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Abstract During the course of HIV-1 disease, virus neuro-
invasion occurs as an early event, within weeks following
infection. Intriguingly, subsequent central nervous system
(CNS) complications manifest only decades after the initial
virus exposure. Although CNS is commonly regarded as an
immune-privileged site, emerging evidence indicates that
innate immunity elicited by the CNS glial cells is a critical
determinant for the establishment of protective immunity.
Sustained expression of these protective immune responses,
however, can be a double-edged sword. As protective
immune mediators, cytokines have the ability to function in
networks and co-operate with other host/viral mediators to
tip the balance from a protective to toxic state in the CNS.
Herein, we present an overview of some of the essential
elements of the cerebral innate immunity in HIV neuro-
pathogenesis including the key immune cell types of the
CNS with their respective soluble immune mediators: (1)
cooperative interaction of IFN-y with the host/virus factor
(platelet-derived host factor (PDGF)/viral Tat) in the
induction of neurotoxic chemokine CXCL10 by macro-
phages, (2) response of astrocytes to viral infection, and (3)
protective role of PDGF and MCP-1 in neuronal survival
against HIV Tat toxicity. These components of the cerebral
innate immunity do not act separately from each other but
form a functional immunity network. The ultimate outcome
of HIV infection in the CNS will thus be dependent on the
regulation of the net balance of cell-specific protective
versus detrimental responses.
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Introduction

It is estimated that almost 25% of untreated HIV-1-infected
individuals and ~7% of HIV-1-infected patients treated with
combined antiretroviral therapy develop HIV-associated
dementia (HAD) (Budka 1991; Spencer and Price 1992;
McArthur et al. 1993; Sacktor et al. 2001), a neurodegen-
erative syndrome that is clinically characterized by pro-
gressive cognitive, motor, and behavioral abnormalities
(Gendelman et al. 1994; Lipton and Gendelman 1995). The
pathological manifestation of the syndrome, HIV encepha-
litis (HIVE), is accompanied by prominent microglial
activation, formation of microglial nodules, perivascular
accumulations of mononuclear cells, presence of multi-
nucleated giant cells, and neuronal damage and loss
(Gendelman et al. 1994; Bell 1998; Nath 1999). The
primary cells infected by HIV-1 in the brain are macro-
phages/microglia and, to a lesser extent, astrocytes, but not
neurons (Kaul et al. 2001). One broad explanation
frequently advocated to explain the loss of neurons in this
disease is that cellular and/or viral proteins released from
the infected cells have a direct toxic effect on the neurons
(Brenneman et al. 1988; Dreyer et al. 1990; Adamson et al.
1996; Hof et al. 1998; Kruman et al. 1998; Chen et al.
2000; Patel et al. 2000).

HIV-1 neuroinvasion occurs during the early stages of
disease; however, pathological phenotypes, like microglial
activation, astrogliosis, and neuronal loss, are not man-
ifested until late in the disease and, again, not in all infected
individuals. This leads to the speculation that the ultimate
disease outcome is a result of the balance of neuro-
protective versus neurotoxic responses. Additionally, the
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same pathways that mediate a protective response have also
been shown to play critical roles in mediating toxicity. For
example, antiviral cytokine such as IFN-y can, under
certain conditions, synergize with other inflammatory
mediators such as TNF-«, resulting in induction of
inflammatory mediators, such as the chemokine CXCL10
(Bokhari et al. 2009; Williams et al. 2009), thereby tipping
the balance from a protective physiological response to a
pathological one. Such cooperation and interplay of host
and viral factors often culminates in end-organ HIV
pathology observed in later stages of the disease. It is this
dysregulation of host responses and the dual roles of these
mediators in neuroAIDS that are the focus of this review.
Herein, we will present an overview of some of the essential
elements of the cerebral innate immunity in HIV-1 neuro-
pathogenesis, specifically in the key immune cell types of the
central nervous system (CNS).

