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Abstract

HIV enters the brain during the early stages of initial infection and can result in a complicated
array of diverse neurological dysfunctions. While neuronal injury and loss are at the heart of
neurological decline and HIV-associated neuropathology, HIV does not productively infect
neurons and the effects of HIV on neurons may be described as largely indirect. Viral proteins
released from infected cells in the CNS are a well-characterized source of neuronal toxicity.
Likewise, host-derived inflammatory cytokines and chemokines released from infected and/or
activated glial cells can damage neurons, as well. Newly identified host-virus interactions and the
current state of our knowledge regarding HIVV-associated neuronal toxicity will be addressed in
this review. Aspects of HIV-associated neurotoxic mechanisms, patterns of neuronal damage, viral
effects on neurotrophic signaling, clade variations and comorbid substance abuse will be
discussed. Recent advances in our understanding of the impact of HIV infection of the CNS on
neuronal dysfunction and cell death will also be highlighted.
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HIV infection of the CNS

HIV infects a subset of circulating immune cells, including T cells and macrophages. HIV
infection is dependent primarily on host cell expression of the CD4 receptor and expression
of the coreceptors CXCR4 and CCR5 [1,2]. Although other coreceptors and CD4-
independent mechanisms are reported to play roles in HIV infection [3,4], their potential
contributions are beyond the scope of this review. Shifts in population dynamics
(preferential use of CXCR4 or CCR5) in circulating virus throughout the course of disease
are important because the major route by which HIV enters the CNS is via HIV-infected
macrophages trafficking from the bloodstream across the blood—brain barrier [5]. HIV is
believed to enter the CNS during the earliest stages of infection, seeding the brain with virus
[6]. Once inside the CNS, HIV replicates in permissive cells and maturing virions are
released into the brain parenchyma. During the course of disease, plasma viral loads often
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fluctuate, and during times of high viremia, the virus may enter the brain again, thereby
reseeding the CNS. It is well established that in the brain, microglia and macrophages are
the main cellular targets for HIV infection and productive viral replication. Very early
studies as well as more recent reports conclude that HIV-associated CNS dysfunction is due
in a large part to indirect mechanisms that damage neurons [7]. The effects of HIV infection
on neuronal fitness and functioning are a main focus of this review, and the current
understanding of how HIV infection impacts neurons will be discussed.

Viral replication in the host cell

The complete picture of HIV infection involves key steps in the viral lifecycle rather than
simply the presence of virus inside a cell. Infection and productive replication depend in part
on the expression of specific receptors and coreceptors by permissive host cells [2]. In brief,
entry of HIV into a target host cell begins with viral envelope glycoprotein gp160-mediated
interaction of the virus with the host receptor. gp160 is comprised of two components,
gp120 and gp41, which interact with the CD4 receptor on the surface of the host cell. Upon
the binding of gp120 to CD4, a conformational change in gp120 unmasks the coreceptor
binding site. Upon interaction of gp120 with the coreceptors CXCR4 or CCR5, gp41 inserts
into the host cell membrane to orient the cell and virus close together so that membrane
fusion can occur. Upon entry, the viral particle releases two viral RNA strands and three
viral enzymes: protease, reverse transcriptase and integrase. Viral RNA is transcribed by
reverse transcriptase into proviral dsSDNA. The dsDNA is processed, transported into the
nucleus and inserted into the host cell genome by integrase. Upon host cell DNA
transcription, the viral DNA is transcribed, as well. Following a series of splicing events of
the single 9.2-kb transcript, translation into viral proteins, encapsidation and viral particle
assembly, the virion can bud from the host cell. Maturation of the virus into an infectious
virion is completed after the particle is released from the host cell. Thus, the presence of
viral DNA sequences in the host cell genome provides evidence for a key step constituting
infection. Production and release of replication-competent viral particles from the target is
also important in the concept of infection and is considered below in the context of HIV
infection of neurons.

