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Abstract: Non-human primates (NHPs) are the most relevant model of Acquired Immunodeficiency
Syndrome (AIDS) and neuroAIDS, being of great importance in explaining the pathogenesis of
HIV-induced nervous system damage. Simian Immunodeficiency Virus (SIV)/ Simian-Human
Immunodeficiency Virus (SHIV)-infected monkeys have provided evidence of complex interactions
between the virus and host that include host immune response, viral genetic diversity, and genetic
susceptibility, which may explain virus-associated central nervous system (CNS) pathology and
HIV-associated neurocognitive disorders (HAND). In this article, we review the recent progress
contributions obtained using monkey models of HIV infection of the CNS, neuropathogenesis and
SIV encephalitis (SIVE), with an emphasis on pharmacologic therapies and dependable markers that
predict development of CNS AIDS.

Keywords: neuroAIDS; Simian Immunodeficiency Virus; macrophages; macaque; markers; inflammation

1. Introduction

Human Immunodeficiency Virus (HIV)-related cognitive impairments persist with
effective antiretroviral therapy (ART) and remain a clinical concern for people with HIV
(PWH). Despite use of ART results in effective viral suppression within the systemic
circulation, the virus persists in the central nervous system (CNS), as a site of viral reservoir,
due to limited ART penetrance, thereby hampering efforts to eradicate HIV. The virus
enters the CNS through the blood–brain barrier (BBB) within circulating lymphocytes
and macrophages or directly by migrating between microvascular endothelial cells [1,2].
After crossing the BBB, viral particles are able to infect resident cells such as microglia and
macrophages thus contributing to establishing a persistent infection (Figure 1).

In the CNS latent integrated HIV DNA can potentially reactivate and replicate viral
RNA; alternatively, CNS may be an anatomical site of ongoing, low-level viral replication.
Phylogenetic analysis reveals significant compartmentalization of CNS viral populations,
since sequences recovered from CSF are phylogenetically distinct from those in blood,
showing that CNS may be a source of reactivated viral replication independent from that
in the blood. An important unsolved question is whether virus originating in the CNS can
reseed the periphery and even cause failure of systemic control in otherwise virologically
suppressed individuals, contributing to the development of HIV-associated neurocognitive
disorder (HAND) in the course of their life [1,2].
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Figure 1. HIV infection into the CNS. HIV can cross the BBB through HIV-1-infected CD4+ T cells 
or HIV-1-infected monocytes that differentiate into perivascular macrophages, becoming latently 
infected brain macrophages, or by direct entry, possible in the case of increased permeability. CNS 
cells susceptible to HIV-1 infection are microglia and astrocytes, while neurons may be damaged by 
neuroinflammatory processes. Abbreviations: Human Immunodeficiency Virus (HIV), blood–brain 
barrier (BBB), central nervous system (CNS). 

Study of mechanisms of neuropathogenesis in the CNS in humans are difficult to 
assess in vivo. Animal models of CNS HIV infection, such as macaques infected with Sim-
ian Immunodeficiency Virus (SIV), offer an ideal opportunity to investigate the immuno-
pathogenesis of HIV-induced CNS damage. Non-human primates (NHPs) have been 
broadly used for HIV-1/Acquired Immunodeficiency Syndrome (AIDS) pathogenesis and 
vaccine studies. The infection of macaques closely resembles HIV-1 infection of humans, 
and together with the use of recombinant Simian-Human Immunodeficiency Virus 
(SHIV) or HIV-1 derivatives, macaques have become the most commonly used and widely 
accepted model for HIV/AIDS [3–5]. SIV-associated CNS pathology and HAND in ma-
caques are similar to that of HIV-1 in humans [6–8]. Characteristics such as lifespan and 
time to AIDS progression, make the SIV-NHP model suitable for studies of viral la-
tency/reservoir and testing new drugs for neuroAIDS. Over the course of 2–3 years post 
infection, and in more rapid disease course with neurotropic SIV after about 150 days, 
approximately 30–40% of infected animals develop AIDS and SIV encephalitis (SIVE), 
which is the pathological hallmark of neuroAIDS [6–8]. The virus enters the CNS as early 
as 3 days post infection [9,10]. Productive infection is difficult to be revealed during the 
asymptomatic phase of infection, while following the development of AIDS, the virus is 
detected in perivascular macrophages, multi-nucleated giant cells (MNGC) and in some 
cases parenchymal microglia [5–10]. Factors that control the development of encephalitis 
and giant cell formation in the CNS are not well defined, but clearly immune suppression 
plays an important role [11,12]. The traffic to the CNS of infected macrophage’s precursors 
is triggered by pro-inflammatory cytokines and chemokines, although microbial 

Figure 1. HIV infection into the CNS. HIV can cross the BBB through HIV-1-infected CD4+ T cells or HIV-1-infected
monocytes that differentiate into perivascular macrophages, becoming latently infected brain macrophages, or by direct
entry, possible in the case of increased permeability. CNS cells susceptible to HIV-1 infection are microglia and astrocytes,
while neurons may be damaged by neuroinflammatory processes. Abbreviations: Human Immunodeficiency Virus (HIV),
blood–brain barrier (BBB), central nervous system (CNS).

