all the animals and then at different posttreatment time
points for each animal. The RMs were then rested for enough time to allow the immune
system to stabilize, followed by administration of 25 �g/kg of IL-2-DT (low-dose IL-2-
DT), i.v., BID for 5 days, with a 28-dpt follow-up and a thorough collection of blood, LNs,
and intestinal biopsy specimens.

The second group of three SIVsab-infected RM controllers received 35 �g/kg of
IL-2-DT (high-dose IL-2-DT), i.v., BID for 5 days and were monitored for up to 28 dpt.
Blood was collected at key time points.

The third group of three SIVsab-infected RM controllers received a combination of
anti-CCR4-DT and IL-2-DT, in a ratio of 1.62:1 by weight (Combo-DT1), which was
calculated based on the molecular weight of the compounds, and administered as a

FIG 1 Experimental design of the study. Fourteen rhesus macaques (RMs) were infected i.v. with 300 TCID50

SIVsab92018, and they were allowed to robustly control virus replication. Then, after �1 year of viral control, three
RMs received anti-CCR4-diphtheria toxin (DT) and low-dose IL-2-DT (A), three RMs received a high-dose IL-2-DT (B),
and three RMs received combinations of anti-CCR4-DT and IL-2-DT in a ratio of 1.62:1 by weight (Combo-DT1) and
in a ratio of 1:1.62 (Combo-DT2) (C). Finally, five RM controllers received 14 days of antiretroviral therapy (ART),
followed by the administration of the low-dose IL-2-DT on ART (D). After each treatment, the animals were
monitored for an average of 28 days posttreatment (dpt). Treg-depleting immunotoxin administrations are
illustrated as color-coded lines over each study group. Blood, lymph node (LN), and duodenal biopsy specimens
were collected at numerous experimental points, as indicated by the circles.
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total of 25 �g/kg, i.v., BID for 5 days. One animal was lost during follow-up due to
clinical deterioration. In the remaining two RMs, we reversed the ratio of the anti-
CCR4-DT and IL-2-DT drug combination to 1:1.62 (Combo-DT2) and tried a different
dosing regimen of 50 �g/kg, i.v., BID on the first day, and 25 �g/kg, i.v., BID for 6 days,
since another study showed that a similar treatment schedule achieved a better Treg
depletion (63). Blood, superficial LN biopsy specimens, and intestinal biopsy specimens
were collected for both treatments.

Finally, a fourth group of five SIVsab-infected RM controllers were used to assess the
impact of Treg depletion on SIV-infected RMs on ART. The RMs were infected with
SIVsab, allowed to spontaneously control viral replication to undetectable levels for
�1 year, and then they received an ART coformulation of Tenofovir disoproxil fumarate
(TDF), emtricitabine (FTC), and dolutegravir (DTG) (64) for 14 days, followed by the
administration of 25 �g/kg of IL-2-DT, i.v., BID. However, after the administration of only
3 IL-2-DT doses, the treatment had to be stopped due to severe clinical discomfort.

Treg depletion. Tregs are difficult to define, as there is no single marker to identify
them (45). The most specific marker for Tregs is currently FoxP3 (46 – 48), and, as such,
unless otherwise specified, throughout this study we will refer to Tregs as to FoxP3high

CD4� T cells.
All individual immunotoxin treatments, i.e., anti-CCR4-DT, low-dose IL-2-DT, and

high-dose IL-2-DT, achieved depletion of �70% of circulating Tregs (Fig. 2A). Depletion
was statistically significant with both IL-2-DT regimens. Circulating FoxP3high CD8� T
cells were also similarly depleted, with statistical significance achieved in both IL-2-DT
regimens (Fig. 2B). Interestingly, both the FoxP3high CD4� T cells and the FoxP3high

CD8� T cells rebounded immediately after treatment cessation (peaking between 10
and 14 dpt) and reached pretreatment levels at around 21 to 28 dpt. This transient Treg
boost was likely due to the generalized immune activation seen after Treg-depleting
treatment administration.

Similarly, more than 42 to 58% of Tregs were depleted in the superficial LNs with
both IL-2-DT regimens (Fig. 2C), which, however, did not reach statistical significance.

In the gut, minimal to no Treg depletion occurred after anti-CCR4-DT administration
(Fig. 2D), while a discernible Treg depletion was observed following low-dose IL-2-DT
administration (Fig. 2D). Similar to the LNs, Treg depletion in the gut did not reach
statistical significance after either of these treatments.

Impact on other T cell populations. Total CD4� T cell counts were moderately, but
significantly, reduced after each treatment, followed by a rapid rebound by 10 to 14 dpt
and stabilization to pretreatment levels by 21 to 28 dpt (Fig. 2E). Similarly, CD8� T cell
counts were impacted by the Treg-depleting treatments. However, large increases in
the CD8� T cell counts occurred after the high-dose IL-2-DT administration (P � 0.0018)
(Fig. 2F).

Postdepletion Treg activation. CD39 and CD73 are ectonucleases which generate
extracellular adenosine, are essential for Treg immunoregulatory capacity (65), and are
therefore used as markers of Treg activation (66). We thus assessed the Treg fraction
expressing CD39 or CD73. Minimal change in CD39 and CD73 expressions occurred
with anti-CCR4-DT (Fig. 3A and B). A minimal transient boost was observed after the
low-dose IL-2-DT treatment, which was statistically significant (P � 0.0276 and P �

0.0640 for CD39 and CD73, respectively) (Fig. 3A and B). Conversely, with the high-dose
IL-2-DT there was a large and statistically significant increase in the expression of both
markers by the Tregs (P � 0.0125 and P � 0.0042 for CD39 and CD73, respectively),
which peaked 5 dpt and returned to normal by 10 dpt (Fig. 3A and B).