HIV infection of neurons

One of the most controversial aspects of HIV neurobiology is whether or not HIV can infect
neurons, even at low levels, and numerous studies dating back to the 1980s and 90s address
the ability of HIV to infect neurons in the brain /n vivo [8-10]. Studies utilizing /n situ PCR
and immunohistochemistry reported the presence of HIV genetic material and antigens in
neurons, respectively [11,12]. Further studies isolating neurons from post-mortem brain
tissues of HIV-infected patients using laser capture microdissection (LCM) reported the
presence of HIV proviral DNA in neurons by PCR [13,14]. Another study, published in
2008, employed hyperbranched multidisplacement methods for whole-gene amplification
via PCR and reported the presence of HIV DNA in single neurons collected by LCM from
autopsy brain tissue [15]. /n vitro studies reported that human neuronal cell lines could be
infected with HIV [16,17]. However, confirmation of pathologically significant infection of
adult human neurons 7n vivois still lacking. In addition to its presence in the CNS of adult
patients, HIV is also detected in the CNS of infected pediatric patients, as well as in the
developing fetal brain [18,19]. As with adult brain tissue studies, findings in pediatric HIV
patients report conflicting results regarding whether HIV infects neurons [20-23].

Evidence for infection of neural stem cells and/or neural progenitor cells may be more
substantial than that for infection of adult neurons, and this area of study is currently a topic
of investigation by several groups. In fact, evidence for HIV-1 infection of nestin-positive
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neural progenitor cells was detected by multiple approaches, including /n situ hybridization,
LCM, DNA extraction and PCR in brain tissues from four of seven pediatric AIDS patients,
suggesting /n vivo infection of neural progenitor cells [24]. As early as 1995, Ensoli et al.
reported that primary neural cells derived from the human fetal olfactory system
representative of the developing CNS were susceptible to HIV infection in vitro, although
the cells did not express CD4 [25]. Later, studies by Lawrence et al. tested whether HIV-1
NL4-3 or I11B, X4 T-tropic virus strains, could infect human fetal progenitor cells or
progenitor-derived astrocytes /in vitro. Their findings suggested that human neural progenitor
cells constitute a reservoir for HIV-1 in the brain, since peak replication occurred between 3
and 6 days but was consistently undetectable after 10 days [26].

In a seminal review by Bell in 1998, productive HIV infection in the adult CNS was
suggested to be restricted to cells of the microglial/macrophage lineage, with limited,
nonproductive infection of astrocytes [27]. Based on these and other studies, it may be
concluded that productive infection of neurons by HIV is not likely to be responsible for the
neurotoxicity observed in HIV patients’ brains. As described above, mechanisms involved in
neuronal degeneration in HIV patients are complex, and most evidence points to
chemokines, cytokines and viral proteins released from infected and/or activated microglia/
macrophages as causative agents of neuronal damage observed in HIV infection [28].

Direct & indirect effects of HIV on neuronal fitness

Direct

Direct HIVV-mediated neurotoxicity will be considered in the context of viral protein
interactions with neurons that result in neuronal damage or death. As described in a 2002
review in the Journal of Infectious Diseases, there are several mechanisms by which HIV
proteins can be released into the extracellular space, where they will encounter neurons [29].
During the uncoating process of viral fusion with the host cell, the viral envelope containing
gp120 and gp41 is shed and may injure neurons in close proximity. Release of viral proteins
also occurs during a cytopathic infection when the rate of viral replication is high and viral
particles and proteins are released from infected cells. During nonproductive or restricted
infection of astrocytes, certain viral regulatory genes are expressed that result in the
production and release of Tat, Nef and Rev proteins (Figure 1). The production and release
of replication-defective viral particles or secreted proteins may impact neuronal cell fitness,
as well. The neurotoxic effects of some HIV proteins have been studied and described in
detail, and most elicit their damage by both direct and indirect mechanisms. Figure 1
illustrates some of the well-described mechanisms by which gp120, gp41, Nef, Rev, Tat and
Vpr can damage neurons [30]. As shown, some HIV proteins can disrupt ion homeostasis
and depolarize neurons. Others can localize to neurons to disrupt neuronal membranes or
induce apoptosis. Perhaps the most well-characterized HIV proteins that contribute to
neurotoxicity are gp120 and Tat, and these will be discussed in detail below.