Macrophages

Cooperative interaction of IFN-y with the host/virus
factor (PDGF/viral Tat) in the induction of neurotoxic
chemokine CXCL10

Chemokines in the brain have been recognized as essential
elements in neurodegenerative disease and related neuro-
inflammation through their regulation of inflammatory
responses (Luster and Ravetch 1987; Conant et al. 1998;
Kelder et al. 1998), thereby contributing to injury and
eventual loss of neurons (Asensio et al. 2001). Cerebral
expression of various chemokines, including CXCL10
(interferon y-inducible peptide or IP-10), and its receptor
is increased in HIVE (McArthur et al. 1993; Kolson and
Pomerantz 1996; Sanders et al. 1998; Kolb et al. 1999).
Increased levels of CXCL10 have been detected in the
cerebrospinal fluid and plasma of individuals with HIV-1
infection (Kolb et al. 1999) and in the brains of individuals
with HAD (McArthur et al. 1993; Kolson and Pomerantz
1996; Sanders et al. 1998). Importantly, the CXCL10 levels
in the CNS of HIV-l-infected individuals correlated
positively with disease progression. There is also evidence
that CXCL10 participates in the neuropathogenesis in
simian HIV (SHIV)-infected macaques (Sasseville et al.
1996; Westmoreland et al. 1998) by contributing to the
degeneration of neurons, possibly through the activation of
a calcium-dependent apoptotic pathway (Potula et al. 2004;
Sui et al. 2006). Increased CXCL10 levels are critical for
the increased migration of inflammatory cells into the CNS,
a hallmark feature of HAD (Navia et al. 1986; Nath 1999).

In the brain, CXCL10 can be induced by a variety of
factors, including viral gp120, Tat, and Nef, and cellular
host factors such as IFN-y (Kutsch et al. 2000; Asensio et
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al. 2001; van Marle et al. 2004). Although both the cellular
(IFN-y and TNF-«) (Ohmori and Hamilton 1993;
Majumder et al. 1998b) and viral factors (Tat and gp120)
(Kutsch et al. 2000; Asensio et al. 2001) are known to
cooperatively induce CXCL10, it remains unclear how the
interplay of host factors and virus modulates chemokine
expression. In fact, it has been shown that interactions of
soluble host factors can synergistically induce the expression
of CXCL10 (Ohmori and Hamilton 1993, 1995; Majumder
et al. 1998a, b). In addition to the known inflammatory
mediators, over-expression of the growth factor such as the
platelet-derived growth factor (PDGF)-B chain has been
demonstrated in the brains of macaques with SHIV-E (Sui
et al. 2003; Potula et al. 2004). PDGF has been implicated
in the pathogenesis of various inflammatory diseases (Ross
et al. 1984, 1985, 1986; Ross and Raines 1988; Antoniades
et al. 1990). In addition to enhanced expression of IFN-y,
there is also an increased expression of PDGF-B chain in
the brains of macaques with SHIV-E (Lane et al. 1996;
Orandle et al. 2002; Shapshak et al. 2004).

There is an increasing cumulative evidence that activated
mononuclear phagocytes (macrophages/microglia) releas-
ing inflammatory mediators in the CNS are a better
correlate of HIV-associated neurocognitive disorders
(HAND) than the actual viral load in the brain. The
complex interplay of inflammatory mediators released by
macrophages often leads to the induction of neurotoxins in
HAD. Dissection of these complex interplays has led to the
finding that, while PDGF alone had no effect on the
induction of CXCL10 in human macrophages, in conjunc-
tion with I[FN-y, it significantly augmented the expression
of CXCL10 RNA and protein through transcriptional and
posttranscriptional mechanisms. Signaling molecules, such
as JAK and STATs, PI3K, mitogen-activated protein kinase
(MAPK), and NF-kB, were found to play a role in the
synergistic induction of CXCL10 (Dhillon et al. 2007).
Furthermore, PDGF via its activation of p38 MAPK was
also able to increase the stability of IFN-y-induced
CXCL10 mRNA (Dhillon et al. 2007).

Another mechanism of increased CXCL10 expression in
the CNS occurs via the interplay of HIV-1 protein Tat and
IFN-y in macrophages (Dhillon et al. 2008). Synergistic
induction of CXCL10 by both Tat and IFN-y was
susceptible to inhibition by the MEK1/2 inhibitor U0126
and the p38 MAPK inhibitor SB203580. In addition, JAK/
STAT pathway was shown to play a major role in Tat/IFN-
y-mediated CXCL10 induction in macrophages (Dhillon et
al. 2008). Thus, the cooperative interaction of Tat and IFN-
v resulted in enhanced chemokine expression, which in
turn can manifest as an amplified inflammatory immune
response within the CNS of patients with HAD, by a
mechanism involving an increased recruitment of lympho-
cytes/monocytes in the brain.
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Astrocytes
Response of astrocytes to viral infection