T cell immune activation and inflammation. The levels of circulating T cell
immune activation were assessed by measuring the fraction of T cells expressing the
proliferation marker Ki-67. Each of the Treg-depleting immunotoxins induced a dra-
matic increase in the T cell fraction expressing Ki-67, which peaked between 10 and 14
dpt, reaching levels representing up to 50 to 80% of circulating CD4� T cells (Fig. 3C)
and 60 –90% of circulating CD8� T cells (Fig. 3D). The increase in Ki-67 expression on
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CD4� T cells reached statistical significance after the administration of high-dose
IL-2-DT (P � 0.0026), with trends being seen with the other treatments. Conversely, the
increases in Ki-67 expression on CD8� T cells reached significance after both IL-2-DT
treatments (P � 0.0104 and P � 0.0054, respectively. The increases in Ki-67 expression
by the circulating T cell subsets were minimal after the anti-CCR4-DT treatment (Fig. 3C
and D).

In the superficial LNs, the fractions of the CD4� and CD8� T cells expressing Ki-67
increased following both anti-CCR4-DT and low-dose IL-2-DT administration, though at
lower levels than those seen in blood, with statistical significance being reached only
after anti-CCR4-DT (P � 0.0204 and P � 0.0014 for CD4� and CD8� T cells, respectively)
(Fig. 4A and B). Only minimal increases of the Ki-67 expression by the T cells were

FIG 2 (A to D) Efficacy of the FoxP3high CD4� T cell (A) and FoxP3high CD8� T cell (B) depletion in circulation after treatments with anti-CCR4-diphtheria toxin
(DT), low-dose IL-2-DT, and high-dose IL-2-DT, and FoxP3high CD4� T cell depletion in superficial lymph nodes (LNs) (C) and in the intestine (D) with anti-CCR4-DT
treatment and low-dose IL-2-DT. (E and F) The y axes illustrate the levels of FoxP3high cells. Changes in the circulating CD4� T cell counts (E) and CD8� T cell
counts (F) following the administration of the anti-CCR4-DT, low-dose IL-2-DT, and high-dose IL-2-DT. The y axes illustrate the levels of CD4� or CD8� T cells/�l;
the x axes illustrate the number of days post-DT administration. A Kruskal-Wallis test was performed for FoxP3high CD4� T cell depletion in superficial LNs and
in the intestine with anti-CCR4-DT treatment, and a Friedman test was performed for all other parameters for each treatment. P � 0.05 (boldface) values were
considered significant. Different treatments are color-coded.
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observed after the administration of low-dose IL-2-DT (Fig. 4A and B); yet, one should
note that these minimal increases might be the result of the sample collection
schedule, with no LNs being collected between 6 and 27 dpt, which might have
resulted in missing the peak of Ki-67 expression.

In the gut, Ki-67 expression on the T cells increased following both immunotoxins
(Fig. 4E and F). However, these increases did not reach statistical significance.

We also assessed circulating T cell activation by measuring the T cell fraction
expressing HLA-DR and CD38. On the CD4� T cells, HLA-DR and CD38 coexpression
peaked between 5 and 10 dpt, albeit not reaching statistical significance, with trends
being seen after the administration of the low-dose IL-2-DT (Fig. 3E). Meanwhile, the
HLA-DR and CD38 coexpression on circulating CD8� T cells peaked later, between 10

FIG 3 (A) Dynamics of the CD39� Tregs (FoxP3high CD4� T cells) after the administration of anti-CCR4-DT, low-dose IL-2-DT, and high-dose IL-2-DT. (B) Dynamics
of the CD73� Tregs after the administration of anti-CCR4-DT, low-dose IL-2-DT, and high-dose IL-2-DT. The y axes illustrate the frequency of CD39� or CD73�

Tregs (%). (C and D) Dynamics of T cell immune activation, as illustrated by the levels of Ki-67 expression by the CD4� (C) and CD8� (D) T cells after
administration of anti-CCR4-DT, low-dose IL-2-DT, and high-dose IL-2-DT. (E and F) Dynamics of T cell immune activation, as illustrated by the levels of CD38
and HLA-DR coexpression by the CD4� (E) and CD8� (F) T cells after administration of anti-CCR4-DT, low-dose IL-2-DT, and high-dose IL-2-DT. The y axes
illustrate the frequency (%) of activated CD4� or CD8� T cells; the x axes illustrate the number of days post-DT administration. Different treatments are
color-coded. A Friedman test was performed individually for each treatment, and P � 0.05 (boldface) values were considered significant.

Treg Depletion for SIV Reactivation and Clearance Journal of Virology

October 2020 Volume 94 Issue 19 e00533-20 jvi.asm.org 7

https://jvi.asm.org


FIG 4 (A and B) Dynamics of T cell immune activation in the LNs, as illustrated by the levels of Ki-67
expression by the CD4� (A) and CD8� (B) T cells after administration of anti-CCR4-DT and low-dose
IL-2-DT. (C and D) Dynamics of T cell immune activation in the LNs, as illustrated by the levels of CD38
and HLA-DR coexpression by the CD4� (C) and CD8� (D) T cells after administration of anti-CCR4-DT and
low-dose IL-2-DT. (E and F) Dynamics of T cell immune activation in the intestine, as illustrated by the
levels of Ki-67 expression by the CD4� (E) and CD8� (F) T cells after administration of anti-CCR4-DT and
low-dose IL-2-DT. (G and H) Dynamics of T cell immune activation in the intestine, as illustrated by the
levels of CD38 and HLA-DR coexpression by the CD4� (G) and CD8� (H) T cells after administration of
anti-CCR4-DT and low-dose IL-2-DT. Different treatments are color-coded. The y axes illustrate the
frequency (%) of activated CD4� or CD8� T cells; the x axes illustrate the number of days post-DT
administration. A Kruskal-Wallis test was performed for anti-CCR4-DT treatment, and a Friedman test was
performed for the other treatments. P � 0.05 (bold) values were considered significant.

