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Abstract
Human immunodeficiency virus type one (HIV-1) associated neurocognitive disorders (HAND)
can affect < 50% of infected people during the disease course. While antiretroviral therapies have
substantively increased the quality of life and reduced HIV-1 associated dementia, less severe
minor cognitive and motor deficits continue. Trafficking of HIV-1 into the central nervous system
(CNS), peripheral immune activation, dysregulated glial immunity, and diminished homeostatic
responses are the disease-linked pathobiologic events. Monocyte-macrophage passage into the
CNS remains an underlying force for disease severity. Monocyte phenotypic may change at an
early stage of cell maturation and immune activation of hematopoietic stem cells. Activated
monocytes are pulled into the brain in response to chemokines made as a result of glial
inflammatory processes, which in turn cause secondary functional deficits in neurons. Current
therapeutic approaches are focused on adjunctive and brain-penetrating antiretroviral therapies.
These may attenuate virus-associated neuroinflammatory activities thereby decreasing the severity
and frequency of HAND.
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Introduction
Human immunodeficiency virus-1 (HIV-1) targets CD4+ expressing cells that include a
subset of lymphocytes and a broad range of mononuclear phagocytes (MP; monocytes,
dendritic cells, tissue macrophages and microglia). Over time this leads to profound
immunodeficiency and an increased host susceptibility to a broad range of opportunistic
infections (Ong, 2008). Moreover, continuous viral replication can directly impact end-
organ dysfunction, particularly in the lung and central nervous system (CNS) (Everall et al.,
2009; Hull et al., 2008). The advent of antiretroviral therapy (ART), however, has
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significantly changed the landscape of HIV neuropathogenesis (Cysique and Brew, 2009).
Disease is no longer a result of continuous productive virus-infection and activation of brain
MP but rather a result of more limited infection and neuroinflammation. Although
widespread ART usage in resource available settings has increased life expectancy for virus-
infected individuals with a concomitant decrease in disease morbidities (Achmat and
Simcock, 2007; Aracena-Genao et al., 2008), neurological complications continue to persist.
This may be attributed to viral mutation and ART resistance; failure of drugs to access viral
sanctuaries and toxicities or poor compliance to complex ART regimens (Battegay and Elzi,
2009; Blankson, 2006; Kiertiburanakul and Sungkanuparph, 2009; Krusi et al., 2009). Illicit
drug usage (Cabral, 2006) and lack of ART availability (Cohen, 2007) may also influence
neurological disease manifestations. Of these, the most feared long-term complication of
HIV-1 disease is cognitive dysfunction.

During the disease course, it is estimated that the prevalence of disease may as many as 50%
of HIV-1-infected individuals will suffer from some form of impairment if asymptomatic
neurocognitive disorder is included (McArthur et al., 2005). Although HIV-1 associated
dementia (HAD), the most severe form of CNS impairment, has been reduced significantly
incidence, now affecting <7% of infected people following ART, a concomitant increase in
minor cognitive impairments is emerging (Fischer-Smith and Rappaport, 2005). The
spectrum of such neurocognitive impairment, now termed HIV-1 associated neurocognitive
disorders (HAND), includes asymptomatic neurocognitive impairment and varying degrees
of HIV-associated mild neurocognitive disorders (Antinori et al., 2007). HAND is
associated with immune suppression. Chronic neuroinflammation causes a metabolic
encephalopathy that is fueled by MP viral infection and immune activation (Langford, et al,
2003; Yadav and Collman, 2009; Zheng and Gendelman, 1997). In the pre-ART era, this
often paralleled the development of HIV-1 encephalitis (HIVE), a pathological correlate of
HAD. Neuropathologically, HIVE is characterized by formation of multinucleated giant
cells (Sharer et al., 1985), myelin pallor (Petito et al., 1986), formation of microglial
nodules, astrogliosis, productive viral replication, and neuronal dropout (Masliah et al.,
1996; Ances and Ellis, 2007). While incidence of HIVE is now quite rare in the setting of
ART, more subtle neuropathological alterations are common. These include blood-borne
monocyte brain infiltration and limited gliosis (Everall et al., 2005). Indeed, it is uncertain
whether or not ongoing viral replication in the brain is required for the development of
milder forms of HAND. Limited histopathologic aberrations in the brain characterize mild
cognitive dysfunction, leading to the speculation that glial activation may be a key
determinant driving the process (Everall et al., 2005).