Study of mechanisms of neuropathogenesis in the CNS in humans are difficult to as-
sess in vivo. Animal models of CNS HIV infection, such as macaques infected with Simian
Immunodeficiency Virus (SIV), offer an ideal opportunity to investigate the immunopatho-
genesis of HIV-induced CNS damage. Non-human primates (NHPs) have been broadly
used for HIV-1/Acquired Immunodeficiency Syndrome (AIDS) pathogenesis and vaccine
studies. The infection of macaques closely resembles HIV-1 infection of humans, and
together with the use of recombinant Simian-Human Immunodeficiency Virus (SHIV) or
HIV-1 derivatives, macaques have become the most commonly used and widely accepted
model for HIV/AIDS [3–5]. SIV-associated CNS pathology and HAND in macaques are
similar to that of HIV-1 in humans [6–8]. Characteristics such as lifespan and time to AIDS
progression, make the SIV-NHP model suitable for studies of viral latency/reservoir and
testing new drugs for neuroAIDS. Over the course of 2–3 years post infection, and in more
rapid disease course with neurotropic SIV after about 150 days, approximately 30–40%
of infected animals develop AIDS and SIV encephalitis (SIVE), which is the pathological
hallmark of neuroAIDS [6–8]. The virus enters the CNS as early as 3 days post infec-
tion [9,10]. Productive infection is difficult to be revealed during the asymptomatic phase
of infection, while following the development of AIDS, the virus is detected in perivascular
macrophages, multi-nucleated giant cells (MNGC) and in some cases parenchymal mi-
croglia [5–10]. Factors that control the development of encephalitis and giant cell formation
in the CNS are not well defined, but clearly immune suppression plays an important
role [11,12]. The traffic to the CNS of infected macrophage’s precursors is triggered by
pro-inflammatory cytokines and chemokines, although microbial translocation together
with increased levels of monocyte activation could play an important role [13–15]. In the
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SIV macaque model of AIDS, use of bromodeoxyuridine (BrdU), an analog of thymidine
incorporated in DNA during replication, revealed that increased monocyte turnover cor-
related with the severity of SIVE, confirming the importance of monocyte trafficking [16].
Recent data support the notion that most infected perivascular macrophages and MGNC
are present before SIVE lesions are formed, and that local macrophage proliferation, in-
dependently of recruitment of monocyte from the periphery, influences lesion formation
and inflammation [17,18]. In addition, brain macrophages accumulate virus that reemerges
after ART interruption, providing a barrier to HIV eradication [18].

2. Model of NeuroAIDS and cART

Although various NHP models of disease have provided valuable information on the
neuroHIV research, some studies dominate for evaluating the mechanisms of pathogenesis
of SIVE/neuroAIDS (Table 1). One model uses immunomodulation by depletion of CD8+
lymphocytes and infection with the viral swarm SIVmac251/239 that results in rapid dis-
ease progression and high incidence of SIVE within 3 to 6 months after infection [11,12,19].
This useful and reproducible model offers a rapid progression to neuroAIDS, although
a modification of the host immune system, such as depletion of CD8+ T cells, does not
effectively reflect the neuropathogenesis of HIV infection of the CNS in humans. Infiltration
of CD8+ T cells in the brain plays a key role in the maintenance of viral control in the
CNS. CD8+ T cells could act in two opposing ways, protecting from the virus initially and
contributing to control of SIV subpopulations and damage during prolonged course of infec-
tion [20,21]. The balance between protective and pathologic immune responses in the brain
is pivotal, since immune activation has an important role in HAND and other neurodegener-
ative disorders. In order to induce rapid progression to neuroAIDS, another model employs
immune modulation by depletion of CD4+ T lymphocytes prior to SIVmac251 inoculation
in rhesus macaques, resulting in productive infection in microglia [22,23]. An additional
rapid model of disease and SIVE uses pigtail macaques co-inoculated with immunosuppres-
sive viral swarm SIV/DeltaB670 and the neurovirulent SIVmac/17E-Fr molecular clone that
replicates efficiently in macrophages [24,25]. SIV/DeltaB670 induces immunosuppression
to allow more efficient replication of SIVmac/17E-Fr, causing rapid disease progression
with accompanying CNS disorders, and it has been used to study mechanisms of patho-
genesis and innate immunity in the CNS [25]. Regarding the SIVsm804E/rhesus macaque
model, virus has been obtained by serially passaged SIVSmE543 in rhesus macaques, result-
ing in a viral encephalitis model in which the virus replicates efficiently in macrophages,
induces neuroAIDS and results in a high incidence of SIVE in a high proportion of rhesus
macaques [26]. To develop molecular clones fully representative of the neurovirulent strain,
Hirsch and colleagues have realized a neurotropic molecular clone SIVsm804E-CL757 with-
out rapid disease progression and thus more similar to neuroAIDS in HIV-infection [27].
They showed that in macaques that progressed to neuroAIDS, both brain macrophages
and memory CD4+T cells harbored replication-competent SIV DNA, however, only brain
memory CD4+ T cells harbored SIV DNA in animals without SIVE [27,28]. Recently, Hsu
and collaborators have described a new model of SHIV-1157ipd3N4 infection on the CSF
and brain parenchyma in rhesus macaques, that mimics the clinical course of early HIV
infection in humans more closely than accelerated SIV models. They demonstrated that
early neurologic inflammation is related to T cell-mediated inflammation following SHIV
infection in the brain and meninges [29].
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Table 1. Principal SIV/ NHP disease models in neuroHIV research.

Species Virus Outcome Applications Reference

Rhesus CD8-depletion/
SIVmac251/239

Rapid disease progression
and high incidence of

SIVE/
neuroAIDS

neuropathogenesis, viral
evolution, ART therapy,
omics-based analyses

[11,12,19–21]

Rhesus CD4-depletion/
SIVmac251

Rapid disease progression
to neuroAIDS, productive

infection in microglia

neuropathogenesis,
ART therapy [22,23]

Pigtailed SIV/DeltaB670/
SIV/17E-Fr

Rapid disease progression
to SIVE/ neuroAIDS

neuropathogenesis,
biomarkers of HAND,

latent SIV reservoir,
therapies for HAND, ART

therapy,
viral evolution

[24,25]

Rhesus SIVsm804E

Rapid disease progression
and high incidence of

SIVE/
neuroAIDS

neuropathogenesis, viral
evolution, biomarkers of

HAND
[26]

Rhesus SIVsm804E-CL757

High frequencies of
neurological disorders
without rapid disease

progression,
SIVE/neuroAIDS

neuropathogenesis, viral
evolution, latent SIV

reservoir
[27–29]

Abbreviations: SIV: Simian Immunodeficiency Virus;NHP: non-human primate; AIDS: Acquired Immunodeficiency Syndrome; ART:
antiretroviral therapy; SIVE: SIV encephalitis; HAND: HIV-associated neurocognitive disorders.