Sivanandham et al. Journal of Virology

October 2020 Volume 94 Issue 19 e00533-20 jvi.asm.org 8

https://jvi.asm.org


and 20 dpt, statistical significance being only achieved with the high-dose IL-2-DT (P �

0.0029), and trends being seen in the animals receiving the anti-CCR4-DT and low-dose
IL-2-DT treatments (Fig. 3F). HLA-DR and CD38 coexpression then rapidly returned to
pretreatment levels.

In the LNs, HLA-DR and CD38 coexpression increased on both CD4� and CD8� T
cells only after the low-dose IL-2-DT administration (Fig. 4C and D), and reached
significance only for CD8� T cells (P � 0.0107) (Fig. 4D). Such increases did not occur
after anti-CCR4-DT administration (Fig. 4C and D).

Similarly, in the gut, HLA-DR and CD38 coexpression on T cells increased only
minimally after anti-CCR4-DT (Fig. 4G and H) but more dramatically following the
low-dose IL-2-DT administration (Fig. 4G and H).

We next assessed the impact of the different Treg depletion strategies on the levels
of plasma cytokines, to monitor the levels of systemic inflammation. Inflammatory
cytokines IL-15, IL-17, and CXCL-10 (IP-10) increased following every treatment (Fig. 5).
Large, but transient, increases of plasma IL-15, peaking at 5 dpt and normalizing by 10
dpt were observed after the administration of high-dose IL-2-DT (Fig. 5A). Conversely,
anti-CCR4-DT only induced minimal changes in the plasma levels of IL-15, which may
explain why there was only a minimal boost in SIV-specific T cell responses with this
treatment (Fig. 5A). IL-17 showed minimal changes with all treatments, with the
exception of high-dose IL-2-DT treatment, where IL-17 significantly increased between
3 and 10 dpt (Fig. 5B). A very large increase in IP-10 of up to 600-fold was seen with
high-dose IL-2-DT treatment, with only mild increases (up to 10-fold) occurring after the
other treatments (Fig. 5C).

Viral reactivation. One hundred per cent of the RMs infected with SIVsab sponta-

neously control the virus to �1 vRNA copy/ml of plasma (61). Viral reactivation was
assessed by measuring SIV plasma VLs by qPCR. Detectable plasma viremia occurred
systematically after IL-2-DT administration. In our study design, viral reactivation oc-
curred in the absence of ART in all three animals that received the high-dose IL-2-DT,
and one which received the low-dose of IL-2-DT, which enabled additional cycles of
viral replication, as documented by the dynamics of the plasma viral loads (pVLs), which
peaked at 3 to 4 logs/ml between 10 and 17 dpt (Fig. 6A). Conversely, after adminis-
tration of the anti-CCR4-DT, no pVLs could be detected (Fig. 6A).

We further assessed the levels of virus reactivation by quantifying the levels of
peripheral blood mononuclear cell (PBMC)-associated SIV RNA (CA-vRNA). No signifi-
cant changes were observed in the CA-vRNA (Fig. 6B), after any of the Treg-depleting
treatments, not even in the animals which had plasma viral reactivation. Of note, an
increase of about 2-log viral copies/million cells was seen in RM39 following low-dose
IL-2-DT, which could indicate a minimal level of cellular reactivation.

Similarly, no significant changes in the levels of the integrated PBMC-associated SIV
DNA (CA-DNA) were observed to occur following any treatment (Fig. 6C), further
supporting that the levels of virus reactivation after these treatments were relatively
low.

Toxicity. The toxicity of the Treg-depleting immunotoxins was assessed after each

treatment by measuring serum aspartate transaminase (AST) and serum aminotrans-
aminase (ALT) for liver function, serum urea and serum creatinine for kidney function,
and serum albumin to assess for capillary leak syndrome. Minimal level of transient
hepatotoxicity was seen with all immunotoxins (Fig. 7A and B). The maximum increase
in AST (3.5-fold increase from the baseline) was seen after the administration of the
high-dose IL-2-DT. AST increases after the other treatments were �3-fold on average
(Fig. 7A). Approximately 4-fold increases in ALT was seen after both IL-2-DT treatments
(Fig. 7B). All AST and ALT levels returned to baseline 10 dpt in all treatments (Fig. 7A
and B).

Serum urea and creatinine were slightly increased after the administration of the
high-dose IL-2-DT and returned to pretreatment levels by 14 dpt (Fig. 7C and D). No
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discernible elevations occurred with the other treatments (Fig. 7C and D). Minimal
alterations in serum albumin were seen with all treatments (Fig. 7E).

SIV-specific T cell responses. One of the premises of our approach was that Treg
depletion will boost SIV-specific immune responses and thus the clearance of the
reactivated virus. We assessed the changes in SIV-specific T cell responses by stimulat-
ing PBMCs isolated at various time points during the follow-up—pretreatment, at
treatment completion (4 to 7 dpt), and after immune recovery (28 dpt)— using an
SIVsab Gag peptide pool (peptides 69 to 136) and assessing the expression of IL-2,
IFN-�, MIP-1�, TNF-�, and CD107a. While the changes in polyfunctionality were mini-
mal, total cytokine production by CD8� T cells increased with all treatments, the most
profound increase being observed in the group receiving the high-dose IL-2-DT, which
was largely due to an increase in CD107a expression (Fig. 8). Following immune

FIG 5 Dynamics of inflammatory cytokines following the administration of the Treg-depleting agents. (A
to C) Fold changes in serum IL-15 (A), serum IL-17 (B), and serum IP-10 (C) in treatment with anti-CCR4-
DT, low-dose IL-2-DT, and high-dose IL-2-DT. Different treatments are color-coded. The y axes illustrate
the fold increase in the levels of cytokines; the x axes illustrate the number of days post-DT adminis-
tration. A Friedman test was performed individually for each treatment, and P � 0.05 (bold) values were
considered significant.
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recovery, the SIV-specific immune responses returned close the pretreatment levels, yet
remaining slightly elevated (Fig. 8). Similarly, while upon stimulation with the peptide
pool minimal changes in polyfunctionality were observed, the total cytokine produc-
tion by the CD4� T cells increase after all treatments, again returning to levels that were
slightly higher than the baseline (Fig. 9).