0gp120—As described in previous sections, the gp120 envelope protein is required for viral
interaction with the host cell. In addition to its infectivity properties, gp120 has been shown
to be toxic to neurons by numerous studies. Some of the first studies to report gp120-
mediated neuronal toxicity were published in 1986-1987 and suggested that gp120 may be
interfering with the neurotrophic factor neuroleukin [31]. Since then, an entire literature of
in vitro and in vivo systems has developed to address gp120’s impact on neurons, which is
too extensive to address completely. Most recently, Louboutin et a/. describe anti-oxidant-
mediated inhibition of gp120’s induction of caspases as a potential neuroprotective strategy
[32]. Likewise, Zhang et al. report the neuroprotective effects of a Sigma-1 receptor agonist
that blocks the pro-apoptotic properties of gp120 [33].
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Indirect

Tat—Tat, the trans-activator for transcription of HIV, has been referred to as a jack-of-all-
trades, in that it can promote transcription, enhance angiogenesis, mediate the delivery of
genes and peptides into cells, and mimic host cell growth factors and cytokines. As with
gp120, the literature devoted to the neurotoxic effects of Tat is expansive and cannot be
covered in the context of this review. In brief, with regard to neuronal toxicity, one of the
first studies to use synthetic Tat characterized regions of the protein that were necessary to
cause neuronal death [34]. Among the deleterious effects of Tat on neurons is neuronal
depolarization by direct excitation independent of synaptic interactions, NMDA receptor
dysregulation and disruption of calcium homeostasis [35,36]. For example, a study from
2008 described a mechanism by which Tat induced ryanodine receptor-mediated loss of
calcium from the ER followed by the unfolded protein response and leading to pathologic
dilatation of the ER in cortical neurons /n vitro [37]. A more recent study described the
protective effects of treating neurons with ketone bodies to block Tat-mediated
mitochondrial dysfunction and changes in cellular calcium levels, and suggested this as a
potential therapy, since ketones can readily cross the blood—brain barrier [38]. Recently,
studies have shown that Tat-mediated neuronal dysfunction is dependent in part on small
noncoding miRNA molecules. Specifically, Sawaya’s group showed that miR-34a was
induced in neurons exposed to HIV-1 Tat and in Tat-transgenic mice [39], adding another
level at which Tat may regulate host cell machinery.

To consider the neurotoxic effects of HIV proteins on neurons, the effects on glial cells must
be considered as well, since toxic factors derived from astrocytes and microglia significantly
impact neuronal fitness [29]. Human primary neurons cultured /n vitro are damaged not only
by exposure to viral proteins including gp120 and Tat, but also by inflammatory factors [40—
42]. Indirect effects of HIV on neurons involve the activation of glial cells (both infected
and uninfected), resulting in the production and release of neurotoxic cytokines such as
TNF-a. Supernatant collected from peripheral blood mononuclear cells infected with HIV
contains not only viral proteins but also a variety of cytokines, and is toxic to human
primary neurons /n vitro (Figure 2). Moreover, recent studies from the Gelbard laboratory
show that Tat-mediated interactions between central and peripheral myeloid cells can induce
synaptic damage and disrupt neuroimmune homeostasis [43]. Other pathways through which
HIV can damage neurons involve complement activation via increased expression of
mannose-binding lectin in the axons of HIV encephalitis (HIVE) patients [44].

Neuropathology of HIV-associated infection

The possible manifestations of CNS pathology resulting from HIV-associated infection are
complex and include a broad array of alterations. The clinical features of HIV-associated
neurocognitive disorders (HAND) range from mild neurocognitive alterations to the most
severe form, HIV-associated dementia (HAD). In some HIV patients, however, there are no
detectable neurocognitive alterations. The efficacy of combination antiretroviral therapy
(cART) to control peripheral viral loads and allow for immune system recovery has
impacted significantly on the prevalence of HAND. With the use of cCART, the incidence of
HAD has decreased, but the prevalence of milder forms of HAND has increased [30,45].
Thus, widespread implementation of CART has resulted in the partial recovery from or
reversal of HAD in some patients, but milder forms of HAND persist in HIV patients before
progression to AIDS. This may be due in part to the ability of CART regimens with higher
CNS-penetrating efficiency (CPE) to suppress viral replication in the brain [46,47]. In this
context, HIVE has been described as a neuropathological correlate of HAND. Hallmarks of
HIVE include multinucleated giant cells, microglial nodules, perivascular cuffing by
inflammatory cells and gliosis [48]. Apoptotic death of both reactive astrocytes and neurons
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has been detected in the brains of HIVE patients, as well [49]. With improved cART and the
development of regimens with higher CPE, HIVE has shifted from a subacute to a chronic
condition, while HAND remains common among many patients.

