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Abstract

Early in the HIV epidemic, the central nervous system (CNS) was recognized as a target of
infection and injury in the advanced stages of disease. Though the most severe forms of HIV-
associated neurocognitive disorder (HAND) related to severe immunosuppression are rare in the
current era of widespread combination antiretroviral therapy (CART), evidence now supports
pathological involvement of the CNS throughout the course of infection. Recent work suggests
that the stage for HIV neuropathogenesis may be set with initial viral entry into the CNS, followed
by initiation of pathogenetic processes including neuroinflammation and neurotoxicity, and
establishment of local, compartmentalized HIV replication that may reflect a tissue reservoir for
HIV. Key questions still exist as to when HIV establishes local infection in the CNS, which CNS
cells are the primary targets of HIV, and what mechanistic processes underlie the injury to neurons
that produce clinical symptoms of HAND. Advances in these areas will provide opportunities for
improved treatment of patients with established HAND, prevention of neurological disease in
those with early stage infection, and understanding of HIV tissue reservoirs that will aid efforts at
HIV eradication.
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Introduction

Early in the HIV epidemic, a large proportion of the neurological manifestations of HIV
presented as opportunistic CNS infections, including toxoplasmosis and progressive
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multifocal leukoencephalopathy (1). By 1987, the non-specific “subacute encephalitis” that
widely affected patients with HIV was identified as the AIDS dementia complex (ADC, now
termed HIV-associated dementia, or HAD), and was recognized as a manifestation of HIV
itself rather than that of an alternate infection (2). Estimates suggest that 20-30% of HIV
patients with uncontrolled HIV ultimately developed HAD in the pre- combination
antiretroviral therapy (CART) era (3).

With the development of cART, the incidence of HAD in persons living with HIV decreased
dramatically. For patients with well-controlled HIV, long survival with relative immune
preservation, often with extended periods of undetectable viral loads, has been also
associated with dramatically lower prevalence of HAD(4). Even so, neurological effects of
HIV are seen in chronically infected patients, and are now grouped under the broader term,
HIV Associated Neurocognitive Disorders, or HAND(5). In different contexts, 18-50% of
patients with chronic HIV on cART manifest HAND, ranging from asymptomatic
neurocognitive impairment to fully manifest HAD (6, 7). Though HAND still affects a large
subset of the HIV-infected population, the neuropathogenesis of HIV remains a dynamic
puzzle. In an effort to better understand how HIV affects the CNS, studies now encompass
topics from viral entry and primary infection, to mechanistic processes that underlie HIV-
associated damage to the CNS as well as potential viral persistence in this tissue site. Recent
critical strides have been made in the understanding of the neuropathogenesis of HIV that
provide promise for improved CART treatment strategies and potentially adjunctive therapy
in the context of well-controlled HIV.

Viral Entry and Establishment of Inflammation and Injury in the CNS

Although HIV-related pathology and the virus itself has been documented in brain tissues of
patients with advanced AIDS and HAD since early in the epidemic (8, 9), ongoing studies
have focused on understanding when and how HIV penetrates the blood-brain barrier (BBB)
to enter the central nervous system (CNS) and establish local infection and processes
underlying neuropathogenesis (see Figure 1) (10, 11). While prior anecdotal cases
suggested that HIV neuroinvasion occurs early in the progression of systemic HIV
infection(12-14), recent systematic work now shows that viral entry into the CNS occurs
almost immediately after systemic infection. One recent study focusing on individuals
evaluated during acute HIV infection detected HIV in the CNS compartment (CSF) after an
estimated eight days post initial infection (15).