ART can also lead to a reversal of severe cognitive dysfunction (Gendelman et al., 1998).
Nonetheless, and despite changes in disease severity, viral reservoirs within the CNS remain
common and significant (Kramer-Hammerle et al., 2005). Virus can enter the brain as cell-
free progeny, in monocyte-macrophages or in T cells (Banks et al., 2004). Restricted HIV-1
infection continues in circulating monocytes and resting CD4+ lymphocytes (Lambotte et
al., 2003). Furthermore, both cell types can productively replicate virus following cell
differentiation and activation (Alexaki et al., 2008) and, in this way enable viable cellular
reservoirs for HIV-1 to ensue and evade ART (McGee et al., 2006). Intriguingly, HIV-1 can
cross the blood brain barrier (BBB) through blood-borne monocytes, thereby escaping
immune surveillance (Nottet et al., 1996; Persidsky et al., 1997). The specific mechanism(s)
by which inflammatory cells are recruited into the CNS revolves around peripheral immune
activation (push) and an established chemokine gradient (pull) established within the CNS
as a result of viral infection and glial immune activation (Dhillon et al., 2008; Persidsky et
al., 1999; Shacklett et al., 2004). There exists a carefully orchestrated cooperation between
chemokine release from the CNS and chemotaxis and differentiation of monocyte progenitor
cells from the bone marrow (Hasegawa et al., 2009; Soulas et al., 2009; Westhorpe et al.,
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2009). This cooperation, in turn, ultimately culminates into neuroimmune inflammatory
responses and neuronal impairments (Coleman and Wu, 2009).

Crosstalk between the peripheral and CNS immunity
A Trojan horse cell model can explain how HIV-1 infected monocytes escape immune
surveillance (Gendelman et al., 1985; Haase, 1986). The “pull” for viral entry is through
CNS produced chemokines, such as monocyte chemoattractant protein (MCP)-1 and the
IFN-γ inducible peptide, CXCL10, while the “push” is initiated by peripheral immune
activation (Asensio et al., 2001; Fischer-Smith et al., 2008a; Yadav and Collman, 2009)
(Figure).

Once in the brain, HIV-1 infected blood-borne macrophages secrete pro-inflammatory
cytokines such as, tumor necrosis factor alpha (TNF-α), interleukin-1 beta (IL-1β), and viral
proteins such as HIV-1gp120 and Tat. These all can affect neuronal function (Brabers and
Nottet, 2006). While it is now known which of the viral and cellular factors most affect
neuronal compromise prior reports suggest they work in synergy to drive M1 polarization
for the brain macrophage and microglia (Kraft-Terry, Buch et al. 2009). Within the brain,
astrocytes serve as a principal regulator for neural homeostasis (Eugenin and Berman, 2007;
Wang et al., 2008a; Wang et al., 2008b). These cells, interestingly, exhibit conflicting roles
in HIV-related neuronal function. For example, Genis et. al. found that astrocytes initially
elicit a neurotoxic secretory response in macrophages during HIV-1 infection (Genis et al.,
1992), leading to upregulation of arachidonic acid and its metabolites, quinolinic acid,
chemokines and cytokine secretions. Dependent on viral infection and neuroimmune
activation, astrocytes can modulate a macrophage phenotype resulting in either neurotoxicity
or neuroprotection (Wang et al., 2008b). Astrocytes can also affect autocrine and paracrine
inflammatory cascades contributing further to immune activation, viral infection and cellular
ingress across the BBB (Nottet and Gendelman, 1995) (Figure).

