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Abstract
Lentiviruses are retroviruses that primarily infect myeloid cells, leading to acute inflammatory infections in many tissues
particularly, lung, joints and the central nervous system (CNS). Acute infection by lentiviruses is followed by persistent/latent
infections that are not cleared by the host immune system. HIVand SIVare lentiviruses that also infect CD4+ lymphocytes as well
as myeloid cells in blood and multiple tissues. HIV infection of myeloid cells in brain, lung and heart cause tissue specific
diseases as well as infect cells in gut, lymph nodes and spleen. AIDS dementia and other tissue specific disease are observed
when infected individuals are immunosuppressed and the number of circulating CD4+ T cells declines to low levels.
Antiretroviral therapy (ART) controls viral spread and dramatically changes the course of immunodeficiency and AIDS demen-
tia. However, ART does not eliminate virus-infected cells. Brain macrophages contain HIV DNA and may represent a latent
reservoir that persists. HIV latency in CD4+ lymphocytes is the main focus of current research and concern in efforts to eradicate
HIV. However, a number of studies have demonstrated that myeloid cells in blood and tissues of ART suppressed individuals
harbor HIV DNA. The resident macrophages in tissues such as brain (microglia), spleen (red pulp macrophages) and alveolar
macrophages in lung are derived from the yolk sac and can self renew. The question of the latent myeloid reservoir in HIV has not
been rigorously examined and its potential as a barrier to eradication been considered. Using a well characterized SIV ART
suppressed, non-human primate (NHP) model, our laboratory developed the first quantitative viral outgrowth assay (QVOA)
designed to evaluate latently infected CD4+ lymphocytes and more recently developed a similar protocol for the assessment of
latently infected myeloid cells in blood and brain. Using an SIVART model, it was demonstrated that myeloid cells in blood and
brain harbor latent SIV that can be reactivated and produce infectious virus in vitro. These studies demonstrate for the first time
that myeloid cells have the potential to be a latent reservoir of HIV that produces infectious virus that can be reactivated in the
absence of ART and during HIV eradication strategies.
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Introduction

AIDS emerged as a new disease in 1980 and was shown to be
caused by a retrovirus, the human T cell lymphotrophic virus
III (HTVL-III), thought to be similar to human viruses HTLV-

I and II (Masur et al. 1981; Gottlieb et al. 1981; Barre-Sinoussi
et al. 1983; Popovic et al. 1984). AIDS pathogenesis included
not only immunosuppression but also infection of tissues; in
particular the brain, causing encephalitis and dementia in
adults and children (Shaw et al. 1985; Epstein et al. 1984).
Soon after the AIDS virus was isolated and molecular clones
were constructed to further characterize the virus, molecular
hybridization studies demonstrated that HTLV-III was actual-
ly more closely related to the ungulate lentiviruses than to
human HTLV-I and II. As a consequence of these studies,
HTLV-III was renamed the human immunodeficiency virus
(HIV) (Gonda et al. 1985, 1986). HIV infection in vivo has
many parallels to lentivirus pathogenesis causing not only
primary immunodeficiency but also CNS- and lung-specific
diseases. In contrast to most lentiviruses, the cellular tropism
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of HIV included not only macrophage lineage cells but also
CD4+ lymphocytes (Gartner et al. 1986). While classic lenti-
viruses like visna virus do not infect lymphocytes, infection of
macrophages does cause lymphocyte activation and lympho-
cytic proliferation in infected tissues such as brain, lung, and
joints (Craig et al. 1997; Zink et al. 1987). Lentivirus infec-
tions are characterized by an acute phase followed by suppres-
sion of virus replication in blood and tissues that led to a state
of undetectable virus in most animals (Gendelman et al.
1985a). Despite lack of detectable viral RNA, cells from in-
fected, suppressed animals can be activated to produce virus
in vitro. This was also an early observation in studies of the
ovine (visna virus) and caprine (caprine arthritis-encephalitis
virus, CAEV) viruses in which monocytes from infected ani-
mals without detectable viral RNA mature in vitro into mac-
rophages with subsequent reactivation and detection of viral
cellular RNA and virus in the culture supernatant (Narayan et
al. 1983). Viral latency in myeloid lineage cells in lentiviruses
in vivo is also a feature of non-primate lentiviruses shared by
SIVand HIV.