Historically, the differences in antiretroviral drug (ARV) susceptibility and the lack
of an effective ART regimen related to suboptimal pharmacokinetics and the biology of
SIVmac infection represented a limitation to study latently infected cells and persistent
reservoirs in SIV/SHIV-infected models. Moreover, the BBB contributes to low ART drug
penetrance and limited immunosurveillance in the CNS. The improvement of therapeutic
regimens over the years, and the achievement of a complete suppression of SIVmac repli-
cation in rhesus macaques by a combination of five ARV drugs [30], gave rise to studies
of viral persistence, particularly in the CNS. In this context, the SIV model allowed an
experimentally controlled infection, the control of ART regimen, and the longitudinally
direct evaluations of both RNA and DNA in CSF and brain tissues. However, studies
conducted so far demonstrate that, in a SIV macaque model, although ART treatment may
suppress virus replication in the periphery and in the brain, viral DNA persists in the
latter despite treatment [31]. Another study, performed in accelerated pigtailed macaques
SIV model, showed that ART therapy started 12 days after infection did not change SIV
DNA levels in the basal ganglia or parietal cortex. This suggests that early treatment does
not impact integration of SIV DNA into brain tissue, and thus does not limit formation
of potential CNS SIV reservoirs [32]. Another report started ART 4 days post infection in
the same animal model, and similarly found no decrease of SIV DNA in brain tissue [33].
Recent studies confirmed the previous results, as untreated and ART-suppressed macaques
show comparable frequencies of cells harboring SIVmac251RNA or DNA in brain tis-
sue [34,35]. Similar findings are described also by comparing viremic and ART-suppressed
orally-infected infant rhesus macaques [36]. All these studies suggest that virus may en-
ter the CNS early in the course of infection, rapidly integrate as viral DNA, and persist
despite ART.

3. Virus Persistence in the CNS

The NHP model has been invaluable for studying the persistence of the HIV mono-
cyte/macrophage reservoir under cART, to activate latent reservoirs in vivo, and for de-
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tecting replication-competent virus in myeloid cells from the brain [37–40]. Low turnover
rate and resistance to viral cytotoxic effects enable macrophages, specifically microglia and
perivascular macrophages, to harbor virus for long periods of time [41] and to release abun-
dant viral products, providing a mechanism for continuous inflammation and production
of significant clinically relevant pathology within the CNS. Resident tissue macrophages
infected with SIV have the potential to divide and expand viral reservoirs in tissues [42].
By quantitative viral outgrowth assay (M-QVOA) it has been shown that the number
of productively infected macrophages in a given tissue, including the brain, is similar
from macaque to macaque, whereas the number of productively infected macrophages in
different tissues from the same SIV-infected macaque varies widely. This suggests a role for
the tissue microenvironments in mediating virus infection of macrophages [37,38]. Brain
macrophages of ART-suppressed SIV-infected macaques harbor latent viral genomes that
can be reactivated during treatment with the protein kinase C (PKC) agonist ingenol-B and
the histone deacetylase (HDAC) inhibitor vorinostat, and that are infectious in peripheral
blood mononuclear cells (PBMCs) [43]. This suggests that, although macrophages do not
release virus as robustly as CD4+ T cells, they are still capable of re-establishing infection
after ART interruption [39,40]. Interestingly, different brain regions display focal viral
reactivation, as if SIV RNA levels in other parts of the brain (i.e., basal ganglia and parietal
cortex) are similar to those detected in the latency reversing agents (LRA) in untreated
animals. In another study that used a larger number of SIV-infected macaques treated
with ART, latently infected macrophages containing fewer copies of SIV DNA have been
identified in 85.7% of ART-suppressed macaques [38]. This study corroborates previous
findings that showed the presence of replication-competent SIV in brain macrophages of
ART-suppressed macaques, suggesting that brain macrophages may provide a barrier to
HIV eradication. Since most current studies in humans only measure rebound of virus in
plasma and not in CSF, these studies are likely to overlook a source of virus that signifi-
cantly contributes to treatment outcomes, potentially leading to additional CNS damage
and reinfection of cells both in the brain and in peripheral blood.

4. Viral Sequence Evolution and Host Genetics

The CNS/CSF is an anatomical site where the restriction of HIV viral quasispecies
between cells or anatomical sites, defined as compartment, enables viral evolution and
divergence from the virus circulating in the peripheral blood [44,45].

