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Abstract

This review examines the role of brain macrophages, i.e. perivascular macrophages and microglia,
as a potential viral reservoir in antiretroviral (ART) treated, SIV-infected macaques. The role, if
any, of latent viral reservoirs of HIV and SIV in the central nervous system (CNS) during ART
suppression is an unresolved issue. HIV and SIV infect both CD4+ lymphocytes and myeloid cells
in blood and tissues during acute and chronic infection. HIV spread to the brain occurs during
acute infection by the infiltration of activated CD4+ lymphocytes and monocytes from blood and
is established in both embryonically derived resident microglia and monocyte-derived perivascular
macrophages. ART controls viral replication in peripheral blood and cerebrospinal fluid in HIV-
infected individuals but does not directly eliminate infected cells in blood, tissues, or brain.
Latently infected resting CD4+ lymphocytes in blood and lymphoid tissues are a well-recognized
viral reservoir that can rebound once ART is withdrawn. In contrast, CNS resident microglia and
perivascular macrophages in brain have not been examined as potential reservoirs for HIV during
suppressive ART. Macrophages in tissues are long-lived cells that are HIV and SIV infected in
tissues such as gut, lung, spleen, lymph node and brain and contribute to ongoing inflammation in
tissues. However, their potential role in viral persistence and latency or their potential to rebound
in the absence ART has not been examined. It has been shown that measurement of HIV latency
by HIV DNA PCR in CD4+ lymphocytes overestimate the size of the latent reservoirs of HIV that
contribute to rebound i.e. cells containing the genomes of replicative viruses. Thus, the
quantitative viral outgrowth assay (QVOA) has been used as a reliable measure of the number of
latent cells that harbor infectious viral DNA and, may constitute a functional latent reservoir.
Using QVOAs specifically designed to quantitate latently infected CD4+ lymphocytes and
myeloid cells in an SIV macaque model, we demonstrated that macrophages in brain harbor SIV
genomes that reactivate and produce infectious virus in this assay, demonstrating that these cells
have the potential to be a reservoir.

Introduction

During the early AIDS epidemic, HIV was shown to infect both CD4+ lymphocytes and
myeloid cells in tissues such as lymph nodes and gut while only myeloid cells and astrocytes
were infected in brain, leading to neurologic disease and dementia [1, 2]. A measure of HIV
replication in the central nervous system (CNS) could be provided by quantitation of viral
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particles in cerebrospinal fluid (CSF) [3-5]. HIV in the CSF was shown to be directly
associated with the development of neurologic diseases called AIDS Dementia Complex
(ADC), which was an important cause of mortality in HIV-infected individuals [1, 2].
Although HIV enters the CNS during acute infection, ADC manifested mainly during later
stages of infection, when patients were immunosuppressed [6].

In the era of ART, fully suppressed HIV-infected individuals control virus replication in
blood. Consequently, the occurrence of systemic immunosuppression and ADC has been
greatly diminished by treatment. However, a significant number of HIV+ suppressed
individuals have been diagnosed with HIV-associated neurocognitive disorders (HAND) [7],
which is associated with subtle neurocognitive symptoms that may elude diagnosis and are
thought to be a consequence of ongoing activation in brain [7-9]. As effectiveness of ART is
measured by reduction of systemic viremia, the presence of virus in the CSF in the absence
of detectable HIV in plasma suggests that ongoing, low level replication in brain may occur
during ART [2] [10].

ART prevents the spread of HIV by controlling viral replication, but does not eliminate HIV
DNA from tissues. The functional latent reservoir, i.e. the cells that harbor replication
competent HIV genomes is recognized as a major barrier to HIV eradication. The primary
focus of both HIV latency and cure research has been CD4+ lymphocytes (CD4+T) and the
formation of long-lived CD4+ T cell reservoirs [1]. Conversely, the roles of infected
monocytes in blood, and macrophages in peripheral tissues and brain as latent reservoirs of
HIV have not been addressed. SIV-infected macaques treated with suppressive ART
regimens, similar to the ART regimens used in humans, provide the opportunity to determine
whether the resident microglia and perivascular macrophages in brain constitute a reservoir
that would impact the occurrence of HAND and HIV eradication approaches.