The pathogenesis of HIV during the early AIDS epidemic
and before the development of antiretroviral therapy was char-
acterized by immunodeficiency disease as a result of loss of
circulating CD4+ T cells and by subsequent opportunistic in-
fections. CNS neurologic disease accompanied these infec-
tions and infectious virus is detected in the cerebrospinal fluid
(CSF) (Shaw et al. 1985; Ho et al. 1985; Chiodi et al. 1988).
HIV infection in brain of infected adults and children was
shown to be responsible for the neurologic disease and was
called AIDSDementia Complex (ADC). This neurologic syn-
drome, ADC, was the cause of mortality in HIV infected in-
dividuals. Although HIV enters the CNS during acute infec-
tion, CNS disease manifested mainly during later stages of
infection when individuals were immunosuppressed
(Kennedy 1988).

Initially, the cause for the late stage development of ADC
was not clear, however, later studies of the replication and
regulation of HIV in brain macrophages demonstrated differ-
ential regulation of HIV in myeloid cells as compared to lym-
phocytes (Honda et al. 1998; Weiden et al. 2000; Descombes
and Schibler 1991). HIV transcription in macrophages is reg-
ulated by the transcription factor c/EBPβ and its isoforms
(Honda et al. 1998; Weiden et al. 2000; Descombes and
Schibler 1991; Henderson et al. 1995; Henderson et al.
1996; Henderson and Calame 1997), in contrast to transcrip-
tional regulation of HIV by NF-kΒ in CD4+ lymphocytes
(Kinoshita et al. 1997; Tong-Starksen et al. 1987). The differ-
ential expression of c/EBPβ isoforms is regulated in macro-
phages by IFNβ (Honda et al. 1998; Weiden et al. 2000;
Descombes and Schibler 1991). Presence of this cytokine in
brain causes the translation of a dominant negative form of c/
EBPβ that down-regulates viral transcription and histone acet-
ylation of the HIV LTR, resulting in transcriptional silencing

of HIV in vitro and SIV in vitro and in vivo (Henderson et al.
1995, 1996; Henderson and Calame 1997; Barber et al. 2006a,
b). Thus, regulation of HIV transcriptional activation and sup-
pression by IFNβ may be one mechanism for establishing
HIV latency in macrophages in tissues. Viral latency is a state
of reversibly nonproductive infection of individual cells and
provides an important mechanism for viral persistence and
escape from immune recognition and drug pressure.

In the era of ART, fully suppressed HIV-infected individ-
uals usually control virus replication in blood with virus RNA
below 50 copies of HIV/ml. The occurrence of systemic im-
munosuppression and HIV-associated dementia has been
greatly diminished by treatment. ART does not eliminate the
viral DNA from tissues but suppresses viral replication leav-
ing the latent virus intact. The latent reservoir is recognized as
a major barrier to curing HIV-1 infection. HIV research is
focused on the suppression of virus replication in CD4+ lym-
phocytes (CD4 + T) in blood, the mechanisms of virus latency
and the formation of long-lived CD4 + T viral reservoirs
(Pierson et al. 2000). The dramatic decrease in CNS dementia
suggests that the infected brain macrophages (microglia and
perivascular macrophages) are no longer actively infected dur-
ing ART. Unlike CD4 + T cells in blood, brain macrophages
cannot be directly studied in humans. To circumvent this hur-
dle, HIV studies performed in cerebrospinal fluid (CSF) and
brain (post-mortem) of HIV infected individuals on ART dem-
onstrated that HIV is present in brain despite undetectable
virus in the plasma (Spudich et al. 2005; Anderson et al.
2017). The identification of HIV-neurocognitive disorders
(HAND) and HIV RNA in the CSF in HIV-infected individ-
uals on suppressive ART further suggests that HIV infection
persists in brain in either a latent or persistent form (Spudich et
al. 2005; Anderson et al. 2017). SIV-infected NHPs on ART
regimens, similar to those used in humans, provide the oppor-
tunity to study longitudinal progression of AIDS, CNS infec-
tion, disease pathogenesis and viral latency of both CD4 + T
and myeloid cells in blood, CSF, and tissues, including brain.