Viral evolution gives rise to variants, possibly derived early in infection from founder
HIV-1 quasispecies, that lead to the establishment of localized viral subpopulations. Al-
ternately, viral variants may derive from multiple introductions over time of distinct viral
subpopulations that have specific viral genotypic/phenotypic features, such as the en-
hanced capacity to enter cells expressing low levels of CD4, that are macrophages and
microglia [46,47]. Individuals with HAND show genetically distinct HIV-1 variants within
the CNS that are not detected in the blood, suggesting that isolate viral replication is
occurring in the CNS of HIV-1-infected subjects with severe neurological disorders [47,48].
In particular, the evolution of genetically isolated viral populations in the CNS may be
linked with the development of the neurological complications of HIV infection and poor
prognosis in patients with AIDS [46,47]. Extensive evolutionary analysis is needed to
implicate viral evolution as a major proponent of HAND progression, however the ethical
limitation of HIV-1-CNS studies in humans renders this type of analysis difficult. Non-
human primates provide a powerful model for the study of HIV intra-host evolution and
neuropathogenesis because they facilitate extensive tissue collection and detailed analyses
of viral populations in blood and tissues. Yen et al. consistently point to early seeding of
the CNS within days of infection. They identify macrophage-tropic SIV Env variants from
early stage infection of rhesus macaques, closely related to CNS sequences from animals
with SIVE. They define novel determinants of SIV macrophage tropism and neutralization
sensitivity in two N-linked glycosylation sites in the V2 and C5 regions (N173 and N481),
suggesting that macrophage-tropic SIV capable of establishing viral reservoirs in the brain
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can be present in blood very early in infection [48]. Similarly, data obtained in SIV-infected
pigtailed macaques indicate that viral variants detected early in infection in CSF reemerge
after ART interruption, implying that these variants are archived in latent proviral DNA,
and that the CNS may serve as a viral reservoir [49,50]. Since brain macrophages harbor
replication-competent virus capable of re-establishing infection upon treatment interrup-
tion [50] it is possible that these cells are responsible for production of compartmentalized
viral variants found in this site. In contrast, Rife et al. characterized viral sequences derived
from distinct CNS regions in rhesus macaques inoculated with SIVmac251 viral swarm,
and observed that sequence compartmentalization occurs solely within brains of macaques
with SIVE and it results from late viral entry of virus evolved in periphery and adapted
for CNS [51]. They concluded that, despite multiple entry of virus into the brain over the
course of infection, in macaques with SIV-associated CNS neuropathology, brain sequence
compartmentalization is likely the result of late entry of virus that has acquired through
evolution in the periphery sufficient adaptation for the distinct microenvironment of the
CNS. Another study by the same authors, using SIVmac251 in naturally progressing rhesus
monkeys, identifies similar brain nef gene sequences in different macaques indicating con-
vergent evolution. This implicates the presence of strong selection pressures on nef gene
that generates viral variants may be required for SIV to efficiently invade the CNS and
suggests a significant role for nef in establishing neurotropic strains [52]. In an elegant
study, Matsuda et al. demonstrated compartmentalization of virus populations between the
CNS and the periphery by co-inoculation of rhesus macaques with the non-neurovirulent
SIVsm-E543-3 and the SIVsm804E-CL757 that targets the CNS. Molecular analysis of tissues
from infected macaques revealed that SIVsm804E-CL757 exclusively targeted the CNS
whereas SIVsm-E543-3 variants clustered in the periphery, consistent with a role for viral
determinants in the mechanisms of neuroinvasion [27]. These results confirm previous
studies in juvenile pigtailed macaques based on phylogenetic evaluation of a small region
of env and indicating that the neurovirulent SIVmac/17E-Fr molecular clone co-inoculated
with SIV/DeltaB670 swarm specifically targets the CNS [7,42,43]. Moreover, in the same
study authors demonstrated that within the brain of virally ART-suppressed animals, latent
virus could be reactivated with LRAs, and that the latent viral genomes are genetically
distinct from those in plasma [43].

Host genetic factors including MHC class I alleles have been shown to significantly
influence the outcome of HIV/SIV infection in their respective hosts [53–58] and to play
neuroprotective roles in lentiviral-induced CNS disease [58–60]. In rhesus macaques, the
MHC class I alleles Mamu-A*01 and -B*17 have been correlated with control of systemic
viral suppression levels and decreased the rate of disease progression and the development
of SIVE [54,55,61]. The effects of MHC class I allele expression on the development of
CNS disease in pigtailed macaques have been investigated by Mankowski and collabora-
tors. They showed that the MHC class I allele Mane-A1*084 is neuroprotective; pigtailed
macaques that lack this allele are 2.5 times more likely to develop SIVE and have signifi-
cantly higher CNS SIV replication [50,59]. Allele Mane-A1*084, that presents the prototypic
immunodominant SIV Gag epitope termed KP9, also induces K165R escape mutant in this
epitope, as shown by the presence of K165R mutation in latent proviral DNA reservoirs
including the CNS. Starting from this observation, Beck et al. demonstrated that viral
fitness in the CNS is distinct from the periphery. Molecular analysis of viral variants from
Mane-A1*084:01-positive macaques, infected with a SIV/17E-Fr, that bears K165R muta-
tion, shows that K165R is stable in plasma and reverts to wild type only in both CSF and in
microglia cultures. This result is consistent with decreased fitness of SIV/17E-Fr bearing
K165R mutation in CNS. Moreover, Mane-A1*084:01-positive macaques, first vaccinated
with a virus-like particle-based Gag KP9 peptide to induce CTL responses on Gag KP9
and then challenged with wild type SIV/17E-Fr, had lower viral load in CSF compared
to unvaccinated controls, but showed no difference in plasma viral loads. This result
suggests that Mane-A1*084 -associated CTL control is crucial to control viral replication in
the CNS [49].



Pathogens 2021, 10, 1018 7 of 19

5. Neurotoxicity of Viral Proteins

Tat and Nef viral proteins may exert their neurodegenerative actions in the CNS of HIV-
infected individuals [62,63]. In tissues of macaques, a wild type SIV molecular clone was
found in CSF and brain regions as compared to the nef /LTR-deleted SIV molecular clone
that was present only in the periphery, suggesting a diminished capability to enter the CNS
and decreased neurotropism in the nef /LTR-deleted viruses [64]. Lehman and collaborators
suggested a model based on Nef-induced CCL2 expression to HIV/SIV neurovirulence [65].
The transfer of Nef by microvesicles into endothelial cells and the subsequent induction of
CCL2 stimulated CCR2 signaling in neurons leading to their dysfunction and death [65].
Recently, in a SIV/macaque model it was found that, despite ART therapy, Nef detection
is not limited to the cells actively replicating the virus but is also present in neurons; its
presence is associated with apoptosis, making Nef a possible contributor of neurological
impairment in infected individuals [66]. In a SIV/SHIV macaque model of infection and
HAND a relationship was demonstrated between Tat and menin, a tumor suppressor
protein required for HIV-1 Tat transactivation [67]. It was found that Tat-induced apoptosis
is menin dependent, and the aberrant overexpression of menin induces neuronal apoptosis,
indicating that targeting menin may block the Tat transactivation-associated neuronal
damages in HAND [67]. The role of Tat in triggering microglial inflammation mediated by
a Nod-Like Receptor (NLR) family pyrin domain containing 3 (NLRP3) inflammasomes
is reported by in vitro findings and then confirmed in brain samples from SIV-infected
macaques, demonstrating that pharmacological inhibition and genetic silencing of NLRP3
could reduce the neuroinflammation and the development of HAND [68]. In a recent
report, Tat-mediated induction of astrocytic amyloidosis has been reported. The authors
conducted a study using brain tissues of chronically SIV-infected rhesus macaques that
evidenced a significant up-regulation of toxic amyloid proteins in specific brain regions,
such as the frontal cortex, parietal cortex, cerebellum and brain stem, and no expression in
the occipital cortex and thalamus, suggesting a brain region-specific deposition of toxic
amyloid proteins [69].