HIV infection is characterized by a dramatic depletion of CD4* lymphocytes but, despite
depletion of these cells, high plasma viral load persists, suggesting that viral replication is
occurring in cells other than CD4* lymphocytes. In the SIV macaque models, experimental
depletion of CD4* lymphocytes results in an increase in viral load and in vivo selection of
macrophage-tropic SIV phenotypes and high incidence of SIV encephalitis [11-13], as brain
inflammation (encephalitis) is directly associated with the infection of macrophages [14,
15]. In addition, activation of monocytes and macrophages during ART suppression is
associated with higher morbidity [16-18] and HIV- and SIV-infected macrophages are not
efficiently eliminated by CD8+ lymphocytes, unlike infected CD4+ lymphocytes [19, 20]. It
has been shown that resident tissue macrophages infected with HIV or SIV have the
potential to divide and expand viral reservoirs in tissues [21]. Resident long-lived tissue
macrophages are relatively resistant to the cytopathic effects of HIV infection compared to
CD4+ lymphocytes and may serve as stable viral reservoirs. In this review, published studies
from our laboratory and others will be used to assess the role of macrophages in brain as
potential latent reservoirs.
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SIV Macaque Models of AIDS

AIDS emerged as a new disease in 1981 and the causative agent was identified as identified
and called HTLV-III or LAV and the virus was subsequently identified as a lentivirus and re-
named the Human Immunodeficiency (HIV) virus in 1983 [22-25] [26-28]. A similar
disease was identified in 1983 in a colony of rhesus macaques at the New England Primate
Center. The disease was characterized by opportunistic infections similar to those in HIV
infected individuals and called “acquired immunodeficiency syndrome” [29, 30]. In 1985 the
isolation and characterization of the agent that caused this disease in captive macaques was
reported by two groups and the virus, similar to HTLV-1I1, was initially named STLV-III and
later the Simian Immunodeficiency Virus (S1V) [31] [32]. SIVmac239 and SIVmac251, two
of the most commonly used SIV strains in current SIV macaque studies, were isolated from
individual macaques at the New England Primate Center [33]. The pathologic features of
SIV infection of rhesus macaques included CD4+ lymphocytes depletion and immunologic
impairment as well as the development of encephalitis in 60% of the infected animals.
Encephalitis was characterized by the infiltration of macrophages and multinucleate giant
cells that contained SIV particles [34] [35].

The initial isolation of SIVmac239 from macaques led to the characterization of multiple
isolates of SIV strains from rhesus macaques at primate centers and variants of SIVmac239
were isolated containing amino acids changes in the envelope gene that conferred different
cellular tropism in vitro as well as in their in vivo tropism and pathogenesis [36]. The role of
the envelope gene in the cellular tropism of SIV and HIV led to the development of
SIV/HIV hybrid viruses (SHIV) containing the envelope of HIV in the genome of
SIVmac251 and other SIV isolates. A comprehensive review comparing the pathogenesis of
HIV, SIV and SHIV viruses compares the molecular and biologic similarities and differences
in these viruses and the role of the SIV and SHIV viruses in models of HIV disease [37].

SIV macaque models, designed using a number of SIV virus strains and molecular clones as
well as both rhesus and pigtailed macaques, comprehensively reproduce the
immunodeficiency symptoms observed in HIV-infected individuals, i.e. infection of CD4+
lymphocytes and the development of AIDS [38]. In addition, SIVmac251, other SIVmac
strains and SIV/HIV hybrid viruses (SHIV) infect monocytes in blood, and macrophages in
lymph nodes, lung, and in brain [13, 38-43].