HIV & SIV Infection in the CNS

Both HIVand SIVare present in the CNS as early as the first
week after infection, and both viruses are detectable in CSF as
well as in the blood of infected individuals during acute,
chronic, and late stage infection. Infection of the CNS is
caused by entry of infected CD4+ T cells and monocytes traf-
ficking across the blood brain barrier (BBB). HIV and SIV
infection occurs in the perivascular macrophages that line
the BBB and in microglia, the resident brain macrophages.
Microglia are embryonically derived cells that, unlike
perivascular macrophages, self-renew rather than being
replenished from circulating monocytes (Guilliams et al.
2014; Schulz et al. 2012). Infected microglial cells have been
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identified in HIV-infected humans and SIV-infected NHPs
(Cosenza et al. 2002; Zhou et al. 2009; Neuen-Jacob et al.
1993; Lamers et al. 2011; Brinkmann et al. 1993; Clements
et al. 2002). However, the role of microglia infection in long-
term HIV latency and persistence is controversial despite the
detection of HIV DNA in post-mortem brain of ART-
suppressed individuals. In SIV infection, microglia isolated
from both viremic and ART suppressed NHPs contain SIV
DNA and RNA.

New Insights on Macrophage Origin
and Phenotypes

Macrophages are a natural host cell for lentiviruses (Narayan
et al. 1983; Gendelman et al. 1985b; Peluso et al. 1985;
Gendelman et al. 1986) and multiple lines of evidence point
to the importance of macrophages during HIV infection. The
accessory protein Vpx (HIV-2) specifically enhances viral rep-
lication in macrophages (Westmoreland et al. 2014; Sharova
et al. 2008), but not in CD4+ Tcells. Comparably, Vpr (HIV-1)
recruits UNG2 into virions and modulates viral mutation rates
in macrophages (Chen et al. 2004) (Gottlieb et al. 1981).
Many HIV-1 strains replicate efficiently in macrophages, in-
dependent of the presence of Vpx (Gorry et al. 2005; Karita et
al. 1997). AIDS is characterized by dramatic depletion of
CD4+ T cells, however, 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
NHP models, experimental depletion of CD4+ T cells results
in an increase in viral load and selection in vivo of CD4-
independent macrophage-tropic SIV phenotypes (Ortiz et al.
2011; Francella et al. 2013; Igarashi et al. 2003) (Popovic et al.
1984). Damage to both lung and brain are directly associates
with infections of macrophages (Mankowski et al. 1998;
Mankowski et al. 1997); 5) Finally, activation of monocytes
and macrophages during ART suppression in HIV is associat-
ed with higher morbidity (Hearps et al. 2012; McArthur et al.
2010; Burdo et al. 2013).

In the last several years, advances in myeloid cell biology
have demonstrated that every tissue harbors distinct popula-
tions of macrophages; those arriving during embryogenesis
(both yolk-sac and fetal liver-derived), and post-natal bone
marrow-derived blood monocytes (Schulz et al. 2012). A sim-
ilar classification can be extended to humans based on tran-
scriptome and phenotypic profiling (Guilliams et al. 2014).
Most resident tissue mononuclear phagocytes - including
Kupffer cells in the liver, Langerhans cells in the skin, microg-
lia in brain, alveolar cells in lung and peritoneal macrophages,
originate from Myb-independent progenitor cells that migrat-
ed directly or indirectly from the yolk sac to their respective
tissues during embryogenesis (Guilliams et al. 2014; Yona et
al. 2013). They are predominantly maintained through self-