Patterns of neuronal damage

Neuronal populations vary in susceptibility to HIVV-mediated damage based in part upon
their expression levels of cytokine and chemokine receptors [50]. One specific population in
the neocortex that is damaged by HIV is pyramidal neurons expressing MAP2,
neurofilament, glutamate and cytokine/chemokine receptors, and low levels of calcium-
binding proteins. Interneurons expressing high levels of cytokine/chemokine receptors and
the calcium-binding proteins calbindin (CB) and parvalbumin (PV) are also particularly
vulnerable to HIV-induced toxicity [51]. Likewise, neurons that express high levels of
chemokine receptors, such as CXCR4, and low levels of trophic factor receptors, including
fibroblast growth factor receptor (FGFR) or neurotrophin factor receptors for nerve growth
factor (NGF), or brain-derived neurotrophic factor (BDNF), are also more vulnerable to
HIV-mediated neurotoxicity [52-54]. Regional differences in patterns of neuronal damage
have been reported from autopsy studies, as well. For example, hippocampal pyramidal
neurons from HIVE patients are relatively spared, but significant loss of PV-
immunoreactive interneurons in the CA3 region expressing cytokine receptors for IL-1f,
IL-6 and TNF-a has been observed [50,51,55]. In the basal ganglia of HIVE patients, a
significant loss of MAP2- and glutamate receptor-immunoreactive large spiny neurons is
observed, but CB-immunoreactive neurons show less damage [56,57]. Neuronal loss of
specific populations within the basal ganglia likely contributes to dysfunction of the
dopaminergic system, which is proposed to play a role in HAD [58-60]. Additionally,
somatostatin-immunoreactivity is decreased in interneurons in the frontal cortex, in
hippocampal pyramidal and nonpyramidal neurons, and in neurons in the globus pallidus
[61,62] and may be related to virus-induced alterations in expression of glutamate receptors.
Data from autopsy cases are consistent with results from gp120 transgenic mice that show
significant damage to MAP2-immunoreactive pyramidal neurons in the neocortex, while
PV-immunoreactive interneurons are spared [63-65]. Taken together, these findings suggest
that neocortical neurons may be more vulnerable to direct damage mediated by HIV-derived
proteins (such as gp120), while neurons in the hippocampus and basal ganglia may be more
vulnerable to indirect damage from cytokines and chemokines.

Early studies characterizing the neuropathological profiles of HIVE reported neuronal
damage and neurodegeneration in striato—cortical, cortico—cortical and limbic intrinsic/
inhibitory circuitries [55]. Specifically, large pyramidal neurons in the neocortex [66—68],
spiny neurons in the putamen, medium-sized neurons in the globus pallidus, and
interneurons in the hippocampus were most impacted by HIV infection of the CNS
[51,56,62,69]. A statistically significant decrease in the number of large neurons, a reduction
in neocortical width and astrogliosis have been observed, as well [51,55,56,66,68,70,71].

Morphologically, dendritic simplification of pyramidal neurons and selective loss of inter-
neuron populations have been observed [55]. In addition to neuronal loss, aberrant sprouting
and dystrophic synaptodendritic connections are common in HIVE patients [30], with
decreased expression of MAP2 and neurofilament, markers for synaptodendritic
connectivity (Figure 3). Damage is proposed to begin in synapses and dendrites and then
spread to the rest of the neuron, leading to apoptosis [72,73]. Terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) assays in HIVE brains indicate DNA
fragmentation in neurons, glia and endothelial cells [70,74-76]. Additionally, differential
expression of mMiRNAs involved in the regulation of apoptosis has been reported in HIVE
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[77]. For a detailed review of the vulnerability of distinct neuronal populations to HIV see
[69].