6. Biomarkers Predicting CNS Disease Progression

Identification of predictive non-invasive reliable biomarkers for risk and development
of HIV/neuroAIDS from both blood and CSF is becoming a priority. While hematologic
markers have the advantage of relatively easy technical collection, neuroinflammation and
neuronal degeneration markers may provide insight into the degree of neuroaxonal damage
and immune activation in the CNS. In addition, neuroimaging markers have also been pro-
posed as reliable biomarkers to document changes in the size and structure of the brain in
the context of SIV/HIV infection. Neurodegenerative changes in virologically-suppressed
cART-treated macaques can allow identification of predictive/prognostic markers asso-
ciated with risk of developing CNS disease for therapeutic intervention in HIV-infected
patients prior to the development of neurologic symptoms. Biomarkers described below in
the respective sections are listed in Table 2.
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Table 2. Biomarkers predicting CNS disease progression.

Biomarker Outcome Reference

Hematologic

Plasma viral RNA Increase [24]
Hemoglobin Decrease [70]
Platelet count Decrease [70,71]

Circulating monocytes No change [12,70,71]
Circulating monocytes Increase [16]

Soluble CD163 Increase [16,70]

CSF

CSF viral RNA Increase [24]
CCL2 a Increase [32,70]

IL6 Increase [70]
Neopterin Increase [70]
YKL-40 b Increase [72–74]

NF-L c Increase [70]
QUIN/TRP d Increase [70]

KP e Increase [75,76]
MicroRNAs f Upregulation [70,77–87]

Omics-based analyses Metabolomic g Increase [88]
Proteomic h Increase [88,89]

Neuroimaging MRI i - [90–103]
PET j - [104–108]

Abbreviations: a: monocyte chemoattractant protein 1 (MCP-1) or CCL2; b: human cartilage glycoprotein 39; c: neurofilament light
chain; d: quinolinic acid/tryptophan ratio; e: kynurenine pathway; f: miR-125b, miR-146a, miR-21, miR-142-5p, miR-1423p; analysis of:
g: phospholipids, free fatty acids, phospholipases; h: alpha-1-antitrypsin, complement C3, hemopexin, IgM heavy chain, plasminogen;
i: multiple magnetic resonance imaging (MRI), j: positron emission tomography (PET), cerebrospinal fluid (CSF).

6.1. Hematologic Markers

High plasma viral RNA is considered predictive of SIV-associated CNS disease. In
a pigtailed macaque model, plasma SIV RNA level is elevated during asymptomatic and
terminal phase of infection in animals that progress to develop SIV encephalitis compared
to those that do not [24].

Data reported from the literature clearly indicate utility of hemoglobin and platelet
levels as potential prognostic indicators for CNS disease progression [70,71]. Infected
monkeys have greater decreases in hemoglobin from baseline compared to uninfected
controls, especially in the asymptomatic and chronic stages of the disease [70]. Moreover,
macaques that develop SIV encephalitis have a higher decrease in hemoglobin compared to
those who did not develop CNS disease [70]. Regarding platelets, a decline from baseline
is considered a predictive circulating hematologic marker of retroviral-associated CNS
disease and a prognostic indicator of increased risk for the development of SIV-associated
CNS disease [70]. Levels of circulating monocytes could be correlated with the devel-
opment of brain pathology. Bissel and colleagues found that in SIV-infected pigtailed
macaques, development of encephalitis is not predicted by changes in circulating activated
monocytes [12]. Similarly, another group showed no difference in total monocyte counts
between animals that develop encephalitis and those that do not [70], thus considering
circulating monocyte or activated circulating monocyte numbers alone not valuable pre-
dictive markers of CNS inflammation [70]. Conversely, by labeling monocytes in the bone
marrow with BrdU, which is a marker of monocyte proliferation, another study demon-
strated that the percentage of monocytes in blood correlates with the development of AIDS
and the severity of CNS histopathology [16]. A marker that correlates with the number of
BrdU+ monocytes in these animals is soluble CD163 (sCD163) in plasma [16], and it was
shown that significantly higher levels of sCD163 were present in the plasma of SIV-infected
macaques that develop encephalitis compared to macaques that do not [70].
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6.2. CSF Markers

