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Simian Immunodeficiency Virus SIVsab Infection of Rhesus Macaques
as a Model of Complete Immunological Suppression with Persistent
Reservoirs of Replication-Competent Virus: Implications for Cure

Research

Dongzhu Ma,? Cuiling Xu,® Anthony R. Cillo,” Benjamin Policicchio,®° Jan Kristoff,>° George Haret-Richter,® John W. Mellors,”

Ivona Pandrea,® Cristian Apetrei®®

Center for Vaccine Research,® Division of Infectious Diseases, Department of Medicine,” Department of Pathology,® and Department of Microbiology and Molecular
Genetics,® School of Medicine, and Department of Infectious Diseases and Microbiology, Graduate School of Public Health,* University of Pittsburgh, Pittsburgh,

Pennsylvania, USA

Simian immunodeficiency virus SIVsab infection is completely controlled in rhesus macaques (RMs) through functional im-
mune responses. We report that in SIVsab-infected RMs, (i) viral replication is controlled to <0 to 3 copies/ml, (ii) about one-
third of the virus strains in reservoirs are replication incompetent, and (iii) rebounding virus after CD8" cell depletion is repli-
cation competent and genetically similar to the original virus stock, suggesting early reservoir seeding. This model permits
assessment of strategies aimed at depleting the reservoir without multidrug antiretroviral therapy.

he report of one patient that was cured of human immunode-

ficiency virus (HIV) infection (1) renewed enthusiasm for
cure research aimed at understanding the mechanisms of HIV
persistence and developing therapeutic strategies to reduce/elim-
inate viral reservoirs (2). However, virus rebound in the Missis-
sippi baby (3) and the Boston patients (4) pointed to the difficulty
of achieving a cure/functional cure of HIV infection and the need
to develop new strategies to reach this goal. Multiple limitations to
the cure have been identified, including (i) rapid establishment of
latently infected cells, (ii) residual viral replication in patients re-
ceiving combination antiretroviral therapy (cART), which pre-
vents proper reservoir characterization, and (iii) the existence of
anatomic reservoirs (privileged sites of latency insufficiently pen-
etrated by drugs) (5, 6). Due to these limitations, it is generally
agreed that a more feasible alternative to an HIV infection cure
(i.e., complete eradication of HIV and HIV-infected cells from the
body) may be a functional cure (i.e., control of HIV infection
without complete HIV eradication: undetectable viremia without
ART, no disease progression, no CD4 ™ T-cell loss, and lack of HIV
transmission) (6). This concept is supported by the observation
that functional cure has been achieved in a fraction of patients that
received long-term ART initiated during acute HIV infection (7).

Aside from the general barriers to a cure, there are specific
limitations to cure research: (i) ethical problems (therapy cannot
be stopped in patients without the risks of virus rebound and the
development of viral resistance and increased virus transmission),
(ii) technical problems (there is no acceptable biomarker for la-
tently infected cells), and (iii) limited availability of invasive sam-
ples from the multiple potential reservoir sites (8). These limita-
tions make it imperative that cure research be performed in
analogous and tractable animal models. Currently available mod-
els need to be improved for such studies. For example, STVmac
infection of rhesus macaques (RMs) (the most widely used animal
model for AIDS research) is more difficult to control with ART
than HIV-1 infection in humans, requiring complex combination
therapies (9, 10). Furthermore, infection with molecular clones
(e.g., simian-human immunodeficiency viruses carrying the re-
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verse transcriptase gene [RT-SHIVs]) does not permit tracking of
viral spread or detailed characterization of the reservoirs. Al-
though the development of humanized mice (11, 12) may lead to
major progress in cure research, critical size limitations and insuf-
ficient repopulation of mucosal sites prevent a detailed assessment
of viral reservoirs in this model.

We developed an animal model of complete immunological
suppression with persistent reservoirs by infecting RMs with
SIVsab92018 (13, 14). In this model, complete immune control of
SIVsab infection is achieved in 100% of RMs in the absence of
ART through effective cellular immune responses (14). While it
can be argued that this model does not reproduce the complexity
of chronically infected patients receiving ART, its main strength is
that it allows for the rapid, low-cost screening of new therapeutic
strategies aimed at depleting viral reservoirs in vivo without the
need to boost cellular immune responses or the complexity of
multidrug ART. Furthermore, this model reproduces key features
of HIV infection, namely, robust acute infection accompanied by
massive depletion of memory cells in the gut and infection of
CD4™ T cells expressing CCR5 (14). In this model, an acute in-
crease in T-cell immune activation and proliferation are observed
and systemic inflammation is maintained during the initial stages
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FIG 1 Virological characterization of the reservoir in SIVsab-infected RM controllers. (a) Plasma viral load testing with a single-copy assay (SCA) (sensitivity,
1 copy/ml) demonstrates that in RM controllers with viral loads undetectable by conventional assays, virus control is consolidated during the follow-up, with the
infection eventually becoming latent. dpi, days p.i. (b) During the latent stage of rhesus macaque infection, SIVsab mainly persists in memory CD4™ T-cell
subsets. Ma, monocytes; EM, effector memory; CM, central memory; TM, transitional memory. (c) In the lymph nodes, similar to peripheral blood, virus control

is consolidated during the follow-up.