Monocyte-Macrophage Subsets and CNS Entry
Monocytes restrict viral growth, and the viral life cycle only goes to completion after
monocytes differentiate into macrophages (Coleman and Wu, 2009). A subset of CD16+
monocytes (<5% of total monocyte cell pool) may be linked to HIV-1 infection of the brain.
CD16+ monocytes harbor HIV-1 and are readily infected by the virus (Jaworowski et al.,
2007) (Figure). Cell-specific viral spread offers an explanation as to how monocytes can
carry HIV-1 into the brain and become a source for viral dissemination (Ellery et al., 2007).
Interestingly, HIV-1 infected monocytes are resistant to apoptosis thus permitting their roles
as long-term viral reservoirs (Giri et al., 2009). Such resistance to apoptosis could also serve
as a mechanism for host survival in an effort to sustain this cell subset despite ongoing viral
infection.

CD163, a macrophage scavenger receptor, is also found on MP. It is linked to HIV-1
neuroinvasion and ongoing viral infection (Onofre et al., 2009). CD163 is localized
primarily on perivascular brain macrophages and to a more limited extent in resident
microglia (Kim et al., 2006; Roberts et al., 2004). CD163 is upregulated during both HIVE
and simian immunodeficiency virus (SIVE) and has been linked to ongoing viral infection
(Roberts et al., 2004). Productively infected cells in the brains demonstrate co-localization
of both CD163+ and CD16+ (Fischer-Smith et al., 2008a). Targeting therapies to eliminate
CD163+ and CD16+ double positive cells may be a unique avenue for developing
therapeutics (Fischer-Smith et al., 2008b).

Pools of CD34+ hematopoietic stem cells have the potential to be infected and serve as viral
reservoirs (Ruiz et al., 1998). Once incorporated, HIV-1 DNA can be transmitted to
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uninfected cells upon stem cell differentiation. CD34+ hematopoietic stem cells can renew
as many as 70% of the pool of CD68+ brain perivascular macrophages (Soulas et al., 2009).
Importantly, cell differentiation is disrupted during HIV-1 infection, therefore resulting in
decreased cellular replenishment (Westhorpe et al., 2009). Importantly, monocyte turnover
has been linked to disease progression during cellular recycling (Hasegawa et al., 2009).

Blood Brain Barrier (BBB)
The BBB plays a central role in the development of HAD serving as the conduit by which
free virus and infected immune cells enter the brain from the circulatory system (Banks et
al., 2000; Nottet et al., 1996; Persidsky et al., 1997). A number of laboratory animal models
and human studies demonstrated BBB breakdown as a consequence of progressive HIV
infection and immune compromise (Dallasta et al., 1999; Kanmogne et al., 2002; Persidsky
et al., 2000). BBB dysfunction is more frequent in AIDS patients with dementia, as
compared with AIDS patients without dementia or seronegative controls (Avison et al.,
2004; Toborek et al., 2003). Such BBB breakdown may enhance entry of toxins, free virus,
infected and/or activated monocytes, and lymphocytes into the CNS, thus spreading HIV-1
infection to brain macrophages and microglia. Structurally, the BBB is composed of
specialized nonfenestrated human brain microvascular endothelial cells (HBMECs)
connected by intercellular junctions in an impermeable monolayer devoid of transcellular
pores. Infiltration of monocytes across the BBB has been a subject of excellent reviews.
(Ivey et al., 2009; Persidsky et al., 2006).

Cellular products and viral proteins secreted by infected cells likely play an important role in
BBB impairment and in the development of HAD. Increasing evidence suggests that the
HIV-1 envelope protein gp120 and/or Tat can also cause BBB changes. Mechanism of
HIV-1 gp120-mediated cytotoxicity to the brain endothelium (Kanmogne et al., 2002;
Kanmogne et al., 2005) resulting in downregulation and rupture of tight junction proteins
(TJPs) in HBMECs involves PKC signaling pathways and receptor mediated [Ca2+] release.
Indeed, increased BBB microvascular permeability is due to degradation of TJPs by the
proteasome induced by HIV-1. Similarly, intracranial injections of HIV Tat in rats and mice
induce perivascular cuffing with monocyte infiltration and breaches in BBB integrity
including the TJP (Andras et al., 2005; Jones et al., 1998). Tat-mediated alteration of tissue
redox status has been shown to affect the integrity of the cell junction system through the
ERK1/2 pathway, leading to the disruption of the BBB (Pu et al., 2005).