Combination therapy. Since both immunotoxins exerted significant effects on
Tregs but only depleted a fraction of this cell subset, we next assessed them in
combination to assess whether or not a more prominent depletion would improved the
observed effects on the virus reactivation and boosting of the cellular immune re-
sponses. We first used a combination of anti-CCR4-DT and IL-2-DT, in a ratio of 1.62:1

FIG 6 Impact of the different Treg depletion strategies on the virus levels in SIVsab-infected RMs. (A)
Plasma viral load (VL) dynamics after administration of anti-CCR4-DT, low-dose IL-2-DT, and high-dose
IL-2-DT. (B) PBMC-associated viral RNA (vRNA) copies/million cells after the administration of anti-CCR4-
DT, low-dose IL-2-DT, and high-dose IL-2-DT. (C) PBMC-associated vDNA copies/million cells after the
administration of anti-CCR4-DT, low-dose IL-2-DT, and high-dose IL-2-DT. Different treatments are
color-coded. The y axes illustrate the levels of vRNA or vDNA; the x axes illustrate the number of days
post-DT administration. The limit of detection for the plasma VL assay was 30 copies/ml. A Friedman test
was performed individually for each treatment, and P � 0.05 (bold) values were considered significant.
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FIG 7 Assessment of drug toxicities after administration of various Treg-depleting immunotoxins. (A to
E) Serum levels of AST (A), ALT (B), urea (C), creatinine (D), and albumin (E) after the administration of
anti-CCR4-DT and low-dose IL-2-DT and high-dose IL-2-DT. The y axes illustrate the levels of the tested
biomarker; the x axes illustrate the number of days post-DT administration. Gray areas illustrate the
normal values.
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by weight (Combo-DT1), and administered as a total of 25 �g/kg, i.v., BID for 5 days, and
a reversed ratio of the anti-CCR4-DT and IL-2-DT drug combination to 1:1.62 (Combo-
DT2), and tried a different dosing regimen of 50 �g/kg, i.v., BID on the first day, and
25 �g/kg, i.v., BID for 6 days.

Significant Treg depletion was observed to occur after the administration of the
Combo-DT1, which did not occur after the administration of the Combo-DT2 (Fig. 10A).
In the superficial LNs, similar to the previous treatments, more than 32 to 52% of Tregs
were depleted after the administration of the combination treatments (Fig. 10B), yet
not reaching statistical significance. In the gut, surprisingly, the administration of
Combo-DT1 resulted in an increase of the mucosal Tregs, while the administration of
Combo-DT2 induced only minimal alterations of the Treg population (Fig. 10C). As with
the other treatments, total CD4� T cell counts were moderately reduced after the
administration of the combination treatments, followed by a rapid rebound by 10 to 14
dpt and stabilization to pretreatment levels by 21 to 28 dpt (Fig. 10D). However, these
changes were not statistically significant with Combo-DT2. Both of the combination
treatments impacted the CD8� T cell counts, with significance being reached after the
administration of the Combo-DT1 (Fig. 10E).

Similar to the other treatments, there was a dramatic increase in the circulating T cell
fraction expressing Ki-67 after the administration of combination treatments, which
peaked between 10 and 14 dpt, reaching levels representing up to 30 to 80% of

FIG 8 (A to C) Changes in the frequency of the SIV-specific CD8� T cells after the administration of the
anti-CCR4-DT (A), low-dose IL-2-DT (B), and high-dose IL-2-DT (C). SIV-specific CD8� T cells were assessed based on
the expression of IFN-�, IL-2, MIP-1�, TNF-�, and CD107a. Both the individual expression of the specificities and
their combinations were assessed, as illustrated in the legend. Polyspecificities are illustrated as circles around the
SIV-specific responses. The mean of the sum of total expression with the standard error of the mean (SEM) is
presented within each pie.
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circulating CD4� T cells (Fig. 10F) and 60 to 80% of circulating CD8� T cells (Fig. 10G),
with only the changes with Combo-DT1 reaching statistical significance. Plasma levels
of inflammatory cytokines IL-15, IL-17, and CXCL-10 (IP-10) occurred following the
administration of the combination treatments (Fig. 10H to J). Large, but transient,
increases of plasma IL-15, peaking 5 dpt and normalizing by 10 dpt were observed after
the administration Combo-DT1 (Fig. 10H). Conversely, Combo-DT2 only induced min-
imal changes in the plasma levels of IL-15 (Fig. 10H). IL-17 showed minimal changes
with both treatments (Fig. 10I). A mild increase in IP-10 (up to 10-fold) occurred after
both treatments (Fig. 10J).

A minimal level of transient hepatotoxicity occurred after the administration of the
combo therapies (Fig. 11A and B). Thus, AST levels increases up to 3-fold the average
levels (Fig. 11A). Meanwhile, ALT levels increased �4-fold after the administration of
the Combo-DT1 treatment (Fig. 11B). In both cases, AST and ALT levels returned to
baseline 10 dpt (Fig. 11A and B). No discernible elevations occurred in serum urea and
creatinine with the combination treatments (Fig. 11C and D).

One of the RMs was sacrificed 28 dpt after the Combo-DT1 treatment due to clinical
deterioration. This RM presented with low levels of serum albumin, which reached 2.3
g/dl at sacrifice (Fig. 11E), indicating a rare fatal adverse reaction, called capillary leak
syndrome, which was previously reported to occur as a result of IL-2-DT administration
(67, 68). Serum albumin levels were stable in all other RMs throughout different
treatments and follow-up (Fig. 7E and 11E).