While it seems that the virus enters the CNS almost immediately, the mechanism by which it
does so remains poorly understood. Different entry mechanisms have been suggested for
CNS infection, from free virus entrance to cellular-mediated entry. The true infection
mechanism may involve a combination of effects. The well-accepted “Trojan horse”
hypothesis suggests that the virus enters mainly through CD4 T lymphocytes or possibly
monocytes during routine surveillance, only to go on infecting local cells of the CNS (186,
17). Recent findings suggest that HIV additionally disrupts the integrity of the BBB, through
altering expression of and post-translationally modifying proteins critical to maintaining
BBB endothelial tight junctions (18-20). Interestingly, Tat, a protein implicated in these
modifications, shows differential effects in vitro on BBB elements in HIV subtype B and
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recombinant CRF02_AG (21). Thus, while research on specific clades is instructive, the
diversity of HIV suggests a diversity of entry mechanisms. Further evidence in support of
the concept that HIV is carried into the CNS via immune cells rather than as free virus is
through studies employing natalizumab, a blocker of alpha-four integrin that prevents
passage of both lymphocytes and monocytes across the endothelial cells comprising the
blood brain barrier(22). When administered to rhesus macaques during acute SIV infection,
natalizumab was associated with profoundly reduced levels of HIVV DNA in brain tissue in
sacrificed animals as compared with untreated animals. These studies did not utilize
antiretroviral treatment, so the levels of cell free HIV RNA were presumably high in the
blood, and not prevented by use of natalizumab, suggesting that the almost undetectable
levels of HIV DNA in brain were due to reductions in virus trafficking by immune cells.

After viral entry during acute infection, inflammation and immune activation in the brain
and cerebrospinal fluid (CSF) compartments can be detected immediately (15, 23, 24). This
initial burst of inflammatory perturbation appears to be a trigger which initiates a cascade of
immune activation within the CNS. Recent studies indicate that levels of inflammatory
metabolites measured by brain magnetic resonance spectroscopy (MRS) and soluble and
cellular markers of immune activation in the CSF progressively increase during the first
months to years of untreated infection (25, 26), likely providing the basis of neurological
injury and persistent infection in later stage disease.

CNS Compartmentalization

While HIV seems to gain early access to the brain, it is unclear whether one entry event
seeds the CNS with virus, or whether there are multiple entry points throughout the course
of infection, and whether discrete breaches or a general vulnerability of the BBB contribute
to CNS HIV infection. The localized infection of HIV in the CNS, and the subsequent
genetic changes found in HIV strains identified in CSF and brain tissue has been termed
‘CNS compartmentalization’ of HIV (Figure 1). As quantitative and computational genetics
methods improve, the analysis of different genetic variants may have the potential to offer
insights about the timeline of establishment of local CNS infection, and thus the existence of
a discrete ‘reservoir’ for HIV replication within the CNS.

Previous research has shown that HIV replication can occur in the CNS, offering the virus a
potential mechanism of continuity in and adaptation to the distinct CNS environment as
early as during primary HIV infection (27). CD8+ T cells may control CNS SIV viral load;
the depletion of CD8+ T cells in the CNS has previously been shown to increase the viral
load (28, 29), suggesting that a CNS source of HIV replication is controlled or modulated by
CD8+ T cells. Whether ongoing seeding from the periphery or local CNS replication in cells
of the CNS are the source of HIV detected in the CSF and brain is not entirely known, and
may differ in distinct stages of infection and in CART-niave versus cCART-suppressed
contexts. Using computational methods in an SIV model, the Salemi group has recently
suggested that continual CNS viral seeding remains an important factor in persistent CNS
HIV infection in CART-naive animals, with the final event stemming from virus in the bone
marrow (30). Extensive studies of CNS compartmentalization have revealed not only
distinct viral variants in CNS versus blood (31-33) but also evidence of compartmentalized
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viral evolution of local CNS HIV envelope sequences in the setting of viral replication
unchecked by cART (34). In an initial study examining HIV during suppressive ART in the
CSF and plasma, no evidence was found suggesting that continual viral replication in the
CNS was the major factor allowing viral persistence in the CNS on ART, though this study
was small and further investigations in this area are needed (35).