While abundant studies support the role of macrophages
and microglia in HIV-1-induced CNS damage, other glial
cells such as astrocytes are also important contributors to
neuronal pathology and inflammation. In addition to
macrophages, astrocytes, the most numerous cell type
within the brain, provide a very important reservoir for
the generation CXCL10 (Dong and Benveniste 2001;
Thompson et al. 2001; Minagar et al. 2002). In fact, it is
becoming increasingly appreciated that the severity of
HAD/HIVE correlates more closely with the presence of
activated glial cells rather than with the presence and
amount of HIV-infected cells in the brain. It is known that
proinflammatory cytokines, IFN-y and TNF-«, are mark-
edly increased in CNS tissues during HIV-1 infection in the
brain and are implicated in the pathophysiology of HAD
(Wesselingh et al. 1997; Shapshak et al. 2004). One
mechanism for the induced expression of CXCLI10 in
astrocytes has been via the synergistic induction of both
IFN-y and TNF-oc (Majumder et al. 1998b). Additionally,
HIV-1/HIV-1 proteins in the CNS can further interact with
these proinflammatory cytokines to further dramatically
induce the expression of CXCL10 in the brain (Kutsch et
al. 2000; Asensio et al. 2001). In fact, recent findings have
demonstrated a synergistic induction of CXCL10 mRNA
and protein in human astrocytes exposed to HIV-1/HIV
proteins Tat and the proinflammatory cytokines. Signaling
molecules, including JAK, STATs, MAPK (via activation of
ERK1/ 2 and p38), and NF-kB, were identified as key
players in the synergistic induction of CXCL10.
Furthermore, dissection of mechanisms involved in the
synergistic induction of CXCL10 clearly points to the role of
oxidative stress as a major player in this process. HIV-1-
induced oxidative stress in astrocytes has been shown to be a
critical determinant of the NF-kB-targeted genes, specifically
CXCL10 (Song et al. 2007). One mechanism by which
oxidative stress is able to impact signaling pathways and their
corresponding transcription factors is through a respiratory
burst orchestrated by the activation of NADPH oxidase
(Sundaresan et al. 1995; Wang et al. 1998; Adler et al. 1999;
Park et al. 2004; Turchan-Cholewo et al. 2009). NADPH
oxidase, a multi-subunit membrane associated enzyme, is
capable of producing superoxide (Chanock et al. 1994;
Babior 1999; El-Benna et al. 2005; Raad et al. 2008). It has
recently been demonstrated that treatment of astrocytes with a
mixture of Tat and the inflammatory cytokines resulted in a
respiratory burst, an effect that was abrogated by apocynin, an
NADPH oxidase inhibitor (Williams et al. 2010). Treatment
with apocynin also decreased CXCLI10 expression in Tat-,
IFN-y-, and TNF-«-stimulated astrocytes. This synergistic

induction involved the activation of the ERK1/2, JNK, and
Akt pathways with downstream translocation of NF-«kB.

Neurons
Paradoxical roles of chemokines in HAND

In the brains of individuals with HAD, upregulation of
chemokines in the CNS is often considered a correlate of
neuroinflammation. However, recent increasing evidence
raises the possibility that, in addition to their role as
chemoattractants, chemokines might also act as neuro-
transmitters or neuromodulators (Rostene et al. 2007). A
classic example of this is the chemokine fractalkine, which
is not only a neuroimmune modulator recruiting peripheral
macrophages into the brain but can also function as a
neuroprotective factor (Tong et al. 2000). Similar to
fractalkine, CCL2 has also been demonstrated to protect
cardiac myocytes from hypoxia-induced apoptosis (Tarzami
et al. 2005). CCL2 is a constitutively expressed chemokine
in the normal brain that is produced by a variety of CNS
cells. It has been demonstrated that CCL2 can function not
only to recruit monocytes into the CNS of HIV-1 patients
but also to play a critical role in the protection of fetal
neurons against HIV-1 Tat toxicity (Eugenin et al. 2003). A
recent study also identified an additional role for CCL2,
that of neuroprotection against HIV-1 Tat toxicity in rat
primary midbrain neurons involving transient receptor
potential canonical (TRPC) (Yao et al. 2009b).

Similarly, newer pleiotrophic roles of the chemokine
fractalkine are also becoming increasingly appreciated in
the literature. Specifically, although fractalkine is a known
chemoattractant, it can also function to regulate neuronal
survival via its antiapoptotic effects (Meucci et al., 1998;
Meucci et al., 2000).