FIG 9 (A to C) Changes in the frequency of the SIV-specific CD4� T cells after the administration of the
anti-CCR4-DT (A), low-dose IL-2-DT (B), and high-dose IL-2-DT (C). SIV-specific CD4� T cells were assessed based on
the expression of IFN-�, IL-2, MIP-1�, TNF-�, and CD107a. Both the individual expression of the specificities and
their combinations were assessed, as illustrated in the legend. Polyspecificities are illustrated as circles around the
SIV-specific responses. The mean of the sum of total expression with the SEM is presented within each pie.
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FIG 10 (A to C) Treg (FoxP3high CD4� T cells) dynamics in circulation (A), superficial lymph nodes (B), and intestine (C) on treatment with a combination of
anti-CCR4-DT and IL-2-DT, in a ratio of 1.62:1 by weight (Combo-DT1), and in a ratio of 1:1.62 (Combo-DT2). (D and E) Dynamics of CD4� T cells (D) and CD8�

T cells (E) after administration of the Combo-DT1 and Combo-DT2 treatments. (F and G) Dynamics of T cell immune activation, as assessed by the changes in
the frequency of Ki-67 expression by the circulating CD4� (F) and CD8� (G) T cells. (H to J) Fold changes in serum IL-15 (H), serum IL-17 (I), and serum IP-10
(J) after administration of the Combo-DT1 and Combo-DT2 treatments. A Friedman test was performed, and P � 0.05 (boldface) values were considered
significant.
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After administration of the combo therapies, no pVLs could be detected (Fig. 11F).
Furthermore, no significant changes were observed in the CA-vRNA or CA-DNA with the
combo therapies (Fig. 11G and H).

Upon stimulation with the peptide pool, the total cytokine production by CD8� T
cells increased with Combo-DT1 treatment only, although the changes in polyfunc-
tionality were minimal. Similar to the previous treatments, following immune recovery,
the SIV-specific immune responses returned close to the pretreatment levels, yet

FIG 11 (A to F) Assessment of drug toxicity after the administration of a combination of anti-CCR4-DT and IL-2-DT,
in a ratio of 1.62:1 by weight (Combo-DT1), and in a ratio of 1:1.62 (Combo-DT2), through the dynamics of serum
AST (A), ALT (B), urea (C), creatinine (D), and albumin (E). (F) Dynamics of virus reactivation in plasma (vRNA
copies/ml of plasma) (F), PBMC-associated viral DNA (vDNA) copies/million cells (G), and PBMC-associated vRNA
copies/million cells (H). Gray regions are normal values for chemistry parameters. The limit of detection for the
plasma VL assay is 30 copies/ml.
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remaining slightly elevated (Fig. 12A and B). Similarly, upon stimulation with the
peptide pool, minimal changes in the CD4� T cell polyfunctionality were seen; how-
ever, total cytokine production by the CD4� T cells increased after both combo
treatments, again returning to levels that were slightly higher than the baseline (Fig.
12C and D).

IL-2-DT with ART. Since our best results were obtained with the IL-2-DT adminis-
tration, we next assessed the efficacy of this Treg depletion strategy in an environment
which is relevant for people living with HIV, i.e., in chronically SIV-infected RMs on ART.
We proceeded to use low-dose IL-2-DT (25 �g/kg, i.v., BID) as a precaution for drug
interactions with ART. Five RMs were infected with SIVsab and allowed to spontane-
ously control the virus. After maintenance of the complete viral suppression for more
than 1 year, ART was initiated in all the RMs with the TDF�FTC�DTG coformulation (64)

FIG 12 (A to D) Changes in the frequency of the SIV-specific CD8� and CD4� T cells after the administration of a
combination of anti-CCR4-DT and IL-2-DT, in a ratio of 1.62:1 by weight (Combo-DT1) (A and C), and in a ratio of
1:1.62 (Combo-DT2) (B and D). SIV-specific T cells were assessed based on the expression of IFN-�, IL-2, MIP-1�,
TNF-�, and CD107a. Both the individual expression of the specificities and their combinations were assessed, as
illustrated in the legend. Polyspecificities are illustrated as circles around the SIV-specific responses. The mean of
the sum of total expression with the SEM is presented within each pie.
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for 14 days, followed by low-dose IL-2-DT administration (25 �g/kg, i.v., BID). Unfortu-
nately, after the third IL-2-DT administration, this treatment had to be suspended
because four of the five RMs had severe clinical signs of discomfort (decreased appetite,
bruising on the legs, not alert and responsive, sitting or lying down in the cage).

Analyses of the data collected prior to treatment interruption showed that four of
five RMs depleted a large fraction of Tregs (Fig. 13A). However, this depletion occurred
in the context of dramatic decreases of both CD4� and CD8� T cells that resulted in
severe lymphopenia (Fig. 13B and C). Toxicity studies found an average 6-fold elevation
of AST (highest, 10.9-fold) in four of five animals (Fig. 13D) and an average 3.6-fold
elevation of ALT (highest, 5.9-fold) (Fig. 13E), which occurred at 2 dpt. However,

FIG 13 Treg depletion with a low-dose IL-2-DT in SIV-infected rhesus macaques on ART. (A to C) Dynamics of the circulating Tregs (FoxP3high CD4� T cells) (A),
CD4� T cells (B), and CD8� T cells (C). (D to H) Assessment of drug toxicity through the dynamics of serum AST (D), ALT (E), albumin (F), urea (G), and creatinine
(H). (I) Dynamics of T cell immune activation, as assessed by the changes in the frequency of Ki-67 expression by the circulating CD4� T cells. (J) Dynamics of
virus reactivation in plasma (vRNA copies/ml of plasma). Gray regions are normal values for chemistry parameters. The limit of detection for the plasma VL assay
is 30 copies/ml. A Friedman test was performed, and P � 0.05 (boldface) values were considered significant.
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although their serum albumin levels decreased, they did not dip below 2 g/dl and
recovered rapidly, suggesting that the adverse clinical signs were not due to capillary
leak syndrome (Fig. 13F). Serum urea and creatinine levels were not altered upon
IL-2-DT and ART administration (Fig. 13G and H). Three of five animals showed large
increases in T cell activation (i.e., 74% of the CD4� T cells expressed Ki-67) at 5 dpt (Fig.
13I). No detectable levels of plasma virus were observed in any of the animals in spite
of these high levels of T cell immune activation (Fig. 13I).