CSF biomarkers are considered predictive and prognostic for SIV-associated neuro-
logical disease in CNS. Ina pigtailed macaque model of SIV encephalitis, the increase of
pro-inflammatory cytokines in CSF during asymptomatic and chronic stages of infection
are highly predictive of the development of CNS disease. Monocyte chemoattractant
protein 1 (MCP-1) or CCL2, IL-6, and neopterin found in CSF correlate with monocyte and
macrophage inflammation and CNS disease [70]. In particular, in animals that progress
to SIV encephalitis, CCL2 and IL-6 levels are significantly higher in the CSF during the
asymptomatic and terminal phases of infection as compared to animals that do not de-
velop SIV encephalitis, that instead show an acute spike which then normalizes to the
baseline level [32,70]. Notably, in the same animals a substantial increase in CSF neopterin
is detected, while only negligible amounts are present in macaques that do not develop
SIV encephalitis [70]. Thus, CSF neopterin is considered a very specific biomarker of
inflammation in the CNS compared to the periphery. Another marker of CSF neuronal
damage is human cartilage glycoprotein 39 (YKL-40) produced by microglia following SIV
infection [72–74]. YKL-40 is upregulated in the CSF of SIV-infected pigtailed macaques
that develop encephalitis and correlates with an increase of viral load in CSF [74], while
macaques that do not develop encephalitis maintain consistent baseline levels of CSF
YKL-40 throughout the course of infection. Neurofilament light chain (NF-L) drastically
increases in CNS during asymptomatic and chronic stages of infection in animals that
develop encephalitis, and drops in animals that do not [70], showing increased neuroax-
onal damage in animals that develop encephalitis. This suggests that CSF neurofilament
light chain may be a valuable predictive biomarker for the development of lentiviral-
associated CNS disease. The quinolinic acid/tryptophan (QUIN/TRP) ratio, through
activation of the kynurenine pathway (KP), has been shown as a sensitive, early predic-
tive biomarker of inflammatory neurological disease in the SIV model [75]. In fact, in
samples of striatum, which is one of the principal components of the basal ganglia, the
QUIN/TRP ratio strongly correlates with markers of macrophage/microglial activation
(CD68, MHC Class II). The striatal QUIN/TRP ratio also correlates significantly with
both SIV gag RNA and the neuronal damage marker amyloid precursor protein (APP),
supporting a direct link between accumulation of neurological damage over time and
activation of macrophages/microglia [75]. Moreover, in the cART-treated animals, whose
CSF and plasma viral loads had been suppressed, despite no detectable viral RNA in
striatum and normalization of CSF metabolite levels, KP metabolites remain elevated in
striatum [75]. This suggests that cerebral KP activation is only partially resolved with
cART, and that the QUIN/TRP ratio may be considered a predictive biomarker of CNS
disease. Interestingly, another study confirmed the elevated levels of Kynurenine (KYN) in
the CSF of SIVmac251-infected macaques with high viremia, and assessed inflammatory
responses among different anatomical sites in the CNS [76]. The authors found increased
expression of proteins involved in inflammation and perivascular leukocyte infiltration in
the midbrain, and downregulation of inflammatory proteins as well as lack of perivascular
cuffing in the frontal lobe in the absence of differences in SIV transcriptional activity within
these tissues [76]. The segregation of inflammatory responses and of different immunologic
effects in anatomically separated regions of the CNS is consistent with the hypothesis that
specific areas of the CNS may provide an immune-privileged site for SIV/HIV persistence.

More recently, microRNAs (miRNAs) are considered promising biomarkers for dif-
ferentiating the stages of progression of HIV-1 infection [70]. In fact, the profile of several
miRNAs in plasma are differently expressed in chronically infected individuals and cor-
relate with CD4+ T cell count or with the known time of infection [77,78]. Additionally,
some studies suggest that miRNA may play a role in the pathogenesis of HIV-1-induced
encephalitis [79,80].

In the SIV monkey model, miR-125b and miR-146a were found to be differentially
regulated in both plasma and CSF over the course of infection and disease development [81].
An acute response of miR-125b appears to be more pronounced in CSF than in plasma, while
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in infected microglial cells increased miR-146, has been found to target CCL8 (or Monocyte
Chemoattractant Protein 2 (MCP2)) and to bind to the SIV genome [81]. Yelamanchili
and collaborators showed that six miRNAs are significantly upregulated in the caudate,
and four in the hippocampus, of monkeys with SIV encephalitis and that three miRNAs
(miR-21, miR-142-5p and miR-142-3p) are upregulated in both regions [82,83]. While
the potentials of miRNAs as biomarkers for HIV/AIDS disease progression have been
demonstrated, there are still some pieces missing from the puzzle before miRNAs can be
used for treatment of neuroAIDS as in other CNS viral infections. The drawback with
miRNAs is that little is known of their normal function in all HIV target cells, as it appears
that each individual cell type has a unique miRNA profile. Overexpression of miRNAs
may lead to unintended, off-target and unanticipated side effects. The action of miRNAs
remains to be scrutinized before considering these molecules as anti-HIV drugs [84,85].

6.3. Omics-Based Analyses

Significant changes in CSF metabolome may allow to identify specific upregulated
metabolites that may have not only neuropathogenic effects, but can also indicate mecha-
nisms of CNS disease progression [86]. Changes in specific metabolite levels in CSF have
been associated with SIV infection, for example the increase of concentration of the neuro-
toxic quinolinic acid, or nitrate and nitrite in CSF [87]. In SIV encephalitis, a mass-based
metabolomics study showed elevation in phospholipids and free fatty acids associated with
the activation of phospholipases [88]. Proteomic analysis of CSF of SIV-infected monkeys
showed increased expression of alpha-1-antitrypsin, complement C3, hemopexin, IgM
heavy chain and plasminogen, and the concomitant increased expression of their genes in
the brain parenchyma that was linked to CNS disease progression [89].

Although biopsy tissues should not be technically considered as source of biomarkers,
omics-based analyses in post-mortem samples of neuroAIDS are worth mentioning. Few
studies characterize whole genome transcriptome of protein coding genes in brain tissues of
SIV-infected monkeys during acute infection [90,91], or in SIV encephalitis [92]. The frontal
lobe of animals with acute infection reveals significantly upregulated expression of 97 genes,
of which a large proportion related to interferon and IL-6 [91]. Conversely, in chronically
infected animals only seven genes show significant expression changes as compared to unin-
fected animals, specifically, the interferon-induced genes G1P3 and IFITM1; HLA-A, C and
DRα MHC genes; immunoglobulin gene IGHG3; and RANTES. SIV encephalitis is charac-
terized by genes upregulated in the frontal cortex, occipital lobe, midbrain, cerebellum [91],
and hippocampus [92], linked to the pathological processes involved in neuroAIDS, in-
cluding the interferon/STAT1 pathway and monocyte/macrophage migration. Recently,
poly (ADP-ribose) polymerase (PARPs) expression in SIV-associated neuropathogenesis
has been investigated [93]. Mavian and collaborators reported significant dysregulation of
PARP expression in brain tissues with detectable virus, associated with neurodegenerative
processes. As already observed in previous studies [93], they found altered transcrip-
tional pathways associated with innate immune response, neuroinflammation, oxidative
stress, cellular death, interferon/STAT1 pathway, and monocyte/macrophage migration.
Notably, 4 of 18 PARP genes (PARP9, PARP10, PARP12, PARP14) are upregulated, pro-
viding evidence that PARPs overexpression may be linked to the presence of virus in the
brain [93], and indicating PARP dysregulation as a new, key indicator of SIV brain infection
and neuropathogenesis.