renewal during steady state, independently of adult hemato-
poiesis (Hashimoto et al. 2013). These cells have only recently
been thoroughly characterized as distinct from monocyte-
derived macrophages, and little is known about their in vivo
function (Yona et al. 2013). Resident tissue macrophages, in-
fected with HIV or SIV, have the potential to divide and ex-
pand the viral reservoirs in tissues. In addition, HIV and SIV
infected macrophages are not efficiently killed by CD8+ T
cells unlike infected CD4+ T cells (Rainho et al. 2015;
Vojnov et al. 2012). Thus, resident tissue macrophages remain
in tissues long-term, are capable of self-renewal, are relatively
resistant to the cytopathic effects of HIV infection compared
to CD4+ T cells, and may serve as stable viral reservoirs.

Some tissue macrophages are directly derived from blood
monocytes, which arise from common monoblasts in bone
marrow. Especially during infection or inflammation, circulat-
ing monocytes infiltrate tissues via pro-inflammatory media-
tors, including chemokine gradients, and differentiate into
cells with a broad range of functions, depending on the micro-
environment (Tamoutounour et al. 2013; Gordon and Taylor
2005). Macrophages with the same ontogeny can express dif-
ferent sets of transcripts and may respond differently to path-
ogens, depending on the tissue location (Okabe and
Medzhitov 2014).

In the context of HIV infection, polarization studies dem-
onstrate the antiviral features of M1 MDM (Alfano et al.
2013). This inflammatory phenotype has poor surface expres-
sion of CD4 and DC-SIGN, which are important receptors for
viral binding. They also inhibit intracellular steps of viral rep-
lication due to high levels of APOBEC3A, tetherin, and
TRIM22 (Cobos Jimenez et al. 2012; Cassetta et al. 2013).
These cells present a transcription profile (Martinez et al.
2006), which, at least in theory, should support HIV RNA
expression (67, 68). Thus, while cell activation is directly
related to increased viral transcription in CD4+ T lympho-
cytes, this is not the case in macrophages. Polarization has
been mainly explored in bone marrow-derived MDMs in
vitro; while in vivo macrophages are incredibly heteroge-
neous, and likely exist along a continuum of the M1-M2 spec-
trum.. During inflammatory and infectious processes, there is
a major influx of monocytes into tissues (Cai et al. 2014;
Ginhoux and Jung 2014), making it difficult to demonstrate
that shifts in polarization are occurring in resident cells and not
in recently arrived monocytes. Recent studies on brain mac-
rophages show that microglia respond to cytokine stimulation
similar to MDMs (Orihuela et al. 2016; Qin et al. 2015; Xu et
al. 2017). While the concepts described by in vitro studies
have been useful in tissue macrophages (Kobayashi et al.
2013; Wan et al. 2014; Redente et al. 2010), direct translation
of these studies has not been explored in vivo (Cherry et al.
2014). A complete understanding of the tissue macrophage
landscape is needed to understand their significance in HIV/
SIV infection.
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SIV Macaque Models

SIV infection in NHPs reproduces the immunodeficiency
symptoms observed in HIV-infected humans, with infection
of CD4 + Tcells and monocytes in blood, and of macrophages
in tissues such as lymph nodes, bowel, brain, lung, spleen, and
heart (Williams et al. 2016; Kumar et al. 2016). Antiretroviral
drugs have been shown to fully suppress SIV replication in
blood (Kumar et al. 2016) and, in limited studies, CSF (Zink et
al. 2010; Gama et al. 2017; Avalos et al. 2017) to levels com-
parable to those in ART-suppressed HIV-infected individuals.
SIV-infected NHPs carry latently infected CD4 + T cells that
harbor replication competent virus, as shown by quantitative
viral outgrowth assays (QVOA) (Dinoso et al. 2009) and by
the rapid rebound of SIV in plasma when ART is discontinued
(Whitney et al. 2014). The role of infection and latency in
monocytes and tissue macrophages in ART-suppressed
NHPs has only been recently addressed. This is important to
pursue because, in the era of ART and potential HIV cure
approaches, fully characterizing all latently infected cells that
may contribute to viral rebound after cessation of ART has
become a priority. Initial trials of HIV eradication strategies
have focused on viral load (VL) in plasma as an indication of
HIV reactivation or change in the latent reservoir, although
there is evidence from the BBoston Patients^ that virus re-
bound occurs not only in the blood but also in the brain, based
on CNS symptoms and the presence of HIV in CSF (in one) of
the BBoston Patients^ prior to virus rebound (Henrich et al.
2014). However, the mechanisms that drive latency in macro-
phages remain unclear and are likely distinct from those in
CD4+ T-cells. In addition, new evidence indicates that many
latent SIV genomes located in tissues may respond differently
to latency reversing agents (LRA) (Gama et al. 2017).