DISCUSSION

In this study, we tested multiple therapeutic approaches to deplete Tregs as a new
cure strategy aimed at reactivating SIV from latency and improving the clearance of
SIV-infected cells upon reactivation. Development of such an improved strategy is
justified by the limitations of currently available LRAs, which have shown poor efficacy
in reversing latency and reactivating the reservoir (13, 14). This is further compounded
by the daunting observation that, even if such an effective LRA would exist, the
exhausted cellular immune effectors are largely inefficient in effectively clearing the
infected cells (10).

Therefore, we postulated that Treg depletion in SIV-infected RMs on ART may
represent a sound new strategy toward an HIV cure because, through a single inter-
vention, we can achieve virus reactivation, a boost of SIV-specific responses, and a
direct reduction of the reservoir size (27). To this goal, we tested multiple Treg
depletion strategies. The need for these multiple approaches is justified by the lack of
specificity of the surface markers for Treg identification. The current standard Treg
marker (FoxP3) is intracellular and therefore cannot be targeted in vivo.

We thus focused on two surrogate markers: CD25, which is the IL-2 receptor which
present on a majority of Tregs, and CCR4, which is a receptor of CCL17/CCL22 and is
present on effector Tregs. We reasoned that the fact that either IL-2-DT or anti-CCR4-DT
induce only an incomplete Treg depletion is not necessarily a pitfall of our approach,
since even a partial depletion would curb the reservoir and impair Treg functions, as
suggested by our previous studies (27). In fact, we reasoned that an incomplete Treg
depletion is desirable because a complete Treg depletion may induce autoimmunity, as
suggested by the very severe autoimmune and inflammatory disorders in human
newborns without functional Tregs (53, 54). Nevertheless, to expand our ability to
deplete Tregs, we also used combinations of IL-2-DT and anti-CCR4-DT in two different
ratios.

All the therapeutic regimens used in our study depleted between 85% (high-dose
IL-2-DT and Combo-DT1 treatment) and 30% (Combo-DT2 treatment) of circulating
Tregs. In none of the approaches was Treg depletion either complete or long term. In
fact, soon after the transient depletion of Tregs, a rapid rebound was observed, which
was probably due to generalized activation of the T cells causing both proliferation of
the residual Tregs and conversion of the CD4� T cells to a Treg phenotype. While Tregs
were most effectively depleted from circulation, a certain depletion also occurred in the
LNs and the gut as well. Interestingly, the most prominent mucosal Treg depletion
occurred after the IL-2-DT treatment, which was also the treatment that resulted in the
most prominent plasma VL rebound and increase in SIV-specific cellular response. This
may indicate that the observed viral reactivation occurred in the infected cells in the
gut. Of note, an unexpected Treg increase was observed in the gut after the Combo-
DT1 treatment, which could be due to an earlier rebound of Tregs compared to the
other treatments, or to a less effective Treg depletion.

Meanwhile, all of the therapeutic attempts to deplete Tregs resulted in a nonneg-
ligible depletion of the overall CD4� and CD8� T cell populations. They were both
transient and, as expected, were followed by significant increases in the CD4� and
CD8� T cell counts.

Unfortunately, the first premise of our hypothesis, i.e., that Treg depletion will curb
the SIV reservoir, was not achieved by any of the proposed treatments. Indeed,
monitoring the CA-vDNA did not show any significant change throughout the treat-
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ment, with any of the treatments administered. While a reduction in both Treg and total
CD4� T cell populations was observed, it was not of the magnitude expected to exert
a significant impact on the reservoir, particularly due to the fact that depletion mainly
involved circulating Tregs and less so the LN or mucosal Tregs.

The second premise, i.e., that the therapeutic agents used for Treg depletion
reactivate viral reservoir and that they are more effective than the currently available
LRAs, proved only partially correct. The immunotoxins based on the use of IL-2 were
indeed relatively successful in inducing viral reactivation through a massive increase in
CD4� and CD8� T cell activation, which were associated with massive increases in
proinflammatory cytokines and chemokines, such as IL-15, IL-17, and IP-10. IL-15
promotes survival, proliferation, and effector function of cytotoxic T lymphocytes in the
presence of Tregs (69). The plasma IL-15 increases were also associated with the largest
boosts in SIV-specific T cell responses. Similarly, since Tregs reduce IP-10 production
(70), the observed IP-10 increase could have been triggered by the Treg depletion. In
agreement with the massive increases in immune activation observed after IL-2-DT
administration, viral reactivation occurred only after the IL-2-DT administration, being
likely secondary to the massive T cell activation induced by IL-2. This interpretation is
supported by the observation that in the combination treatments, in which we ob-
served similar levels of T cell activation to those observed with the IL-2-DT treatment,
the virus rebound was either minimal or lacking, probably due to an insufficient
amount of IL-2-DT in the combination.

The observation that the levels of PBMC CA-vRNA remained relatively unchanged,
even in the RMs which showed plasma reactivation is not surprising, since only a small
fraction of PBMCs would need to reactivate for such levels of plasma viremia to occur.
Considering a blood volume of 69 ml/kg (71), a 5-kg monkey with a hematocrit of 45%
has an overall plasma volume of 217 ml. A pVL of 104 viral copies/ml would thus
correspond to a total number of 2.2 � 106 viral copies in plasma. With approximately
1,500 virions produced in viral burst from an activated cell (72), a total of 1,467 CD4�

T cells would need to be activated to produce virus. With estimates that circulating
lymphocytes represent only 0.3 to 0.5% of the total body lymphocytes (73), this would
imply that 4 to 7 circulating reactivated cells contribute to the observed a 4-log pVL.
Note that this calculation does not factor in a dynamic viral production that would
generate the observed amounts of virus progressively. As such, the minimal changes in
the PBMC levels of CA-vRNA and CA-vDNA are expected, and thus, the second premise
of our study was only partial achieved through Treg depletion.