The CNS as a Potential Reservoir

While HIV reservoirs in the gut and bone marrow have been confirmed, the concept of a
CNS reservoir for HIV has recently gained attention and support. This new attention to the
CNS as a potential reservoir arises in part from studies in macaque models of CNS HIV with
accelerated rates of HIV encephalitis that demonstrate HIVV DNA in the brain prior to and in
the presence of CART (36-38). More recently, human studies of typical HIV infection have
indicated localized CNS evolution of HIV prior to ART (34) and, importantly, have
demonstrated that HIV can independently replicate in the CNS despite systemically
suppressive ART (commonly termed “CSF escape”) (39, 40). CNS macrophages and
microglial cells have been historically considered the most likely sources of sustained HIV
replication in the CNS because of their long-lived nature and the substantial evidence that in
macaques and humans, advanced forms of HIV encephalitis and even pre-symptomatic
disease involves infection of these cell types (36, 41-43). Specific antiretrovirals have
distinct ability to enter and prevent antiretroviral replication in myeloid lineage cells(44),
which may provide a substrate of persistent HIV replication in the CNS in the face of
inadequate viral suppression in this compartment within this particular cell type. Populations
of resident CNS macrophage and microglial cells may be established during brain
development rather than being be replenished by circulating monocytes (45, 46). The fact
that microglial cells do not turn over in stem cell transplantation without brain irradiation
(47) is a potential limitation of this procedure in achievement of total body HIV eradication,
and could be posited to contribute to ‘failure’ of this approach in recently reported cases
(48).

However, evidence has suggested differential viral decay rates for CNS-derived HIV after
initiation of CART (49), suggesting that HIV may replication within distinct cell types
within the CNS. Using assays to assess HIV's ability to enter and replicate cells with distinct
cellular surface markers, Swanstrom and colleagues have noted two distinct patterns of
cellular tropism in CSF HIV derived from patients with unique, compartmentalized variants
that are presumed to derive from the CNS. While some CNS HIV were able to replicate in
cells with low numbers of CD4 receptors, consistent with macrophage/microglial cells, other
compartmentalized viruses were dependent on high levels of CD4 receptors, suggesting
adaptation to replication within T cells (34). Unlike activated macrophages and CD8 T cells,
CDA4 T cells have not been classically thought to be present in large concentrations in the
SIV- or HIV-infected brain, but the suggestion that unique viral variants detected in the CNS
may derive from T cells raises the question of alternate T cell reservoirs in the CNS
compartment, potentially resident in brain, choroid plexus, or lymphoid follicles in the
meninges.
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Additionally, based on studies employing basic histopathology as well as laser capture
microdissection (9, 41, 50), astrocytes have emerged as potential host cells for HIV.
However, as astrocytes lack CD4 receptors, the mechanism of entry into astrocytes has been
a mystery. Now, evidence in a SIV model suggests that CNS compartmentalization may
create selective pressures that allow the virus to enter cells independently of CD4 receptors,
allowing the virus to enter astrocytes (51). Inhibition of a specific receptor decreased
replication, and resulted in a decreased latent reservoir in the SIV model, suggesting the
receptor might be important in the development of this particular CNS HIV reservoir. Initial
studies have suggested that while HIV proteins or nucleic acid may be found in astrocytes,
HIV does not seem to replicate in these cells and that full-HIV genomes are not detected
(50). However, the presence of HIV proteins and fragments in astrocytes has been associated
with astrocyte activation, dysfunction, and blood brain barrier disruption, likely a key
element of CNS pathogenesis (52).

Future studies are critical to understand the distribution of HIV and potential persistence of
in the CNS, including where the virus is actively replicating prior to cART, and whether
latent or even replicating HIV is detected in more than rare ‘CSF escape’ individuals in
systemically suppressive CART.

CNS Injury: Neurotoxicity or neuroinflammation, or both?