HIV & neurotrophic signaling

As noted above, host-derived inflammatory factors such as TNF-a generated in response to
HIV infection can damage neurons. Other factors produced by host cells in response to
challenge may be able to provide protection from neurotoxins. NGF, BDNF, platelet-derived
growth factor (PDGF) and NT3 are among the neurotrophic factors produced by neurons
and glia to promote neuronal growth and survival [78]. Neurotrophic factors and
components of the neuroinflammatory response interact with one another during HIV
infection of cells in the CNS. Viral proteins such as Tat and gp120 can dysregulate growth
factor signaling cascades in a number of ways. For example, through molecular mimicry,
viral proteins can exploit the host cell’s machinery by binding to receptors and disrupting
normal host cell signaling [79,80]. For instance, molecular mimicry between gp41 and the
astrocytic protein a-actinin, originally revealed by antibody cross-reactivity, allows gp41 to
bind to astrocyte cell membranes and induce aberrant signaling [81]. As astrocytes play a
supportive role in neuronal health, gp41-induced glial signaling dysfunction has important
implications for neuronal survival. Additionally, Tat can mimic signaling properties of
vascular endothelial cell growth factor (VEGF) by binding to the VEGF receptor on cerebral
endothelial cells thereby promoting angiogenesis [82]. Studies also indicate that Tat
mimicry of VEGF correlates with increased microvessel density in AIDS-related diffuse
large B-cell and Burkitt lymphomas [83]. Molecular mimicry by Tat and gp120 exploit
chemokine receptors by mimicking their ligands to promote the neuroinflammatory response
and viral infection of host cells. Ultimately, mimicry of host cytokines, chemokines,
neurotrophic growth factors or their receptors by viral proteins contributes to the
dysregulation of host-mediated immune responses [84-86].

Progression of CNS disease associated with HIV infection is also affected by the
interactions of neurotrophic factors with the virus or with neuroinflammatory molecules. For
example, neurotrophic factors including FGF 1 and 2, BDNF and NGF may protect neurons
from toxic inflammatory factors produced in response to macrophage/microglial HIV
infection. Specifically, NGF and BDNF play important roles in neuronal survival in HIV
infection of the CNS by activating the NF-xB pathway, thereby inducing expression of the
anti-apoptotic Bc/-2 gene that protects neurons from the pro-apoptotic effects of HIV Tat
[61]. Interaction of gp120 with BDNF has been shown to result in increased somatostatin
neurotransmission [61,87]. gp120 has also been shown to affect the expression of both NGF
and nitric oxide synthase in rodent models of HIV disease [88,89]. Furthermore, Tat has
been shown to interact with p35 signaling in neurons to dysregulate the NGF pathway,
thereby disrupting neuronal survival and differentiation [90]. Levels of some of these
neurotrophic factors have been shown to correlate with the degree of cognitive dysfunction
and with severity of neuropathology at autopsy [91-93].

PDGF-mediated neuroprotection against both gp120 and Tat is reported in studies with SH-
SY5Y neuroblastoma cells [94-96]. Pathways through which PDGF protects differentiated
neurons from gp120 and Tat involve blocking apoptosis; however, the signaling cascades
differ. PDGF protects neurons from gp120-mediated toxicity via the PI3K/AKT/GSK3p
pathway [95,96]. On the other hand, neurons are protected from Tat by PDGF regulation of
extracellular glutamate and intracellular calcium levels [46,47,94]. Further studies in mice
showed that intrastriatal delivery of PDGF protected dopaminergic neurons in the substantia
nigra from Tat toxicity via transient receptor potential canonical channel signaling [97].
Therefore, the balance between toxic and protective factor production contributes to
neuronal survival and ultimately influences the degree of HAND and disease progression.
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Clade specificity in neuronal damage

Since neuronal damage in HIV is caused by inflammatory factors and viral proteins released
from infected and/or activated microglia/macrophages, sequence differences among
different clades or subtypes of viruses may result in varying degrees of neurotoxicity. The
HIV-1 group M consists of at least nine clades or subtypes: A-D, F-H, J and K, including
multiple common circulating recombinant forms that are believed to result from the
recombination of different viruses coexisting in an individual. Clade B is responsible for
approximately 10% of HIV infections worldwide and is predominant in the Americas,
Australia and Europe. Clade C is more common in sub-Saharan Africa and parts of India,
and is responsible for nearly 50% of infections worldwide. Several studies have addressed
the potential differences in clades with regard to immune response, neurovirulence, disease
progression and response to anti-retroviral therapy. For example, studies in Uganda where
clades A and D predominate suggest that antiretroviral-naive individuals infected with clade
D have a higher prevalence for HAND than those infected with clade A [98]. Studies from
different regions in India and in Ethiopia report different degrees of HIV-associated
cognitive impairment in antiretroviral-naive patient populations [99-104]. /n vitro studies
suggest that differences in the genomic sequence of Tat may contribute to clade-specific
neurotoxic effects. Studies comparing Tat from HIV-1 B with C suggest that the presence of
the dicysteine motif, C30C31, in B confers increased neurotoxicity in human neuronal
cultures [105]. Other studies in rat neurons explored the NMDA-mediated neurotoxic effects
of HIV-1 B Tat compared with C and found that in zinc-dependent signaling, clade C Tat
was less neurotoxic than clade B Tat [106]. Thus, among the numerous factors that impact
the degree of neurotoxicity and HAND observed in HIV patients, differences in viral protein
sequences among clades may contribute, as well.