Several well-characterized SIVmacaque models have been
used mainly to study the development of AIDS and the path-
ogenesis of infection using a variety of SIV viral strains and
molecular clones. The most commonly used strains are
SIVmac239 and SIVmac251, or viruses derived from these
strains. In addition, there are SIV models focused on the study
of infection and disease progression in the CNS (Williams et
al. 2016). Each of these models use distinct approaches to
achieve SIVencephalitis, which includes infecting NHPs with
naturally occurring neurotropic and immunosuppressive virus
swarms, neurotropic virus adapted by in vivo passage of SIV,
and non-neurotropic strains in association with CD8+ lym-
phocyte depletion (Williams et al. 2016). A recent review
has compared these SIV models concluding that all the
models include monocyte/macrophage infection and activa-
tion, and increased number of macrophages in the brain of
NHPs that develop encephalitis (Williams et al. 2016).

This review focuses on studies using an SIVNHPmodel in
which animals are inoculated with a viral swarm (SIVdelta/
B670) that contains 22 SIV env-defined genotypes and a

neurovirulent and a molecular clone (SIV/17E) that consis-
tently causes AIDS in 90 days with a high incidence of CNS
infection and encephalitis (Clements et al. 2002; Zink and
Clements 2002; Zink et al. 1999). This SIV model has been
characterized longitudinally, demonstrating that SIV infection
in brain occurred in the first week of inoculation (by 4 d p.i.)
and that virus infection in brain was differentially regulated
from the periphery (Clements et al. 2002; Witwer et al. 2009).
Macrophages in brain, including resident microglia and
perivascular macrophages are the major target cell in the
CNS; SIVand HIV infection of macrophages has been shown
to be transcriptionally regulated by C/EBPβ isoforms (Honda
et al. 1998; Weiden et al. 2000; Descombes and Schibler
1991; Henderson et al. 1995; Henderson et al. 1996;
Henderson and Calame 1997), as discussed previously in this
review. The regulation of SIV transcription in brain macro-
phages provides a mechanism for silencing of the viral ge-
nome inmacrophages and is likely to contribute tomechanism
of SIV and HIV latency in tissue resident macrophages, par-
ticularly in the CNS.

ART regimens in this dual-infection SIV model result in
suppression of viral load to undetectable levels in the plasma
and CSF (Dinoso et al. 2009). There is an extensive literature
that addresses the frequency of HIV infection and latency in
CD4 + T cells in ART suppressed humans, but this same rig-
orous analysis had not been applied to the ART-suppressed
SIVmacaque models. Therefore, we developed an SIVresting
CD4+ T cell QVOA analogous to the HIV quantitative viral
outgrowth assay (QVOA) (Dinoso et al. 2009) and used it to
measure the frequency of rCD4+ cells harboring replication
competent SIV latent genomes, not only in plasma but also in
spleen and multiple lymph nodes (Dinoso et al. 2009). These
studies demonstrated that the frequencies of latently infected
rCD4+ cells in blood, lymph nodes, and spleen are very sim-
ilar to those in ART-suppressed HIV-infected individuals. In
another study using the same macaque model, it was shown
that SIV DNA persists in the brain despite undetectable levels
of SIV cellular RNA in the CNS (Zink et al. 2010).