Our laboratory developed and comprehensively evaluated a SIV pigtailed macaque model
that caused accelerated AIDS-like disease as well as encephalitis in three months that was
highly reproducible; the model was used to examine the viral and immunologic events in
vivo that caused systemic immunosuppression and encephalitis [15, 44, 45]. This model
used a SIVmac239-based clonal virus (SIV17E-Fr) developed by in vivo passage of
SIVmac239 in rhesus macaques [10, 46]. SIV17E-FR is a molecular clone that is
macrophage-tropic in vitro and in vivo [15, 47]. In addition to SIV17E-FR, a second virus
swarm, SIVVdeltaB670 was used to infect pigtail macaques [44, 45]. This combination of SIV
viruses caused an accelerated infection leading to an AIDS-like immunosuppression and
encephalitis in 3 months of infection of rhesus macaques [45]. Infection of macaques with
SIV17E-Fr and the SIV SIVdeltaB670 viral swarm, recapitulated AIDS in humans with
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rapid depletion of CD4+ lymphocytes in blood, infection in CNS during acute infection,
development of encephalitis [44, 45]. Longitudinal virus replication in plasma and CSF
demonstrated that the course of infection was similar, albeit accelerated, to that observed in
most HIV infected individuals. To investigate infection in peripheral tissues and brain,
animals were euthanized during acute, chronic infection, and end-stage disease. Among our
findings we demonstrated that infection in tissues, including the brain, occurred as early as 4
days post-inoculation (p.i.) and that CSF viral load reflects the level of virus replication in
the brain [44, 48, 49].

In the era of ART in HIV infected individual, our laboratory published the first suppressive
combination antiretroviral regimen to fully suppress virus replication in the plasma and CSF
in this SIVV macaque model of AIDS and CNS infection and encephalitis the development of
fully suppressive ART regimens for SIV infected macaques [50]. ART suppression of SIV-
infected macaques was reported in 2009-2010 in our SIV dual-infected pigtail macaque
model and in other SIVmac239 rhesus macaque models [50-52]. The SIVmac239 and also
SIVmac251 models demonstrated decline of virus in the plasma and the dual-infected model
demonstrated decay of virus in both plasma and CSF [50-52]. We have also published
multiple ART regimens that fully suppressed viral load to undetectable levels in the plasma
and CSF in the SIV dual-inoculated macaque model suppressed. Further, the kinetics of viral
decay for both plasma and CSF were similar to those observed in HIV-infected individuals
treated with ART [50]. There exists an extensive literature addressing the frequency of HIV
infection and latency in CD4+ lymphocytes in ART suppressed individuals, but a rigorous
analysis using similar sensitive assays had not been applied to ART suppressed SIV
macaque models. To address this discrepancy between HIV and SIV latency research, our
group developed an SIV resting CD4+ lymphocytes quantitative viral outgrowth assay
(QVOA) analogous to that applied in HIV research [50]. Using this assay, we measured the
frequency of resting CD4+ lymphocytes harboring replication competent SIV latent
genomes in blood and multiple lymph nodes and demonstrated that the frequencies of
latently infected resting CD4+ lymphocytes in these compartments were similar to those in
ART suppressed HIV-infected patients [50]. These studies provided validation for the SIV
dual-inoculated macaque model despite the rapid development of AIDS and CNS disease,
ART reduced viral replication with the same kinetics measured in HIV individuals, and the
frequency of CD4+ lymphocytes functionally latent reservoirs was similar to ART-treated
HIV infected individuals (one cell per million CD4+ lymphocytes) [50].