Since the effects of HAND include cognitive impairment, HIV must by necessity either
directly or indirectly contribute to neuronal dysfunction or damage. HIV-related CNS
damage may begin very soon after infection; elevations of neurofilament light chain (NFL) a
CSF biomarker associated with neuronal injury (53) and reductions of magnetic resonance
spectroscopy markers of neuronal function (54) have been documented in individuals
studied within the first year of infection. Key pathogenetic models of neuroimmune injury
are predicated upon enhanced trafficking of immune cells and soluble pro-immune
molecules to the CNS, release of cytokines and chemokines that amplify this cycle of
neuroinflammation, and production of neurotoxic molecules which damage neurons
(reviewed in:(3, 55, 56)). Recent investigations highlight specific mechanisms, ranging from
the impact of the oxidative stress of inflammatory responses to HIV protein Tat's
interference with neuronal transcriptional pathways.

In advanced infection, CNS immune activation, such as monocyte activation, has been
associated with neurocognitive impairment (57, 58). A recent clinical study confirmed that
in ART-naive patients with advanced HIV, those with HAND exhibited higher levels of
inflammatory chemokines and cytokines than those who did not exhibit HAND, but had
comparable HIV RNA levels (59). New evidence points specifically to oxidative stress
associated with the inflammatory response, suggesting that this is damaging to neuronal
processes and other brain cells. Heme-oxogenase-1, a detoxifying enzyme, was recently
found to be deficient in the brains of individuals with HAND (60). Infection in the CNS
generates persistent inflammation even in patients with well-controlled HIV (61, 62), but it
is still not known whether CNS immune activation is sufficient for progression of HAND.

One protein that has garnered attention for its potentially widespread effects in CNS HIV is
the tat gene-encoded HIV protein Tat. Tat is a transactivating protein that influences the

Curr HIV/IAIDS Rep. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zayyad and Spudich

Page 6

expression of both host and viral gene expression; its functions have been reviewed
elsewhere (63). Tat has been shown to be the target of CD4+ T cell autophagy, highlighting
a potentially critical role for the transactivator in the neuropathogenesis of HIV (64).
Though prior studies have not clearly shown an association between Tat concentrations or
activity and human neurological or cognitive disorders, recent findings that Tat can induce
neurobehavioral changes independent of inflammatory response in a neonatal rodent model
have highlighted the potential clinical importance of this protein (65). It is unclear whether
these changes are completely identical to HAND, or whether neuroinflammation worsens
the effect of these changes. Nevertheless, this study suggests that neuroinflammation may
not be the sole factor in neurodegeneration. Lending credence to this concept, in an SIV
model, neuroprotection was achieved using a combination experimental therapy, despite
continued virus replication and neuroinflammation (66).

Neurotoxic astrocyte activity may also be provoked through Tat's induction of PZX7R, a
receptor involved in generating an inflammatory response in the brain (67) that up-regulates
platelet-derived growth factor (PDGF). PDGF induces MCP-1 production by astrocytes, and
in turn increases monocyte migration across the blood brain barrier, suggesting a role for
astrocytes in the proinflammatory CNS response (68). Infected astrocytes have also been
implicated in directly inducing apoptosis in surrounding cells, by deregulation of
cytochrome C processes (69). Previous work suggests that another possible mechanism of
neuron loss is excitotoxicity mediated by NMDA receptors, causing loss of synapses. In one
study, this effect was reversed by NMDA antagonists, sparing synapses even after exposure
to Tat (70).

The role of astrocytes in HIV neuropathogenesis remains controversial. Some research
suggests that astrocytes endocytose HIV-1 in order to sequester the virus and prevent its
replication (71). At the same time, research in an SIV model showed that infected astrocytes
shows changes in morphology, namely decreased arborization and dendritic length in both
white and grey astrocytes. This suggests that infected astrocytes may create interruptions in
glialneuronal signaling, leading to brain atrophy and the symptoms associated with HAND
(72). A synthesis of these findings may indicate that astrocytes are not simply passively
infected, but in fact attempt to rid the brain of HIV only to fall prey to HIV.