A Functional Viral Reservoir in Brain
Macrophages

The same well-characterized and consistent macaque model
for AIDS and CNS disease was also used to evaluate the
contribution of brain macrophages in SIV latency and reacti-
vation during ART (Gama et al. 2017). In this study, SIV-
infected NHPs were fully suppressed with ART for over one
year (<30 copies of SIV RNA per ml of plasma). To induce in
vivo activation of latent reservoirs we tested a combination of
two synergistic LRAs: the protein kinase C (PKC) activator
ingenol-B and the histone deacetylase (HDAC) inhibitor
vorinostat. We had previously shown that the ingenol-B
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reactivated HIV-1 genomes in two different in vitro HIV-1
latency models as well as in CD4 + T isolated from HIV-
infected individuals (Abreu et al. 2014). Our results show that
LRA administration led to an increase in VL in cerebrospinal
fluid (CSF) in one of two SIV-infected NHPs. The increase in
virus in the CSF was 10-fold higher than virus rebound in the
plasma. Phylogenetic analyses of viruses demonstrated dis-
tinct genotypes in the plasma and CSF, suggesting compart-
mentalization of virus in the brain. These findings suggest that
the CNS harbors latent SIV genomes despite long-term ART
suppression and that these reservoirs can be activated with
LRAs. Although a small number of animals were assessed,
this study is the first in vivo demonstration that the brain
represents a consequential viral reservoir (Gama et al. 2017).

Infection of CD4+ T Lymphocytes
and Macrophages in SIV Infected NHPs

The frequency of HIV or SIV infection of macrophages in
tissues has been examined previously in a number of studies
by measuring viral DNA in cells isolated from tissues (Avalos
et al. 2016). However, this approach overestimates the number
of productively infected CD4+ T cells due to the presence of a
large proportion of defective proviruses in vivo (Pollack et al.
2017). Thus, we developed a quantitative viral outgrowth as-
say similar to the CD4+ T cell assay for HIV and for SIV to
estimate the size of the potential latent reservoir of monocytes
and macrophages (MΦ-QVOA) (Avalos et al. 2016) (Fig. 1).
To validate this assay, we first examined the number of mac-
rophages and CD4+ T cells in in blood and tissues of viremic
SIV-infected NHPs (Avalos et al. 2016). To eliminate the po-
tential contribution of CD4+ T cells to the quantitation of in-
fected macrophages, we also assessed the number of CD3+ T
cells in each assay by measuring TCRβ RNA.

The MΦ-QVOA utilized the expression of the integrin
CD11b (Arnaout 1990) onmonocytes and tissuemacrophages
and separated these myeloid cells from other cell types by
selecting with CD11b magnetic beads (Avalos et al. 2016).
Like the CD4+ T cell QVOA, the MΦ-QVOA involved a
serial dilution of selected cells. Unlike T cells, macrophages
do not divide exponentially when activated in culture and
strongly adhere to culture plates when grown in vitro. Cell
supernatants were collected from the MΦ-QVOA wells after
14 days of cultivation (Fig. 1). Viral RNAwas isolated from
replicate wells and quantitated individually by qRT-PCR. The
frequency of infectious virus per million (IUPM) was calcu-
lated using limiting dilution statistical analyses (Rosenbloom
et al. 2015).

Quantitating macrophages with the QVOA from SIV-
chronically and late-stage infected NHPs demonstrated that
the number of productively infected macrophages in a given
tissue was surprisingly similar from macaque to macaque,

whereas the number of productively infected macrophages
varied widely across different tissues from the same SIV-
infected macaque. The highest number of infected macro-
phages (424 IUPM) was measured in spleen demonstrating
that splenic macrophages are highly susceptible to SIV infec-
tion and harbor high levels of productive genomes (Fig. 2).
This suggests a role for tissue microenvironments in mediat-
ing virus infection of macrophages, since populations of mac-
rophages that reside in each tissue may be differentially sus-
ceptible to SIV/HIV infection based on the cytokine profiles
of the organs (Mulder et al. 2014).