Adaptive Neuroimmunity
CD8+ cytotoxic T cells (CTL) can elicit the death of virus-infected cells (Yamamoto and
Matano, 2008). Most CTLs express T-cell receptors that can recognize a specific antigenic
peptide bound to Class I major histocompatability complex (MHC) molecules (Bangham,
2009). The affinity between CD8 and the MHC molecule keeps the CTL and the target cell
bound closely during antigen-specific activation (Gulzar and Copeland, 2004). More
recently, regulatory T cells (Treg) have been shown to exert cell killing as well as
immunosuppressive effects (Kinter et al., 2007). Both CTLs and Tregs are important for
immune surveillance and homeostasis and hence show potential for therapeutic applications.
Importantly, the ability of CTLs to target HIV-1 infected cells has been exploited for the
development of HIV-1 vaccines (Masopust, 2009). These cells also play critical roles in
clearance of virus- infected cells during the course of infection (Gruters et al., 2002). In
rhesus macaques infected with SIV and in humanized mouse models of HAD, CTLs have
been shown to clear HIV-1 infected macrophages within the brain (Persidsky et al., 2006;
Poluektova et al., 2002). Alternatively, CTLs present in the CNS may affect HIVE and
ongoing neurodegeneration (Petito et al., 2006). Similarly, in patients with immune
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reconstitution inflammatory syndrome, increases in CTLs parallel poor disease outcomes
(Gray et al., 2005).

In recent years, Tregs have become a pivotal area of study due to their immunosuppressive
effects. These cells are CD4+, CD25+, FOXP3+ expressing cells that are known to also
secrete IL-10 and transforming growth factor beta (TGF-β). In peripheral blood
mononuclear cells from HIV-1 infected individuals, Tregs secreting IL-10 and IFN-γ appear
to have a dual regulatory role in the disease (Torheim et al., 2009). HIV-1 resistant sex
workers have decreased T cell activation and increased populations of Tregs compared with
their uninfected counterparts (Card et al., 2009). In humanized mice wherein HIVE is
induced by administration of virus-infected bone marrow-derived macrophages in the
subcortex, adoptive transfer of activated Tregs attenuates astrogliosis and microglial
activation leading to profound neuroprotective effects (Liu et al., 2009). These findings shed
insights into the beneficial role of Tregs in the control of HIV-1 infection.

This being said, there is also evidence that increases in Treg populations are not always
beneficial. In studies of chronically infected HIV-1 individuals, expanding Treg populations
were found to accelerate HIV-1 disease and T cell activation. These findings provide
evidence that the beneficial effects of Tregs may be limited and that the activation of these
cells can be a double-edged sword (Cao et al., 2009). While Tregs have the potential to
control neurodegeneration in HIV-1 infection, their role in systemic disease progression
must also be considered. Taken together, the anti-inflammatory and immunosuppressive
actions of Tregs may lead to overall beneficial outcomes in a variety of neurodegenerative
diseases (Huang et al., 2009).

Chemokines
Monocyte and leukocyte passage into the CNS would not occur without the complex
chemokine gradient that is established during HIV-1 infection. Chemokine involvement in
HIV-1 neuropathogenesis is well-recognized because of their abilities to: (i) recruit HIV-1-
infected immune cells into the brain, (ii) serve as mediators for inflammatory responses, and
(iii) serve as ligands for HIV-1 co-receptors, specifically CXCR4 and CCR5 (Hesselgesser
et al., 1998). Chemokines recruit monocytes/macrophages and lymphocytes into the brain
(Conant et al., 1998). Cerebral expression of various chemokines and their receptors is
increased in HIVE. MCP-1/CCL2, a member of the C–C subfamily of chemokines, is the
most potent of a variety of monocyte chemoattractants with diverse immunological
functions (Deshmane et al., 2009).