Given recent findings, it seems very probable that HIV both directly and indirectly affects
normal neuronal activity through altering normal neuronal pathways and encouraging
neuroinflammation. It may be that neuroinflammation provides amplifies the direct effects
of HIV, by facilitating HIV replication or reseeding. Alternatively, it may be an important
marker for neurotoxicity, or it may offer a distinct form of neurotoxicity. Tat may be a
contributing factor in both the pro-inflammatory and direct cytotoxic effects of CNS HIV
infection. Additionally, astrocytes have gained importance in the conversation on neuronal
damage in HIV. It is likely that a combination of direct and indirect effects of HIV cause the
neurotoxicity and dysfunction underlying HAND. Whether these effects stem from a
common pathway, or whether they are unlinked, presents an important question for
considering treatment options.
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Blipping and Asymptomatic CSF Escape on cART

Blipping, in which well-controlled viral load increases suddenly from undetectable levels,
even during good adherence to CART, can be observed in otherwise stable patients with
HIV. This phenomenon has been attributed to changes in viral reservoir stability, and has
been modeled using stochastic models (73). These blips might be responsible for the
ongoing inflammation and damage observed in chronic infection, such that the infected
patient's viremia is never truly stably undetectable. Similarly, low-level detectable HIV
RNA, termed ‘asymptomatic CSF escape’ has been identified in 10% of patients on long
term stable treatment with undetectable plasma viral load by standard assays (74). This is
distinct from ‘symptomatic CSF escape’ which likely represents progressive underlying
encephalitis and has clear clinical consequences. It is unclear whether ‘asymptomatic CSF
escape’ represents a stable persistence of HIV release from reservoirs or evidence of
ongoing HIV replication, and its role in HIV neuropathogenesis in the setting of CART
remains unclear. Longitudinal studies are needed to better assess the course of this low level
detectable, and to determine whether this may be a harbinger of longer term progressive
CNS disease.

Biomarkers of CNS Disease in Humans

While in vitro and animal model experiments have been incredibly valuable in better
understanding the neuropathogenesis of HIV, clinical work remains critical to understanding
how HIV affects the human brain. Since direct brain tissue cannot readily be sampled in
living HIV-infected individuals, the development of biomarkers of the progression of
HAND has become more clinically relevant. In recent years, molecular and neuroimaging
markers have been recognized as important biomarkers in HAND.

In particular, the CSF has emerged as a potentially important proxy for measurements of
pathologic processes in the CNS. Numerous studies have supported the examination of CSF
HIV RNA, soluble CSF markers of immune activation, and markers of neuronal injury in
clinical and research investigations of HAND(57, 75). A new, highly sensitive assay for
neurofilament light chain (NFL) has recently been shown to not only be elevated in the
neuroasymptomatic stages of HIV infection, but in fact to be persistently abnormal in the
setting of suppressive CART, suggesting ongoing subtle neuronal injury(76) Similiarly,
measurement of HIV RNA by single copy assays reveals low level viral persistence in some
patients on CART (77). The fact HIV by SCA correlates with low-grade elevation in markers
of abnormal macrophage activation suggests that this detected HIVV may be mechanistically
significant. Finally, various neuroimaging techniques have indicated important changes in
the brains of patients progressing towards HAND. MRI, DTI, PET, and MRS have emerged
as methods that might offer useful structural, metabolism, and metabolite information in
both primary and chronic HIV infection (78). In cCART-naive patients with primary HIV
infection, MRS shows increases in metabolites associated with inflammation, gliosis, and
neuronal damage. These markers are attenuated after CART initiation (26).