Interestingly, IL-2-DT induced a significant increase of Treg activation, in addition to
other T cell subsets, as illustrated by the increases in CD39 and CD73, two ectonu-
cleases which hydrolyze ATP to AMP and contribute to the immunosuppressive func-
tion of Tregs (66, 74–76). Yet, despite an increase of the Treg suppressive function,
IL-2-DT was also associated an increase in SIV-specific immune response, probably
resulting from the decrease in the overall Treg counts. The boost of the SIV-specific
responses was relatively short-lived, mirroring the relative rapid restoration of Tregs
and their suppressive function.

As such, our results suggest that we accomplished our third goal, i.e., boosting the
T cell immune responses to clear the infected cells. Interestingly, SIV-specific T cell
responses were boosted even by those treatments where no plasma viral reactivation
was observed. Also, in the treatments that induced viral reactivation, the SIV-specific
response increased prior to virus becoming detectable in plasma, and thus we con-
cluded that they are a direct result of Treg depletion and not of exposure to the viral
particles. This suggested that even if a potent viral reactivation could not be achieved
in every instance of Treg depletion, the use of Treg-depleting agents could have
potential for cure prospects when combined with other potent LRAs.

This prompted us to test our strategy in a model of chronic HIV infection, SIV-
infected RMs on ART. RM controllers were placed on ART for 14 days prior to treatment
and then IL-2-DT therapy was initiated. Our choice was justified by our results in the
naive controllers showing that this approach accomplishes most of our goals (i.e., the
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maximal Treg depletion, virus reactivation, and a significant boost of the SIV-specific T
cells). Yet, in this setting, IL-2-DT administration had to be discontinued after only three
doses, due to severe hepatotoxicity in 4/5 treated animals. Since we did not observe
such toxicity when administering IL-2-DT to SIV-infected naive RMs, we concluded that
the association between ART and IL-2-DT is the reason for this massive toxicity, and we
discontinued the treatments. Even more daunting, in RMs on ART that received IL-2-DT,
we observed a significant lymphopenia, which involved all the T lymphocyte subsets,
including the SIV-specific T cells. Such a massive impact on the SIV-specific immune
responses countered the boost observed in naive animals, thus offsetting one of the
main premises of our approach.

Therefore, our overall conclusion is that the proposed strategy of Treg depletion
with IL-2-DT is not feasible in individuals on ART, which calls for different approaches.
Several alternative treatments depleting Tregs are available, including low-dose cyclo-
phosphamide, daclizumab, zoledronic acid (45, 77), and treatments to modify Treg
function through CTLA4 blockade (78, 79). These agents will need to first be assessed
for drug interactions with ART and then tried in the setting of SIV/HIV infection on ART
to assess whether Treg depletion can increase virus specific cellular responses and virus
reactivation. Should such an effect be observed, combinations with potent LRAs may
improve the current strategies. Based on the current data, Treg targeting as a strategy
for HIV cure cannot be discarded.

MATERIALS AND METHODS
Animals, infection, and treatments. Fourteen RMs of Indian origin (Macaca mulatta) were i.v.

infected with 300 50% tissue culture infectious doses (TCID50) of SIVsab92018 (80, 81) and allowed to
naturally control infection. In this model, complete immunological and viral suppression occurs in 100%
of animals, which maintain persistent reservoirs with replication competent virus (61, 82); this permits
screening of reservoir reactivation strategies without the multidrug ART confounding factor.

All animals were housed and maintained at the Plum Borough Research animal facility of the
University of Pittsburgh according to the standards of the Association for Assessment and Accreditation
of Laboratory Animal Care (AAALAC), and experiments were approved by the University of Pittsburgh
Institutional Animal Care and Use Committee (IACUC; protocols 16027641 and 19014354). The animals
were fed and housed according to regulations set forth by the Guide for the Care and Use of Laboratory
Animals and the Animal Welfare Act (83). All RMs included in this study were socially housed (paired)
indoors in stainless steel cages, had a 12/12 light cycle, and were fed twice daily; water was provided ad
libitum. A variety of environmental enrichment strategies were employed, including housing of animals
in pairs, providing toys to manipulate and playing entertainment videos in the animal rooms. In addition,
the animals were observed twice daily, and any signs of disease or discomfort were reported to the
veterinary staff for evaluation. For sample collection, animals were anesthetized with 10 mg/kg ketamine
HCl (Park-Davis, Morris Plains, NJ) or 0.7 mg/kg tiletamine HCl and zolazepan (Telazol; Fort Dodge Animal
Health, Fort Dodge, IA) injected intramuscularly. At the study completion, the animals were sacrificed by
i.v. administration of barbiturates. Five RMs received coformulated ART (64) initiated 14 days prior to
immunotoxin administration.

Treg depletion. Was performed with anti-CCR4-DT and IL-2-DT, or their combinations, as detailed
below. Immunotoxins were prepared as described previously (84).

CCR4 is a surface marker found on effector Tregs (85). The anti-human CCR4-DT has been effectively
used to deplete Tregs in pigs (86), NHPs (63, 87), and in human CCR4� tumor-bearing mouse models (88).

IL-2-DT was previously commercially produced as Ontak, a U.S. Food and Drug Administration-
approved chemotherapeutic drug used for CD25� cutaneous T cell lymphoma (89) and found to be
relatively effective in treating peripheral T cell lymphoma, metastatic renal cell carcinoma, and unre-
sectable stage IV melanoma (90–92). However, Ontak was discontinued due to difficulty with purification
in the Escherichia coli expression system. A new antihuman IL-2-DT, with a yeast expression system, has
been synthesized and shown to work both in vitro and in a human CD25� tumor bearing mouse model
(59, 84).