of chronic infection, long after virus control (as monitored using
conventional viral load [VL] quantification assays) (14).

Our goal here was to further characterize this model. We report
that SIVsab infection is truly latent in RMs, that, similar to what
has been observed in HIV-infected patients, the virus persists in
memory CD4™ T cells, and that the controlled virus is replication
competent in vivo.

Thirteen male RMs were included in this study. Eleven RMs
were inoculated intravenously with plasma samples equivalent
to 300 tissue culture infectious doses at 50% (TCIDs,) of
SIVsab92018. The same virus strain induces a persistent non-
progressive infection in the natural African green monkey
(AGM) host (13, 15) and a pathogenic progressive infection in
pigtailed macaques (16—18). The remaining two RMs were in-
oculated with plasma samples collected from SIVsab92018
controllers collected at 4 years postinfection (p.i.), during virus
rebound following in vivo CD8™ cell depletion (14). All ani-
mals were housed and maintained at the RIDC Park animal
facility of the University of Pittsburgh according to the stan-
dards of the Association for Assessment and Accreditation of
Laboratory Animal Care (AAALAC), and experiments were ap-
proved by the University of Pittsburgh Institutional Animal
Care and Use Committee (IACUC; protocol no. 09039, ap-
proved in 2009). The animals were fed and housed according to
regulations set forth by the Guide for the Care and Use of Lab-
oratory Animals and the Animal Welfare Act (19). All the RMs
included in this study were socially housed (paired) indoors in
stainless steel cages, were exposed to a light-dark cycle of 12 h
of light and 12 h of dark, were fed twice daily, had access to
water ad libitum, and were given various toys and feeding en-
richment. At the end of the study, the RMs were euthanized by
following the euthanasia procedures approved in the IACUC
protocol.

We first documented the lack of residual viral replication by
quantifying SIVsab viral loads in controller RMs (14) using a re-
verse transcriptase quantitative PCR (RT-qPCR) assay with sin-
gle-copy sensitivity (SCA) targeting the gag region of the SIVsab
genome (20, 21), using the primers and probe of our conventional
RT-qPCR (14). With this method, we tested samples from 11
SIVsab-infected RM controllers collected at 180 days p.i. and from
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3 RMs that controlled infection for nearly 4 years. As shown in Fig.
1, SCA identified residual levels of viral replication (average =
standard deviation, 38.15 = 16.33 viral RNA [VRNA] copies/ml;
range, 0.5 to 181 VRNA copies/ml) below the levels of conven-
tional real-time PCR assays (13-15, 22, 23) in the samples col-
lected during the early stages of controlled SIVsab infection. These
results support our published data indicating that low levels of
virus production persist in selected tissues (lymph nodes [LNs]
and intestine) collected at the same time point during necropsy
(14). These low levels of residual viral replication most likely ex-
plain the residual immune activation that persists after the virus is
controlled below 30 copies/ml (14). Conversely, in samples col-
lected after nearly 4 years (1,440 days p.i.) of undetectable viral
replication and 2 years after the RMs seroreverted and normalized
the levels of immune activation on circulating T cells (14), the
virus was completely controlled (<1 copy/ml) (Fig. 1a). These
results agree with those reported for HIV-infected patients and
show that once a functional cure is established, a progressive de-
crease in virus burden occurs even in the absence of ART (7).
We then measured the total viral DNA (vDNA) burden in
peripheral blood mononuclear cells (PBMCs) and in different
CD4™ T-cell subsets. To this end, we collected 250-ml blood
samples from five SIVsab-infected RMs at the stage of viral
control (360 days p.i.). Using a panel of monoclonal antibodies
consisting of CD3-V450 (clone SP34-2), CD4-allophycocyanin
(APC) (L200), CD28-phycoerythrin (PE)-Cy7 (CD28.2),
CD95-fluorescein isothiocyanate (FITC) (DX2), CCR5-PE
(3A9), CCR7-Biotin (3D12), and CD14-peridinin chlorophyll
protein (PerCP)-Cy5.5 (M5E2), we sorted naive (CD28"
CD957), central memory (CD28" CCR7" CCR5™), and effec-
tor memory (CD28~ CCR7~ CCR5%™; where “dim” means
low) CD4™" T cells as well as monocytes (CD14 ") and measured
their vDNA content by qPCR (23). We report that, during the
controlled stage of infection, SIVsab persists in all CD4™ T-cell
subsets, with memory cells (both effector and central memory)
harboring the highest level of vDNA content (Fig. 1b). SIVsab
could also be detected in naive cells (Fig. 1b). Using LNs serially
collected from SIVsab-infected RMs, we monitored the DNA
burden at different time points of infection (acute infection [10
days p.i.] and chronic, controlled infection [360 days p.i.]). As
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FIG 2 Rebounding SIVsab after CD8" cell depletion in RM controllers is
replication competent. Serial passage to naive RMs of pooled plasma collected
from CD8™ cell-depleted RMs resulted in a productive infection which was
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expected, the overall vDNA content in SIVsab-infected RMs
was significantly lower during the controlled stage of infection
than during acute infection (P < 0.0035) (Fig. 1c).