6.4. Neuroimaging Markers

Multiple magnetic resonance imaging (MRI) modalities, including diffusion tensor
imaging (DTI), perfusion MRI, in vivo MR spectroscopy (MRS), magnetization transfer ratio
(MTR), and positron emission tomography (PET) have demonstrated abnormalities of the
SIV-infected CNS. We briefly describe several MRI and PET studies in non-human primate
models of neuroAIDS. MRI has been applied in the SIV-infected model to investigate
the structural and functional alterations of the brain. MRI is also an ideal model for the
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longitudinal evaluation of neuro-imaging markers under controlled conditions, especially
with the modern high field MRI techniques. A study used DTI and perfusion MRI to
access the neurological disease development in SIV-infected macaques and found reduced
cerebral blood flow (CBF) and decreased fractional anisotropy (FA) in several regions of
interest [94]. In particular, longitudinal changes in CBF of caudate, prefrontal and parietal
cortex and in FA of the whole brain, correlate significantly with the CD4+ T cell depletion
and with the CD4/CD8 ratio [94]. These findings suggest that quantitative MRI measures
could be a biomarker for SIV disease progression, and that CBF and FA may be sensitive
image markers to follow the progression of the infection and for characterizing the disease
development of HIV infection. Other groups focus on resting-state fMRI (rs-fMRI) in the
macaque model as a useful tool to investigate the abnormal spontaneous brain activities
caused by SIV infection [95,96]. These studies indicate that some regions, such as the
hippocampus, putamen, and frontal and occipital lobe are more vulnerable and correlate
with immunological parameters. Furthermore, changes of regional homogeneity (ReHo)
are detected in several areas consistent with disperse distribution of astrocytosis [95].
Thus, ReHo value can be utilized as a non-invasive biomarker of spontaneous brain
activity changes caused by the progression of neurological impairments. During acute
SIV infection, brain injury is shown by significant MTR reduction in the genu, splenium,
centrum semiovale, putamen and thalamus [97], and these changes correlate significantly
with immune responses. In conclusion, the spatial-temporal MTR changes are closely
associated with the progression of SIV infection.

MRS provides a non-invasive approach to measure cerebral metabolic abnormalities
in SIV-infected monkeys. Moreover, the macaque model has similar MR spectroscopic
changes as in human neuroAIDS, suggesting that neurochemical and cellular responses
to SIV and HIV are similar. In particular, during acute SIV infection, significant reduction
of both N-acetylaspartate (NAA)/Creatine (Cr) and choline (Cho)/Cr ratio is observed at
13 and 27 days after inoculation, respectively, and the change of Cho/Cr ratio correlates
with plasma viral load [98]. In another study, the Cho/Cr ratio in frontal lobe or NAA/Cr
ratio in basal ganglia correlate with plasma viral load [99]. In a CD8+ depleted SIV-infected
rhesus model of neuroAIDS, neuronal injury coincides with viremia and activation of
monocyte subsets, as assessed by decreased NAA levels detected by in vivo MRS [100].
Similarly, another study in the same model shows rapid decline in NAA/Cr ratio; decrease
in NAA is directly related to neuronal distress. Increases in Cr during disease progression
may be related to increased energy demand due to astrocytes and glial activation induced
by the entry of infected monocytes into the brain [101]. This dual effect of decreased NAA
and increased Cr makes the NAA/Cr ratio a sensitive marker for brain disease status. In
addition, the progressive change of NAA and glutamate/glutamine (Glx) in basal ganglia
correlated with the CD8+ T cell percentage during the SIV infection [102]. Another study
demonstrated that during acute SIV infection a significant decrease in NAA is found in the
frontal cortex [103].

PET imaging enables the in vivo quantification of microglial activation and neuroin-
flammation, through radiolabeled ligands that target the translocator protein (TSPO), a nat-
urally expressed receptor on the outer mitochondrial membrane of microglia, macrophages,
and astrocytes [104]. During microglial activation, TSPO is significantly upregulated and
this can reflect the degree of neuroinflammation. The earliest TSPO radioligand used
to assess neuroinflammation in various neurodegenerative diseases was 11C-PK11195,
an isoquinoline carboxamide. Earlier work in SIV-infected monkeys using 11C-PK11195
showed evidence of microglial activation in animals with SIVE compared to those without
SIVE [105]. In fact, PK11195 binds to infected macrophages and is able to detect longitudi-
nally in SIV-infected macaques, the onset and progression of encephalitis that correlates
with areas of synaptic damage in brain tissues [105,106]. More recently, TSPO was imaged
in rhesus macaques before and multiple times after inoculation by 18F-DPA714 PET [107].
Using a combination of PET imaging and immunostaining, the authors found evidence
of glial (microglia and astrocytes) and neuronal damage in association with very high
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CSF plasma viral load in SIV-infected monkeys [107]. The use of 18F-fluorodeoxyglucose
(FDG)-PET imaging can non-invasively quantify glucose metabolism in the setting of SIV
and SHIV infection. In a recent study, brain FDG-PET imaging was used in a group of
SIV-infected macaques to longitudinally assess the effect of ART initiation and interruption
by monitoring alterations in brain glucose metabolism [108]. The authors observed in-
creased brain glucose metabolism within 1 month of treatment cessation, which may reflect
neuroinflammation in the setting of viral rebound, and this is significantly associated with
decreased CD4+ and CD8+ T cell counts and increased plasma and CSF viral load [108].
Altogether this evidence suggests that PET imaging may also be considered as biomarkers
for SIV disease progression.