CCL2 is considered to be a critical factor involved in the infiltration of monocytes and
lymphocytes across the BBB during CNS inflammation. Numerous studies strongly suggest
that increased CCL2 expression in the CNS is associated with enhanced progression of
HIVE (Dhillon et al., 2008). The chemokine is overexpressed during HIVE and accumulates
in the CSF and brains of immunocompromised patients with HAD and HIVE and in
macaques with SIVE (Mankowski et al., 2004; Monteiro de Almeida et al., 2006; Monteiro
de Almeida et al., 2005). Chemokines can also promote virus replication and contribute to
injury and eventual loss of neurons (Asensio and Campbell, 1999; Miller and Meucci,
1999).

In addition to CCL2, another chemokine, CXCL10 (interferon γ-inducible peptide) has also
been detected in the CSF of individuals with HIV-1 infection (Kolb et al., 1999). CXCL10 is
a secreted polypeptide of 10 kDa that was first identified as an early response gene induced
after IFN-γ treatment in a variety of cells. CXCL10 is present in the CSF of all HIV-1
infected patients but is absent in uninfected individuals (Christo et al., 2009). In regards to
mechanisms for how CXCL10 is regulated, it has been shown that the HIV-1 envelope
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glycoprotein gp120 can induce CXCL10 gene expression in astrocytes in vivo and in vitro,
independent of IFN-γ (Asensio et al., 2001).

Immunohistochemical studies have revealed upregulation of some chemokines and
chemokine receptors in the brains of patients with HIV and HIVE. In brain tissues from
patients with HIVE, the presence of chemokines and chemokine receptors were found to be
most abundant in microglial nodules and in astrocytes. The expression levels of CCR1,
CCR3, CCR5 and CXCR4 were all increased in macrophages/microglia, especially in
microglial nodules, with the presence of CCL2, MIP-1α/CCL3 and RANTES/CCL5 linked
to histopathological signs of HIVE. Furthermore, CCR3 and/or CXCR4 were also highly
expressed in pyramidal neurons within the hippocampus. Increased CXCR3 expression was
typically found in areas of the brain that were pathologically abnormal. Understanding the
underlying mechanisms that lead to the migration of HIV-1 infected monocytes from the
periphery into the CNS can be considered in therapeutic strategies. If monocyte infiltration
to the brain can be controlled disease may be attenuated.

In the brains of individuals with HAND, upregulation of chemokines in the CNS is often
considered a correlate of neuroinflammation. However, recent evidence raises the possibility
that, in addition to their role as chemoattractants, chemokines might also act as
neurotransmitters or neuromodulators (Rostene et al., 2007). One example of this is the
chemokine fractalkine that serves to attract peripheral macrophages into the brain and as a
neuroprotective factor (Eugenin et al., 2003; Tong et al., 2000). Moreover, it can also
function to regulate neuronal survival through its antiapoptotic effects (Meucci et al., 1998;
Meucci et al., 2000).

Although CCL2 has been linked to the neuropathogenesis of HIV-1 infection (Ansari et al.,
2007) it also possesses beneficial functions. These include its neurotrophic (Bolin et al.,
1998), neuromodulatory (Gosselin et al., 2005), and neurohormonal actions (Melik-
Parsadaniantz and Rostene, 2008). CCL2 has been shown to protect neurons against HIV-1
Tat toxicity (Eugenin et al., 2003; Yao et al., 2009). Additionally, processing of chemokines
resulting in alteration of their functions has recently been reported for the chemokine
stromal cell-derived factor 1 (SDF-1α). This is an apparent regulatory mechanism that
modulates many neuropeptide systems. Herein, the proteolytic cleavage of SDF-1α results
in a highly immunogenic peptide, that, in turn, affects HIV neurodegeneration through
engagement of the chemokine receptor, CXCR3 (Vergote et al., 2006). This demonstrates a
unique 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
[platelet-derived growth factor (PDGF), fibroblast growth factor, nerve growth factor or
brain derived neurotropic factor] that may protect neuronal, glial and other resident cells of
the brain. These neurotrophic growth factors also play somewhat paradoxically diverse roles
during the progression 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 to neurons against neurotoxic factors
(cytokines, chemokines and viral products). Previously, it was demonstrated that while
PDGF expression in activated MP was closely associated with SIV or chimeric SHIV-
neuropathogenesis in macaques (Potula et al., 2004), its expression in neurons correlated
with neuronal fitness (Peng et al., 2008). Thus, depending on the cell type within the tissue,
the same host factor can manifest diverse activation responses. The ultimate outcome of
infection in the CNS (neuronal survival versus damage) is thus a result of the ensuing shift
in balance between the neurotrophic versus neurotoxic products manifested over time
following infection.
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Therapeutic Developments
Harnessing MP Function for Therapeutic Benefit