Since SIVsab is a cross-species-transmitted virus and the pro-
gressive consolidation of viral control detected by SCA may be
attributed to the accumulation of hypermutations through the
action of host restriction factors, we next investigated whether or
not controlled SIVsab is replication competent in RMs. The pre-
vious CD8™ cell depletion experiment suggested that this is indeed
the case (14). However, the CD8™ depletion study could not dis-
criminate between virus replication following ablation of cell-me-
diated immune control and massive homeostatic proliferation of
virus strains from the reservoir that are unable to complete full
cycles of replication due to the massive immune activation of the
CD4" T cells induced by the CD8 " cell-depleting antibody (24).
However, the latter scenario is unlikely, as the levels of viral repli-
cation following CD8™ cell depletion were >10* vRNA copies/ml
(14), higher than those characteristic of homeostatic proliferation
of CD4" cells (25-27).

Due to the sample limitation that precluded application of
conventional virus outgrowth assay to assess the replicative poten-
tial of the rebounding virus and the fact that this method has
limitations in identifying the inducible virus (28), we opted for an
in vivo assessment of the replication competence of SIVsab in la-
tently infected RMs. To this end, we pooled plasma samples col-
lected from RM controllers at the peak of virus rebound following
CD8™ cell depletion. We then infected two naive, adult RMs with
the pooled plasma. Viral replication was monitored using the con-
ventional quantification method (23) with plasma samples col-
lected at 3, 7, 10, 14, 21, 28, 42, 72, and 100 days p.i. One RM
(RM88) was euthanized at 42 days p.i., prior to virus control. RM
infection with the rebounding virus was indistinguishable from
infection with the original SIVsab swarm, with similar peak VLs
and similar amounts of time to the control of viremia, which be-
came undetectable by 72 days p.i. (Fig. 2a). Furthermore, RM
infection with the rebounding virus resulted in similar magni-
tudes of CD4™ T-cell depletion from circulation and mucosal sites
(Fig. 2b and c), with the memory cell pool being preferentially
depleted (Fig. 2d and e) and T-cell immune activation (Fig. 2f and
g) and proliferation (Fig. 2 h and i), which were similar to those
observed in RMs infected with the original viral stock. The repli-
cation pattern of the rebounding virus in naive RMs clearly dem-
onstrates that the controlled virus is replication competent. Fur-
thermore, this experiment validated a method for assessment of in
vivo virus replicative competence after virus reactivation experi-
ments.

Finally, we compared the diversity of the passaged virus to that
of the virus reactivated in CD8" cell-depleted RMs using single-
genome amplification (SGA) and sequencing (15, 29).

Sequence analysis revealed that the reactivated virus exhibited
relatively high diversity in the plasma samples from three CD8™"
cell-depleted RMs, suggesting that a relatively large proportion of
infected cells was at the origin of the virus rebound (Fig. 3). How-

indistinguishable from the infection with the original viral stock in terms of
viral replication (a), peripheral (b) and mucosal (c) CD4" T-cell depletion,
changes in the frequency of naive (d) and memory (e) CD4" T cells in the
periphery, and immune activation (f, g) and proliferation (h, i) levels of CD4™
and CD8™" T cells, respectively.
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ever, sequence analysis showed that up to 30% of the rebounding
strains had stop codons or deletions (Fig. 3), similar to the HIV-1
strains induced in the viral outgrowth assay (30). Conversely, the
RMs infected with pooled plasma from the CD8-depleted RMs
harbored a mixture of two more homogenous lineages, confirm-
ing that only a fraction of the rebounding strains were replication
competent (Fig. 3). Both reactivated and transmitted strains were
relatively closely related to strains in the original viral stock, sug-
gesting an early seeding of the reservoir, in agreement with other
studies (21).