In the era of ART and HIV eradication, measuring reservoirs should include a
comprehensive evaluation of all latently infected cells that may contribute to viral rebound
after cessation of ART. Initial trials evaluating HIV eradication strategies have focused on
viral load in plasma and levels of viral RNA and DNA in PBMCs as indication of HIV
reactivation or change in the latent reservoir. However, there is evidence from the “Boston
Patients” that virus rebound occurred not only in the blood but also in the brain [53]. In the
SIV dual-inoculated model, SIV DNA persists in the CNS despite undetectable levels of
cellular SIV RNA in brain or CSF [52], suggesting that transcriptionally silent, latently
infected macrophages persist in the brain during ART suppression. Additionally, recent
evidence suggests that latent SIV genomes located in brain may be modulated differently in
response to latency reversing agents (LRA) [54]. Because the mechanisms that drive latency
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in macrophages appear to be distinct from those in CD4+ lymphocytes [55-58], we used our
SIV dual-inoculated model to address the role of infection and potential latency in tissue
macrophages in ART suppressed macaques.

Reactivation of SIV in ART Suppressed Macaques: Evidence of a

Functional Viral Reservoir in Brain Macrophages

In this review article, we will focus on studies in the SIV dual-inoculated macaque model,
which recapitulates both AIDS and CNS infection, for evidence of SIV latency of SIV in
microglia and perivascular macrophages. In previous articles, we assessed the contribution
of brain macrophages in SIV latency and the potential for reactivation during HIV
eradication interventions [54]. SIV-infected macaques were suppressed with ART for over
18 months and two synergistic LRAs, the protein kinase C activator ingenol-B and the
histone deacetylase inhibitor vorinostat, were tested for the ability to activate latent
reservoirs in vivo. We had shown that ingenol-B reactivated HIV genomes in two different in
vitro HIV- latency models as well as in ex vivo CD4+ lymphocytes isolated from HIV
infected individuals [59]. In our in vivo study, one of the LRA-treated macaques had a
significant increase in viral load in the CSF that was 10-fold higher than the levels measured
in the plasma. Phylogenetic analyses demonstrated that genetically distinct viruses were
found in the plasma and CSF, suggesting that reactivation occurred independently in the
CNS and peripheral tissues [54]. Since only one out of two macaques treated with the LRA
demonstrated viral rebound in plasma or CSF, the direct cause of viral rebound is unclear.
However, the data does support other studies in HIV and SIV that there are genetically
distinct viruses in the CSF and blood. Further, the data support the role of a functional latent
reservoir of SIV, and potentially HIV, in the CNS despite long-term ART suppression, and
shows that these reservoirs can reactivate. This study is the first in vivo demonstration that
brain macrophages have the potential to be another viral reservoir [54].

Development of a Mancrophage Quantitative Viral Outgrowth Assay to

Measure Latently Infected Brain Macrophages in ART Suppressed SIV

Macaques

HIV infection in macrophages in the CNS has been examined in a number of studies by
quantitating viral DNA in brain of ART-treated patients by PCR and in situ hybridization
[60-65] demonstrating that HIV persists in the brain despite ART. However, the presence of
HIV DNA indicates the persistence of viral genomes but does not provide a measure of how
much of the DNA reflects intact genomes that can reactivate and produce replication
competent viruses. In HIV Art suppressed individuals CD4+ lymphocytes quantitation of
viral DNA overestimates the number of productively infected CD4+ lymphocytes by as
much as 500-fold due to the presence of a large proportion of defective proviruses in vivo
[66]. To understand whether macrophages in tissue, particularly the brain, harbor DNA that
is replication competent and to quantify the frequency of replication competent virus in
infected macrophages compared to CD4+ lymphocytes, our laboratory developed a QVOA
for myeloid cells (M®-QVOA), i.e. monocytes and resident macrophages [60, 67],
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Development of the M®-QVOA required additional steps to isolate cells from tissues, and
specific cell isolation methods were needed for each of the studies organs [60, 67].
Microglia and perivascular macrophages (referred to as brain macrophages) were isolated
through enzymatic digestion with trypsin and then enriched using anti-CD11b magnetic
bead-tagged antibodies [60, 67]. After adhering to the plates, macrophages were lightly
treated with a trypsin solution to dislodge and eliminate CD4+ lymphocytes that could
potential compromise the assay specificity. To evaluate the potential contribution of
lymphocytes to virus detected in macrophage cultures, the number of CD3* lymphocytes
was assessed by measuring TCRBRNA in control wells for each M®-QVOA assay [60, 67].
Based on these published studies, the probability of having infected CD4+ lymphocytes in a
M®-QVOA well ranged from 0 to 2% of the input cells [60].