The number of infected brain macrophages, including both
microglia and perivascular macrophages, were quantitated by
MΦ-QVOA in SIV infected NHPs during both the chronic
and late stage disease. Brain sections of these animals were
examined for pathological changes associated with SIV en-
cephalitis and were scored as none, mild, moderate, or severe
disease. It was found that the brain of animals with mild to
severe CNS disease contained the next highest level of infect-
ed cells (median 231 IUPM) compared to spleen. The two
macaques with the most productively infected cells brain mac-
rophages (24,000 IUPM) had severe encephalitis and high
levels of viral RNA in brain. The NHPs without CNS disease
had undetectable numbers of infected microglia/macrophages
and little or no detectable viral RNA in the brain. Thus, the
number of productively infected cells in the brain correlated
with the severity of disease and the level of viral RNA detect-
ed in brain by qPCR. This study provided the first estimate of
productively infected CD4+ T cells and myeloid cells in SIV-
infected tissues in vivo.

Latently Infected Brain Macrophages in ART
Suppressed SIV NHPs

ART has dramatically reduced the severe forms of HAND, but
milder forms of neurologic impairment are still observed in
HIV-infected individuals virally suppressed on ART. HAND
is thought to be a result of chronic central nervous system
(CNS) inflammation in the brain (Heaton et al. 2010; Heaton
et al. 2011; Rao et al. 2014; Rappaport and Volsky 2015). It is
unclear whether inflammation is caused by incomplete pene-
trance of antiretroviral drugs into the CNS or the persistence
of virus in brain macrophages (BrMΦ) in a latent state that
reactivate causing sporadic inflammatory responses (Zayyad
and Spudich 2015). Indeed, some HIV-infected individuals on
ART have no detectable virus in the plasma but have measur-
able levels of HIVRNA in the CSF (Canestri et al. 2010; Eden
et al. 2010). Also, HIV was detected after rebound in the CSF
of the Boston patients, who had undetectable plasma HIV
during ART interruption for several months (Henrich et al.
2014). There is a continuing debate on the sources of virus
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in the CSF and the cause of the chronic inflammation in brain
that leads to HAND.

Using our SIV NHP model with SIV-infected NHPs sup-
pressed with four antiretroviral drugs for 100–500 days, we
evaluated whether infected cells persist in brain despite ART.
SIV-infected NHPs were virally suppressed with ART, and
plasma and CSF VL were analyzed longitudinally to demon-
strate viral suppression in the peripheral blood and the CNS.
To assess whether virus persisted in brain macrophages
(BrMΦ) in these long-term ART suppressed NHPs, we used
MΦ-QVOA, qPCR, and in situ hybridization (ISH) to mea-
sure the frequency of infected cells and levels of viral RNA

and DNA in brain. Viral RNA in brain tissue of suppressed
NHPs was undetectable, although viral DNAwas observed in
all animals. The MΦ-QVOA demonstrated that the majority
of suppressed animals contained latently infected BrMΦ. We
also showed that virus produced in the MΦ-QVOAs was rep-
lication competent, suggesting that latently infected BrMΦ are
capable of re-establishing productive infection upon ART in-
terruption. This study provides the first confirmation of
replication-competent SIV in BrMΦ of ART-suppressed
NHPs and suggests that the highly debated question of viral
latency in macrophages, at least in brain, has been addressed
in SIV-infected NHPs treated with ART.

In this study, we identified latently infected BrMΦ in brain
containing fewer than 10 copies of SIVDNA per million cells.
In animals suppressed for more than 500 days, the number of
infected macrophages measured in the Mø-QVOA ranged
from 3.6 to 15 in a hundred million cells, supporting the low
level of DNA quantitated by qPCR. Thus, the quantitation of
SIV DNA or RNA by PCR in brain tissue does not fully
reflect the size of the latent functional reservoir, which is the
main target in eradication strategies.