Altogether, our results validate RM-SIVsab as an animal model
of functionally cured lentiviral infection in which control of a
replication-competent virus occurs in an immunologically com-
petent host.

One of the current limitations of reactivation strategies is that
in HIV-1-infected patients and in RMs infected with highly patho-
genic simian immunodeficiency virus (SIV) strains, immune dys-
function prevents assessment of the efficacy of virus reactivation
strategies. Current research is trying to identify strategies to im-
prove cytotoxic T-lymphocyte (CTL) clearing of reactivated virus
(31), as without improved CTL killing, the ability of “flush-and-
kill” approaches (32, 33) to reduce the size of viral reservoirs can-
not be properly assessed. In our model, immune cell dysfunction
appears to be averted, and as such, this new model may be ideal for
assessing different reactivation strategies with minimal confound-
ing factors.

Our animal model of complete immunologic suppression of
SIV infection in which latent infection occurs in all infected RMs
in the absence of ART, but in the presence of a functional immune
system, addresses a major limitation in the field, permitting the
assessment of latency-reversing agents (LRAs) without the inter-
ference of confounding factors, such as incomplete control of rep-
lication by ART or the need to boost the immune responses to
clear reactivated virus.

As we show here, this new model shares key features of viral
persistence with pathogenic HIV and SIV infections, namely,
rapid seeding of the viral reservoir, similar to that in both HIV (34)
and SIV (21) infections and as suggested by our SGA data. Core-
ceptor usage and target cells infected during STVagm infections in
RMs are similar to those in other pathogenic and nonpathogenic
HIV and SIV infections (14), suggesting that early seeding of the
reservoir during SIVsab infection of RMs is similar to that in
pathogenic HIV and SIV infection. Target cell similarity between
SIVsab-infected RMs and other pathogenic HIV and SIV infec-
tions suggests a similar mechanism of viral persistence, i.e., the
long decay of the central memory cells, the major reservoir of HIV
and SIV. Finally, since this model employs RMs, it is expected that

FIG 3 Phylogenetic evolutionary relationships of the plasma SIV strains (env
sequences) from CD8-depleted RMs and from naive RMs that received pooled
plasma containing the rebounding virus. Sequences from the same animal are
color coded. RM88 (red) and RM89 (violet) are strains collected during the
acute stage of infection from macaques infected with pooled plasma contain-
ing the rebounding virus after CD8 depletion. P373 (blue) and BA38 (green)
are strains collected from CD8-depleted RM controllers (14) at the peak of
viral rebound after CD8* cell depletion. Original viral stock collected from an
acutely infected AGM (13) is shown in gray. Defective sequences (stop codons
or deletions) are marked with an asterisk (*). Numbers on nodes indicate
bootstrap values of =80%j; the scale bar represents genetic distance between
strains.
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the decay of latently infected cells will be similar to that observed
in macaques infected with pathogenic viruses.

Previous studies have shown that HIV and SIV share the gen-
eral key features of virus persistence: (i) both HIV and SIV DNAs
are integrated in the target cell genome (35, 36), and in similar
ways (37), (ii) response to interferons results in transcriptional
control of long terminal repeats (LTRs) through a bias of histone
acetylation favoring HIV/SIV DNA persistence (38), (iii) co-
stimulatory signals can induce latent HIV/SIV without coengage-
ment of T-cell receptors (39), and (iv) distributions of cells con-
taining HIV and SIV DNA and RNA sequences in peripheral
blood, in lymph nodes (LNs), and at mucosal sites are similar in
humans and macaques (40-43). In addition to the specific fea-
tures described here for SIVsab infection in RMs, these general
characteristics underlining the similar reservoir dynamics in HIV-
and SIV-infected humans and macaques, respectively, strongly
support the use of this new macaque model for various aspects of
cure research. This new system has the advantage of being able to
significantly reduce the costs and limitations associated with pro-
longed cART administration to nonhuman primates (NHPs), al-
lows access to large volumes of tissues (compared to those of hu-
manized mice), and is relatively simple. It can be used for a rapid
in vivo screening of new LRAs. Once a new therapy demonstrates
success in this unconventional model, it may be advanced in con-
ventional ART-treated-RM models. As such, findings in this NHP
model are relevant to clinical practice and may be used to improve
the management of HIV-infected patients.

Nucleotide sequence accession numbers. The env sequences
analyzed here were deposited in GenBank under accession num-
bers KP896161 to KP896285.
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