In addition to the ability of the chemokines to exert diverse
functions in varying cell types, there are other intrinsic
mechanisms within the host that can manifest the pleiotropic
nature of these chemokines. For example, it is well recognized
that the activity of many neuroactive peptides is modulated by
bioactive fragments, which are formed by the action of a
variety of peptidases. This phenomenon appears to represent
an important regulatory mechanism that modulates many
neuropeptide systems. Similar processing of chemokines
resulting in the alteration of their functions has recently been
reported for the chemokine SDF-1x. These studies showed
that, in addition to its direct neurotoxic effect, cleaved
chemokine SDF (5-67) could actually amplify the HIV-
induced ‘“bystander” neurotoxicity. Herein, the authors
elegantly demonstrated that the proteolytic cleavage of SDF
resulted in a peptide that was highly immunogenic and that
contributed to HIV neurodegeneration through engagement of
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a chemokine receptor, CXCR3 (Vergote et al. 20006).
Furthermore, this indirect effect occurred at a concentration
range that was 100 times lower than the concentration
required to induce a direct neuronal death. This is a classic
example demonstrating yet another mechanism by which
proteins can acquire neuropathogenic properties following
proteolytic processing.

In response to cellular damage, the host is also capable
of producing trophic growth factors (PDGF, fibroblast
growth factor—FGF, or nerve growth factor—NGF) that
may protect the neuronal, glial, and other resident cells of
the brain. These neurotropic growth factors also play
somewhat paradoxically diverse roles during the progres-
sion of CNS infection by promoting increased viral
replication or cooperating with viral and/or host factors
that promote neuronal degeneration. Many of these trophic
factors also provide protection of neurons against the
neurotoxic factors (cytokines, chemokines, and viral prod-
ucts). We previously demonstrated that, while PDGF
expression in activated mononuclear phagocytes was
closely associated in macaques with SHIV-E (Potula et al.
2004), its expression in the neurons correlated with
neuronal fitness (Peng et al. 2008b). Thus, depending on
the cell type within the tissue, the same host factor can
manifest diverse activation responses. Figure 1 illustrates
the complex interactions that exist among trophic growth
factors and cytokines/chemokines/viral proteins in the
brains of HIV-infected patients. The ultimate outcome of
infection in the CNS (neuronal survival versus damage) is a
result of the ensuing shift in balance between the neuro-
trophic versus neurotoxic products manifested over time

Fig. 1 Imbalance of neurotro-
phic versus neurotoxic factors
in the CNS leads to develop-
ment of HAND. In the normal
brain, neuronal homeostasis is
maintained by an increased
expression of neurotrophic
factors compared with the
neurotoxins. High levels of
neurotrophic factors are neuro-
protective. On the other hand,
following injury or virus infec-
tion, an increased expression

of neurotoxins in the CNS shifts
the balance to a diseased state
that is exemplified as neuronal
loss

Normal Brain

HAND
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following infection. Recent findings demonstrated that
PDGF-BB protected the neurons against gpl20-mediated
apoptosis as measured by lactate dehydrogenase and
deoxynucleotidyltransferasemediated dUTP nick end label-
ing assay (Peng et al. 2008b). Antiapoptotic effects of
PDGF-BB were also confirmed by regulation of caspase-3
activation and by examining levels of anti- and proapop-
totic genes, Bcl-xL and Bax, respectively (Peng et al.
2008b). Further studies indicated the roles for both PI3K/
Akt and Bcl family pathways in PDGF-mediated neuro-
protection in SH-SYSY cells (Peng et al. 2008a). In
addition, it was also demonstrated that PDGF was able to
rescue dopaminergic neurons from HIV Tat neurotoxicity in
vivo (Yao et al. 2009a). The confirmation of the neuro-
protective role of PDGF against Tat toxicity was also
corroborated in vitro in primary cultures of rat midbrain
neurons. H. Yao and colleagues demonstrated a novel role
of the Ca?"-permeable channel TRPC in PDGF-mediated
neuroprotection in rat neurons that indicated an exogenous
PDGF-activated TRPC results in the amplification of
downstream ERK signaling via the Pyk2 pathway, followed
by nuclear translocation of CREB and ultimately culminat-
ing in neuronal survival (Yao et al. 2009a). These studies
implicate the robustness of PDGF neuroprotective ability
against a range of diverse HIV-1 proteins.

Conclusion

During HIV-1 infection, cytokines/chemokines, elaborated
initially as protective immune mediators, have the potential

Neurotoxins

Cytokine, Chemokine, HIV proteins

Neurotoxins

Cytokine, Chemokine, HIV proteins




J Neuroimmune Pharmacol (2010) 5:489—495

493

to function in networks and can co-operate with other host/
viral mediators to tip the balance from a protective to a toxic
response in the CNS. A better understanding of the basic
mechanisms of HAND is thus critical for the development of
treatments for neurological compliant of AIDS.
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