Most animals in the study harbored latently infected mac-
rophages in regions of the brain that contained no detectable
viral RNA. After 1.7 years of viral suppression, three ma-
caques in the study showed no viral RNA in basal ganglia
and parietal cortex. Nevertheless, all three macaques had rep-
lication competent virus produced in the isolated BrMΦ. Of
note, we detected viral RNA by ISH in the brain of one of the
macaques in the study treated with a LRA. However, the RNA
was detected in the occipital cortex, a brain section not used
for the BrMΦ QVOA. These results corroborate findings
showing that SIV, and potentially HIV, infection in brain is
highly focal (Gama et al. 2017) and can provide variable

Fig. 1 MΦ-QVOA. Monocytes
from blood and macrophages
from brain were collected from
SIV-infected animals and purified
by CD11b-specific bead selec-
tion. Macrophages expressing
CD11b were plated in serial dilu-
tions in triplicate wells. Cells
were cultured with zidovudine
(AZT) and darunavir (DRV).
Nonadherent cells and the
antiretrovirals were removed prior
to activation with TNF and co-
culture with CEMx174 cells
(Henrich et al. 2014; Mulder et al.
2014)

Fig. 2 Quantitation of latently infected brain macrophages in ART-
treated macaques by MΦ-QVOA. Quantitation of infected brain macro-
phages from ART-treated macaques (Henrich et al. 2014). Comparison
between the numbers of SIV-infected brain macrophages isolated from
animals that were not given ART (−ART) and the numbers isolated from
animals that were treated with ARTand with viral suppression <10 copies
SIV RNA/ml plasma. The horizontal black line represents the median
IUPM values. The MΦ QVOA results from SIV-infected animals with
and without ART have been reported (Henrich et al. 2014; Mulder et al.
2014). Significance was determined by Mann-Whitney nonparametric t
test; a P of <0.05 was considered significant
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results depending on the brain region analyzed for each spe-
cific assay.

The demonstration that there is latent replication-
competent virus in SIV-infected ART suppressed macaque
brain provides a mechanism for the ongoing macrophage ac-
tivation observed both in the NHPs and HIV individuals sup-
pressed on ART. Recent studies have suggested that, while
virus does not spread during ART suppression, there is ongo-
ing stochastic activation of virus genomes in latently infected
cells (Weinberger et al. 2005; Dar et al. 2014). Reactivation of
virus without spread in the macrophage is likely to induce
innate immune responses and cellular activation. Thus, pro-
ductively infected latent macrophages in brain provide a
mechanism for the ongoing inflammation of HIV in a fully
suppressed individual. Also, it has been recently demonstrated
that defective provirus expressed in rCD4s could be recog-
nized by adaptive immune responses, shaping the proviral
landscape (Pollack et al. 2017). It is possible that similar re-
sponses might happen with viral proteins generated from de-
fective proviruses in BrMΦ.

Discussion

A long-term functional reservoir of SIV in brain macrophages
suggests that HIV in brain may also exist as a functional latent
reservoir and will be a formidable barrier to strategies to elim-
inate latent reservoirs. Further, the presence of low levels of
viral DNA in brain of ART-suppressed NHPs can contribute
to virus spread in brain and potentially in the periphery during
cessation of ART or eradication treatments. While the brain is
protected by the blood brain barrier and eradication ap-
proaches may not penetrate the brain, immune activation in
the periphery could potentially activate virus in the CNS. On
the other hand, the lack of CNS penetrance of such eradication
therapies would potentially leave the CNS functional reservoir
intact and undermine virus eradication. Strategies that include
activation of virus in brain may have the effect of increasing
inflammation and neuronal toxicity due to increased macro-
phage activation and production of cytokines, as we observed
in a suppressed macaque treated with two cycles of LRAs
(Gama et al. 2017). Our studies demonstrating the presence
of a functional latent reservoir in brain macrophages have
major implications for SIV eradication studies used to model
treatment for HIV individuals. Examining recrudescence of
virus in plasma but not CSF may overlook a source of virus
that significantly contributes to the virus rebound.
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