A comprehensive overview of the contribution of the SIV/SHIV monkey models for
the study of neuroAIDS is shown in Figure 2.
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7. Innovative Therapeutic Approaches

Despite ART therapy, secondary complications of the CNS compartment remain at
risk in HIV-1-infected individuals [109,110] due to persistent immune activation within
the CNS, and to the release of pro-inflammatory cytokines, chemokines, reactive oxygen
metabolites, and viral proteins, which ultimately leads to neurodegeneration [110,111]. Ox-
idative stress and chronic inflammation may contribute to brain injury in acute and chronic
SIV infections [111,112]. Thus, protective therapies that aim at suppressing these pathologic
pathways would be desirable. In a recent study the ability of dimethyl fumarate (DMF),
an antioxidant/anti-inflammatory drug approved for the treatment of multiple sclerosis,
has been examined in a rhesus macaque SIV infection model [113,114]. In various animal
models, activation of nuclear factor erythroid 2–related factor 2 (Nrf2)/ARE pathway by
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DMF in the brain is associated with reduced neurodegeneration, and may promote axonal
regeneration and block neurotoxicity [115,116]. In a CD8+ T lymphocyte depletion model
of SIV neuro-pathogenesis, rhesus macaques received oral DMF prior to SIV infection and
through to the necropsy day [114]. Global brain responses to DMF treatment, such as
higher brain expression of antioxidant enzymes, lower DNA and protein oxidation, and
a more reduced redox state is observed in SIV-infected treated animals as compared to
the untreated. This suggests a direct link between enzyme induction and reduced oxida-
tive stress and injury, thus evidencing DMF as a robust antioxidant for the brain [114].
These observations indicate the importance of the macaque SIV infection model, and the
potential neuroprotective therapeutic benefit of DMF treatment in persons living with HIV.
Another therapeutic approach evaluates the use of the α4-integrin-inhibitor monoclonal
antibody natalizumab in SIV-infected rhesus macaques to reduce leukocyte trafficking into
the CNS [117]. Natalizumab treatment reduces cell traffic to the brain, the incidence of
encephalitis [118] and reduces dorsal root ganglion pathology with decreased inflamma-
tion and neuronophagia in SIV-infected macaques [119]. Natalizumab treatment 28 days
after infection stabilizes neuronal injury, reduces the number of monocytes/macrophages
decreasing productive infection; early treatment at the time of infection blocked mono-
cyte trafficking and SIV RNA is not detectable in the CNS [118]. Blocking trafficking of
monocytes/macrophages into the CNS by natalizumab could be an interesting approach
to reduce CNS viral load and deleterious interaction of infected monocytes/macrophages
with microglia.

Future Therapeutic Prospects

Antiretroviral drugs are unable to effectively penetrate the BBB and novel approaches
are needed to render more effective drug delivery to viral reservoirs, and eliminate resid-
ual latent viral infections. The SIV-infected animal model is helpful to test innovative
therapeutic formulations evaluated to date only in vitro or in murine models. For exam-
ple, nanomedicine has recently been used in the formulation and delivery of drugs that
could be a solution to reduce dosages of potentially neurotoxic ART drugs [120]. ART
nanoparticles that may effectively cross the BBB, with potentially increased bioavailability
without altering neurological integrity, could be an attractive and novel therapeutic solu-
tion [120]. A recent study demonstrated that a poloxamer-PLGA nanoformulation loaded
with elvitegravir (EVG) is capable of elevating intracellular drug uptake and enhances viral
suppression in HIV-1-infected macrophages in vitro, after crossing a BBB mouse model
without altering the BBB model integrity, when compared with EVG native drug [121].
Thus, nanoformulated EVG may be an innovative strategy for therapeutic use in CNS drug
delivery and should be strengthened in further studies on the SIV-model.

A recent review has demonstrated the potential use of CRISPR/Cas9 system for HIV-1
therapy [122]. To this aim, SIV-infected monkeys are a promising animal model for the use
of CRISPR/Cas9 method to target and edit the SIV genome and for evaluation of proviral
SIV elimination. An elegant study provides evidence that inoculation of SIV-infected
macaques with Adeno-Associated Virus 9 (AAV9)-CRISPR/Cas9 gene editing construct
leads to precise cleavage and removal of fragments of the integrated proviral DNA from
the genome of infected blood cells and tissues known to be viral reservoirs, including the
brain [123]. The AAV9-CRISPR/Cas9 treatment results in a reduction of proviral DNA in
blood and tissues [123]. Thus, the CRISPR/Cas9 system, through the NHP models, might
be successfully applied to HIV-1 disease, as it can be used: i) to target proviral DNA for
the elimination of provirus; ii) to modify cellular co-factors such as CCR5 which is the
main HIV coreceptor; to generate CCR5-mutant (CCR5-delta32) which is associated with
protection from, and cure of, HIV infection; and iii) to reactivate host restriction factors
during HIV-1 infection, in order to reduce viral infection and clear the provirus. As clinical
trials of CRISPR/Cas9 in HIV-1 treatment remains a challenge, the optimization of animal
models of HIV-1/AIDS utilizing novel technologies may achieve the clearance and removal
of integrated proviral DNA from infected cells and tissues, and may provide high hopes
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and challenges to translational medical research. Accordingly, a recent study described a
sequential long-acting slow-effective release antiviral therapy (LASER ART) and CRISPR-
Cas9 therapeutic strategy reservoirs in HIV-1-infected humanized mice [124]. In this
study, high hydrophobic lipophilic viral reservoir penetrating antiretroviral prodrugs,
coined as long-acting slow-effective release ART, are combined with CRISPR-Cas9-based
gene editing technology, providing viral clearance in latent infectious reservoirs in HIV-1-
infected humanized mice [124]. New strategies allowed for HIV-1 clearance and elimination
of integrated proviral DNA from tissues including the brain, which need validation in
further refined non-human primate models and eventually in human clinical studies.
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