Similar to the CD4+ lymphocyte QVOA, the M®-QVOA involves serial dilution of the
selected cells, in this case CD11b+ myeloid cells and the frequency of infectious virus per
million (IUPM) was calculated using limiting dilution statistical analyses [68]. In contrast to
CD4+ lymphocytes, however, macrophages do not divide exponentially in culture and the
release of viral particles throughout the experiment could at times be less robust than that
observed in the wells of CD4+ lymphocyte QVOAs. Therefore, in M®-QVOA, supernatants
from each well were collected and assessed by gPCR at multiple time points from 4-14 days
of cultivation [67].

To validate this assay, we first examined the number of SIV-infected myeloid and CD4+
lymphocytes in blood and tissues of untreated SIV dual-inoculated macaques [60]. We
demonstrated that a significant number of monocytes in blood and macrophages in spleen
harbored SIV DNA, with values comparable to the levels of infected CD4+ lymphocytes in
the same compartments. Infected tissue resident macrophages were quantified in spleen,
lung and brain (424, 32, 231 IUPM, respectively). Monocytes in blood had a frequency of
infection of 31 infected cells per million compared to 206 CD4+ lymphocytes per million
[60]. These studies demonstrated that, during SIV infection, monocytes and macrophages
harbored infectious virus that had the potential to become latent during ART.

In another published study, we evaluated whether ART suppressed macaques harbored a
functional latent viral reservoir in brain macrophages capable of producing infectious virus
[67]. Using dual-inoculated SIV macaque model with ART suppression, plasma and CSF
were analyzed longitudinally. In one group of macaques (G1), virus was suppressed in both
compartments for 100-400 days before animals were euthanized for post mortem evaluation.
Another group of macaques (G2) was suppressed for more than 500 days and were used for
the in vivo assessment of the LRA combination described above [67]. Viral DNA was
detected in the brain tissue of all the macaques, but viral RNA was undetectable in fully
suppressed macaques, except for the animal that was treated with LRA and presented virus
in the CSF [67]. The results from the M®-QVOA demonstrated that all but one of the
suppressed macaques had latently infected brain macrophages [67], with a frequency of
latently infected cells varying from 0.11 to 7.36 IUPM (Figure 1). The frequency of
productively infected brain macrophages measured by QVOA in the SIV infected ART-
treated macaques was significantly lower than those from untreated SIV-infected animals
(ITUPM median of 0.268 vs. 231, p<0.0001) (Figure 1), and no significant difference was
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observed in the frequency of latent brain macrophages due to the duration of ART treatment.
This demonstrated that brain macrophages were productively infected in vivo prior to ART
and that post-ART suppression latent SIV that can be reactivated persisted in these cells that
can be reactivated.

In the studies discussed in this review, suppressed macaques had fewer than 10 copies of
SIV DNA per million brain cells, measured by digital droplet PCR. In most other assays or
studies, which use real time qPCR, this level of SIV DNA containing cells would be
considered undetectable or below the limit of quantification. These data support the
hypothesis that low levels of SIV DNA in brain of ART suppressed SIV macaques reflect a
functional latent viral reservoir that can produce virus when reactivated. Thus, the
quantitation of SIV DNA or RNA by qPCR in brain tissue does not fully reflect the size of
the latent functional reservoir that is the main target in eradication strategies.