HIV & substance abuse

Stimulants

The degree to which neurons are damaged in HIV-infected patients is significantly affected
by numerous comorbid conditions, including substance abuse. Both opiate and stimulant use
and abuse are reported to contribute to the development of HAND in HIV patients
[107,108]. Since stimulants and opioids disrupt normal dopaminergic signaling, the already-
compromised dopamine system in HIV patients is likely to be impacted even more
significantly in substance abuse patients. In HIV-infected drug-user populations, other
comorbid conditions including hepatitis C infection or poly-drug use may impact neuronal
functioning, as well. Thus, understanding the potentially unique (additive or synergistic)
effects of HIV with opioids or stimulants in patient populations becomes problematic. In this
context, many /n vitroand /n vivo studies have shown that methamphetamine, cocaine and
morphine exacerbate the neurotoxic effects of viral proteins, gp120 and Tat while enhancing
viral replication.

Studies in HIVVE patients who were methamphetamine abusers in life report extensive loss of
CB and PV-immunoreactive interneuron populations and significant loss of markers for
synapses [109]. Moreover, these patients display significantly greater cognitive deficits than
HIV patients that do not use methamphetamine [110].

In vitroand in vivo studies with methamphetamine and HIV proteins show altered
mitochondrial membrane potential and cell death, due in part to dopaminergic signaling
dysregulation [111-113]. Other /n vitro studies report activation of matrix-degrading
proteinases, induction of inflammatory factor production, autophagy and apoptosis [114—
117].
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Opioids

Dysregulation of cytokine signaling, increased oxidative damage, dendritic spine loss and
apoptosis are among the many contributors proposed to cause increased neurotoxicity of
HIV when combined with morphine [118-122]. A common element in many of these and
other studies (both /n vivoand in vitro) is the critical role of glia in mediating the neurotoxic
effects of HIV proteins and opioids [123,124]. Importantly, increased neurotoxicity from the
use of opioids in HIV patients is compounded by the expression of opioid receptors on not
only neurons, but also on astrocytes and microglia, making glial cells key mediators of
indirect neuronal damage in both infection and morphine-induced aspects of disease. One
study reported, however, that release of CCL5 from astrocytes protected neurons from M-
tropic gp120 [125]. Recently, findings report that sequence differences in gp120 from
different HIV clades determines HIV/opioid-mediated patterns of neurotoxicity [126] and
may explain, to some extent, the protective effects such as those reported for CCLS5.

Future perspective

As described in a recent review, improved CPE rankings of antiretrovirals have led to lower
viral burden in the cerebrospinal fluid and improved neurocognitive functioning in HIV
patients [47]. These findings may be indicative of neuronal sparing or recovery during HIV
infection [30]. Lower viral counts in the cerebrospinal fluid may reflect lower levels in the
brain, and neuronal damage, whether direct or indirect, may be lessened, as well, in these
cases. Enhanced contributions of host-derived neurotrophic factors could be possible as
well, given that some HIV proteins have been shown to dysregulate normal trophic factor
signaling. In combination with antiretrovirals with high CPE, adjuvant therapies aimed at
improving host response to toxic factors may be potentially important, as well. However, as
pointed out by Tan and McArthur, antiretrovirals have shown benefit for HAND where
many adjuvant therapies have not shown significant benefit [127]. Thus, gaps still exist in
our capacity to improve HAND beyond controlling viral burdens. Due to the fluctuating
state of HAND in some patients, it is clear that numerous factors are involved in CNS
disease progression. Along with comorbid conditions, other factors such as aging, CART
neurotoxicity and the emergence of more aggressive and resistant HIV strains likely play
roles in the increased susceptibility of distinct neuronal populations to damage.