Five treatment conditions were tested to deplete Tregs, including different doses and/or combina-
tions of IL-2-DT, anti-CCR4-DT, and the combination of these, as follows: (i) anti-CCR4-DT, which was
administered i.v., at a dose of 25 �g/kg, BID for 5 days to three SIVsab-infected RMs; (ii) these RMs also
received a low i.v. dose of 25 �g/kg of IL-2-DT, BID for 5 days; (iii) a high i.v. dose of 35 �g/kg of IL-2-DT
was administered BID for 5 days to three SIVsab-infected RMs; (iv) a combination of anti-CCR4-DT and
IL-2-DT in a ratio of 1.62:1 by weight was administered as a total of 25 �g/kg, i.v., BID for 5 days to three
SIVsab-infected RMs; and (v) two animals received a reversed ratio of the drug combination to anti-
CCR4-DT and IL-2-DT at 1:1.62, with a dosing regimen of 50 �g/kg, i.v., BID on the first day and 25 �g/kg
i.v., BID for 6 days (63). Blood, superficial LN biopsy specimens, and intestinal biopsy specimens were
collected for both treatments.

Treg depletion in the setting of ART was tested in 5 SIVsab-infected RMs. After 14 days of subcuta-
neous administration of TDF�FTC�DTG coformulated ART (64), IL-2-DT was administered at a dose of
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25 �g/kg, i.v., BID. After three doses, treatment was discontinued in four of the five RMs due to clinical
signs of discomfort. In the fifth RM (RM101), which was clinically healthy, a fourth dose was administered,
but then the treatment was discontinued in this RM as well.

Sample collection and processing. Blood was collected in EDTA anticoagulant collection tubes
pretreatment and 1, 3, 5, 7, 10, 14, 17, 21, and 28 dpt. Plasma was separated using centrifugation, and
PBMCs were isolated by density gradient separation using lymphocyte separation medium (Lonza,
Switzerland). For anti-CCR4-DT treatment, LN biopsy specimens were performed pretreatment (all) and
4 (RM39 and RM73), 7 (RM39 and RM40), 14 (RM40 and RM73), and 21 (all) dpt, and intestinal resections
were performed at pretreatment (all) and at 4 (RM40), 7 (RM73), and 14 (RM39) dpt. For the low-dose
IL-2DT treatment, LN and intestinal biopsies were performed pretreatment and 5 and 28 dpt. For the
Combo-DT1, LN and intestinal biopsy specimens were collected pretreatment and 5, 14, and 28 dpt. For
the Combo-DT2, LNs were collected pretreatment and 5 and 21 dpt, and intestinal biopsy specimens
were collected pretreatment and 7, 14, and 21 dpt. Cells were isolated from tissues as previously
described (49, 81, 82, 93).

Flow cytometry. Whole blood and mononuclear cells isolated from the LNs or intestine were stained
for flow cytometry, as described previously (80). Staining for FoxP3 was performed using a FoxP3
Fix/Perm buffer set (BioLegend, CA) according to the manufacturer’s protocol. Intracellular staining for
Ki-67 was performed as previously described (94). Stained cells were acquired on an LSR-II flow cytometer
(Becton Dickinson [BD], NJ) and analyzed with FlowJo version 10 (TreeStar, OR). Antibodies used were as
follows (clones are indicated in parentheses). All antibodies were from BD unless otherwise noted:
FoxP3-AF488 (259D; BioLegend, CA), CD25-PE (2A3), CD8-PE-CF594 (RPA-T8), CD95-PE-Cy5 (DX2), CD28
PE-Cy7 (CD28.2), CD4 APC (L200), CD3 V450 (SP34-2), CD39 PE (eBioA1; Invitrogen, CA), CD194 PECy7
(1G1), CD73 PerCP-Cy5.5 (AD2), CD38 FITC (AT-1; Stemcell, Canada), CD69 APC-Cy7 (FN50), Ki-67 PE (B56),
HLA-DR PE-Cy7 (L243), and CD45 PerCP (D058-1283).

Trucount (BD) was used to quantify the absolute CD3� cell counts according to the manufacturer’s
protocols. Other cell counts were calculated using percentages obtained from other panels on the CD3�

cell count.
Viral quantification. SIV pVLs were measured using quantitative real-time PCR as previously

described (80, 95). Cell-associated vRNA and vDNA quantifications were performed by using quantitative
PCR (qPCR) on TRIzol-based extractions, as previously described (96). Briefly, the DNA phase was
extracted by adding 500 �l of DNA extraction solution (4 M guanidine thiocyanate, 50 mM sodium
citrate, 1 M Tris) (97). Extracted plasma RNA samples were reverse-transcribed, and cDNAs and vDNAs
were quantified by qPCR using long terminal repeat-specific primers and a labeled probe (80). Viral RNA
and DNA copies was divided by the number of cells, as assessed by CCR5-specific primers.

Chemistries. Were tested on serum samples by the Marshfield Laboratories. Normal ranges were
determined using a set of 21 uninfected RMs from our colony housed at the same site, since normal
ranges of chemistry parameters can vary by colony.

Cytokine testing. Was done on frozen plasma using a 29-plex Luminex (Thermo Fisher, MA)
according to the manufacturer’s protocol and as previously described (98–100); results were read on a
Bio-Plex reader (Bio-Rad Laboratories, CA).

SIV-specific T cell responses. SIV-specific T cell responses were assessed using frozen PBMCs from
each treatment. Intracellular staining and flow cytometry analyses were performed as described previ-
ously (16, 27), using SIVsab Gag (69 to 136 peptides) peptide pool, on an LSR-II flow cytometer (BD), and
analyzed with FlowJo version 10 (TreeStar).

Statistical analysis. A Kruskal-Wallis test was performed for each parameter from intestinal resec-
tions and superficial lymph nodes in anti-CCR4-DT treatment. For all others, the Friedman test was used
for each parameter for each treatment group to assess whether there was statistical variation in the
parameter throughout treatment and follow-up due to the treatment. A P value of �0.05 was considered
statistically significant. All statistical testing and graphing were done using Prism 8 (GraphPad, CA).
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