The brain of most animals in this study harbored latently infected macrophages in regions
that contained no detectable or quantifiable viral RNA. Three long-termed suppressed
macaques showed no viral RNA in basal ganglia and parietal cortex but had replication
competent virus produced in the isolated brain macrophages isolated during the QVOAs. In
addition to studying the dual-inoculated SIVV macaque model, unpublished studies from our
laboratory in ART suppressed SIVmac251-infected rhesus macaques demonstrate that
animals without measurable SIV RNA in brain also had latently infected brain macrophages
that produced virus at a frequency of 0.35 to 13.4 per million cells (under review), providing
evidence that brain macrophages harbor functional latent SIV in two different macaque
models.

This review highlights studies that demonstrate that brain macrophages in ART suppressed
macaques harbor replication competent virus at a frequency similar to CD4+ lymphocytes
and indicates that the highly debated question of SIV latency in macrophages, at least in
brain, has been addressed in ART suppressed SIV-infected macaques [67]. The presence of
latent replication-competent virus in the brain of SIV infected ART suppressed macaques
could explain the occurrence of ongoing macrophage activation in both SIV-infected
macaques and HIV-infected individuals suppressed on ART. Recent studies have suggested
that, while virus does not spread during ART suppression, there is ongoing stochastic
activation of virus genomes in latently infected cells [69, 70]. Reactivation of virus in the
macrophage without spread in the macrophage is likely to induce innate immune responses
and cellular activation. Thus, productively infected latent macrophages in brain provide a
mechanism for continuous inflammation during HIV infection in a fully suppressed
individual. Additionally, it has been recently demonstrated that defective provirus expressed
in rCD4 lymphocytes is recognized by adaptive immune responses, shaping the proviral
landscape {Pollack, 2017 #103}. It is possible that similar responses might occur with viral
proteins generated from defective proviruses in brain macrophages.

Discussion

The presence of a long-term functional reservoir in the brain of ART suppressed SIV-
infected macaques, which parallels the biologic and pathologic features of infected
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individuals with HAND, suggests that HIV in the brain is a barrier for strategies designed to
eliminate latent reservoirs. Such strategies should consider whether: a) ART regimens used
in each study population sufficiently penetrate the CNS to protect the brain during virus
reactivation with LRAS; b) the eradication approaches also penetrate or act in the CNS; and
c) release of LRA-induced viral proteins or particles in the brain will trigger harmful
inflammatory responses. In addition, the current focus on the “deep reservoir,” i.e. using
approaches that further suppress HIV latency, should consider whether such strategies
include the cells in brain. The presence of low levels of replication competent viral DNA in
brain of ART suppressed macaques can contribute to virus spread in the CNS and potentially
in the periphery during cessation of ART or in the presence of ineffective ART with
eradication regimens. Since the CNS is protected from peripheral effects by the blood brain
barrier, many therapeutic approaches to suppress or decrease the latent reservoir in the
periphery may not be efficacious in the brain.

Strategies that include activation of virus in brain may have the adverse effects and lead to
an increase in inflammation and neuronal toxicity due to increased macrophage activation
and production of cytokines, as we observed in a suppressed macaque treated with two
cycles of LRAs [54]. Our studies demonstrating the presence of a functional latent reservoir
in brain macrophages have major implications for SIV latency studies used to model
treatment for HIV-infected individuals. Since most current studies in humans only measure
rebound of virus in plasma and not CSF, these studies are likely to overlook a source of virus
that significantly contributes to treatment outcomes, potentially leading to additional CNS
damage and reinfection of cells in both the brain and the peripheral blood.
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Figurel.
Quantitation of infected and latently infected brain macrophages in SIV infected macaques

with and without ART by M®-QVOA. Quantitation of infected brain macrophages from
ART-treated macaques (32, 36). The horizontal black line represents the median IUPM
values. The M® QVOA results from SIV-infected animals with and without ART have been
reported (32, 36). Significance was determined by Mann-Whitney nonparametric ftest; a P
of <0.05 was considered significant. This figure was reprinted from Avalos et
al.,mBi0.01186-17, 2017 according to ASM open access policies.
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