In conclusion, HIV does not directly injure neurons by productive infection, but rather by
inducing the production of inflammatory factors from infected or activated macrophages and
microglia. Likewise, HIV perturbs the expression of proteins in synaptic compartments,
thereby disrupting neuronal communication [128]. These indirect mechanisms of toxicity
lead to the damage of selected neuronal populations and white matter tracts, and in many
cases result in neurocognitive impairment. A better understanding of the molecular
mechanisms underlying neuronal injury and dysfunction during the progression of neuro-
AIDS will allow for the evaluation of potential recovery and more targeted and efficacious
treatment strategies. As CART CPE improves, maintaining viral latency in the CNS becomes
a promising approach to protect neurons and alleviate HAND.
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Executive summary
HIV infection of the CNS

» HIV infects a subset of circulating immune cells, including T cells and
macrophages.

» HIV-infected macrophages traffic from the bloodstream across the blood-brain
barrier into the CNS early after infection.

» Microglia and macrophages are the main cellular targets for HIV infection and
productive viral replication in the CNS.

Viral replication in the host cell

» Viral infection of a cell depends largely on the expression of specific host cell
surface receptors, CD4, CCR5 and CXCRA4.

»  Once inside the host cell, viral replication is regulated by virus- and host-
derived factors.

HIV infection of neurons

»  Productive infection of neurons by HIV is not likely to be responsible for the
neurotoxicity observed in HIV patients’ brains.

»  Chemokines, cytokines and viral proteins released from infected and/or
activated microglia/macrophages and astrocytes are likely to be responsible for
neuronal damage.

Direct & indirect effectsof HI'V on neuronal fitness

» Viral proteins including gp120, gp41, Tat, Nef, Rev and Vpr released from
infected cells can damage neurons.

» Indirect effects of HIV on neurons involve the activation of glial cells (both
infected and uninfected) resulting in the production and release of neurotoxic
cytokines.

Neur opathology of HIV-associated infection

» HIV-associated neurocognitive disorders (HAND) range from mild to severe
(dementia).

» Combination antiretroviral therapy with increased CNS-penetrating efficiency
has resulted in increased prevalence of milder forms of HAND and fewer cases
of HIV-associated dementia.

»  With cART, HIV encephalitis, the neuropathological correlate of HAND, has
shifted from a subacute to a chronic condition.

Patter ns of neuronal damage

» Regional differences in neuronal damage in the brains of HIV-infected patients
are reported.

» Different neuronal populations vary in susceptibility to HIV-mediated damage
based in part on expression of specific cytokine, chemokine, neurotransmitter
and growth factor receptors.

»  Autopsy studies report dendritic simplification, aberrant sprouting, pruning and
dystrophic synaptodendritic connectivity.
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Figure 1. Simplified gene map of HIV-1 indicates reported effects of viral gene proteinson cells
of theCNS

HIV genes encode proteins that can be divided into three classes: structural: Gag, Pol
(polymerase) and Env (envelope gp120, gp41); regulatory: Tat (transactivator of
transcription) and Rev (regulatory for expression of viral proteins); and accessory: Vif (viral
infectivity factor), Vpu (viral protein U), Vpr (viral protein R) and Nef (negative factor).
gp: Glycoprotein; iNOS: Inducible nitric oxide synthase; LTR: Long terminal repeat.
Reproduced with permission from [30].
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Figure 2. HIV proteinsand host-derived inflammatory factor s damage human neurons

(A) Human primary neurons exposed to media from peripheral blood mononuclear cells not
infected with HIV show normal morphology with intact process branching and normal cell
bodies. (B) Neurons exposed to the supernatant from peripheral blood mononuclear cells
infected with HIV show abnormal branching with beading (arrowhead), dystrophic process
extensions (arrow) and degenerating cell bodies. Magnification = x40.
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Figure 3. Immunofluor escence labeling of human brain tissue showing loss of synaptodendritic
markersin HIV encephalitis

(A) Frontal cortex from an HIV patient with no CNS alterations, showing normal
distribution of dendrites (microtubular-associated protein 2: green) and axons
(neurofilament: red). (B) Frontal cortex from an HIV encephalitic patient showing loss of
immunolabeling for dendrites (microtubular-associated protein 2: green) and axons
(neurofilament: red). Magnification = x40.
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