Given the need to detect and address stages of HIV neuropathogenesis prior to the
development of HAND, novel biomarkers continue to be explored. For example, ADMA, a
biomarker of endothelial dysfunction, is increased in patients with asymptomatic HIV
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infection (79), and could be posited associate with disruption of the blood brain barrier and
HAND. While the role of ADMA remains unknown, this is one of a group of novel
biomarkers which need to be explored to optimize assessment of HIV and guide HIV care,
particularly in patients at risk for HAND.

Comorbidities and Adjunctive Therapies

In post-mortem studies of patients on cART, viral load was significantly decreased in the
brain as compared to those who were not on cART (80). While HAD has significantly
decreased with cCART, HAND still persists in a large proportion of patients with well-
controlled HIV (6), and substantial evidence suggests that the CNS remains abnormal even
in the context of apparently successful systemic viral suppression (See Peluso review).
Many challenges remain in optimizing HIV treatment, and questions persist regarding CART
strategies that may be neuroprotective or will most effectively ameliorate accrued neurologic
disease. In particular, the calibration of treatment for optimal CNS penetrance presents an
important practical question for patients and clinicians, which has been extensively reviewed
elsewhere (62, 81).

The incomplete resolution of HAND in patients on HIV treatment suggests a need for
adjunctive therapies that go beyond the effects of cCART. Anti-inflammatory medications
including aspirin have been explored in patients with HIV, and have been preliminarily
found to decrease platelet aggregation and improve vascular function in patients with HIV
(82). A recent study of a rat model of hepatic encephalopathy examined whether ibuprofen
decreased neuroinflammation and microglial activation, finding improved cognitive and
motor function in treated animals (83). Though HAND is distinct in etiology and
pathogenesis from hepatic encephalopathy, the common feature of neuroinflammation
supports a similar potential role for anti-inflammatories in adjunctive approaches to HAND.

Finally, comorbidities ranging from aging to substance abuse have been implicated as
potentiators of HAND. For example, the dopamine release associated with increased drug
use may be associated with increased virus uptake in macrophages (84). Future studies will
be critical to ensure optimal care for patients with diverse clinical histories.

Conclusions

After over thirty years, HIV neuropathogenesis continues to present a dynamic challenge
and important questions for clinical and scientific communities. Promising advances in
clinical, animal model, and in vitro research on viral entry and primary CNS infection, CNS
reservoirs, and neuronal toxicity remain critical in solidifying our understanding of how HIV
affects the CNS. In the process of better understanding the neuropathogenesis of HIV, many
potentially promising targets for therapy have been identified. Given research suggesting
roles for both neuroinflammation and neurotoxicity in the course of infection, it seems that a
more comprehensive treatment for HIV might take into account and address both of these
effects.
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Figure 1.
Potential mechanisms of HIV related CNS injury prior to combination antiretroviral therapy.

Systemic activation of immune cells stimulates increased transmigration of lymphocytes and
monocytes across the blood brain barrier (BBB). Once in the central nervous system (CNS)
compartment, immune cells release pro-inflammatory signals that stimulate further immune
cell influx (cytokines such as monocyte chemoattractant protein-1 and interferon-inducible
protein-10) and matrix metalloproteinases that disrupt the BBB. Some of the imported cells
are infected with HIV, allowing for local production of virions that enter resident CNS cells
including perivascular macrophages, brain microglial cells, and astrocytes. Macrophage,
microglial, and T lymphocyte infection may support local CNS HIV replication, facilitating
emergence of unique ‘compartmentalized” CNS HIV that reflects production of HIV
independent from the periphery. Activated microglia and perivascular macrophages release
neurotoxic immune products that lead to neuronal dysfunction; this activation stimulates
production of neopterin, a pteridine biomarker of immune activation readily measured in the
cerebrospinal fluid. Potentially neurotoxic HIV proteins such as HIV-tat may freely cross
the BBB or be released by resident HIV infected cells. Astrocytes harboring HIV virions or
fragments may not facilitate viral replication, but may contribute to neuropathogenesis
through multiple mechanisms including injury to the blood brain barrier and release of
neurotoxic products.
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