Drug penetration past the BBB into the CNS has long been an obstacle in treating HIV-1.
HIV-1 protease inhibitors are known to have poor CNS penetration, while other HIV-1
therapies such as zidovudine (AZT) have very efficient BBB penetration (Letendre et al.,
2008; Varatharajan and Thomas, 2009). This being said, BBB permeability is only
beneficial for controlling CNS HIV-1 infection if HIV-1 therapies themselves are not
neurotoxic.

More recently, efforts are being made to develop nanoparticulate-antiretroviral therapy
(nanoART). Nanoparticles (NP) are being investigated for medicinal application in a variety
of fields. Much effort has been placed in finding long-acting forms of injectable
antiretrovirals to circumvent the challenges of therapy adherence currently faced by HIV-1
infected individuals (Baert et al., 2009; Govender et al., 2008). To specifically target the
CNS, NP are synthesized with various combinations of ART therapies to be taken up by
monocytes and carried into the CNS for release at sites of HIV-1 infection. These therapies
will provide sustained release of ART within the CNS for days to weeks. For example, Dou
et al. demonstrated that in an HIV-1 rodent model, injection of indinavir nanoART reduced
HIV-1 replication within the HIVE brain (Dou et al., 2009). Some groups have begun to
coat particles with antibodies (Beduneau et al., 2009) or proteins such as HIV-1 Tat (Berry,
2008) for better uptake and cellular localization. Others have used p24 loaded and coated NP
to elicit a systemic CTL response, which has proven effective in mice (Aline et al., 2009). A
comprehensive review of nanoART and other CNS penetrating therapies has recently been
published (Nowacek and Gendelman, 2009). Such approaches are providing new avenues
for treating or even preventing the spread of HIV-1 in the brain.

Adjunctive Therapeutics
ART is becoming increasingly effective as efforts are made to decrease side effects while
improving drug combinations to combat virus mutation. With ever decreasing levels of
HAD, more minor cognitive impairment must not be ignored. Many efforts are being made
to improve penetrability of ART past the BBB, but efforts must proceed with caution.
Recent studies have found that improved CNS penetration of ART can (Cysique et al., 2009)
but does not always correlate with a decrease in the prevalence of cognitive impairment
(Marra et al., 2009). In fact, studies by these authors demonstrated that increases in CNS
penetrence of HIV-1 drugs resulted in decreased cognitive performance. This highlights the
importance of considering drug toxicity and elicited cellular response for various ART
regiments before working on methods to enhance CNS entry. Many therapies being
developed in animal models of neurodegenerative disorders, like Parkinson’s and
Alzheimer’s disease, are being applied toward HAND treatments.

One such adjunctive therapy is a platelet activating factor (PAF) antagonist, PMS-601, that
has been demonstrated to reduce many of the classic signs of HAND, including:
microgliosis and multinucleated giant cell formation (Eggert et al., 2009b). PAF is a
downstream metabolite of arachidonic acid, known to play roles in inflammation and
regulation of the immune response by controlling platelet aggregation. PAF receptors are
increased in neurons during HAND and contribute to PAF neurotoxicity (Bellizzi et al.,
2005). ART is also known to decrease PAF activity (Tsoupras et al., 2008). When used in
combination with PAF antagonists, HIV-1-associated neurodegeneration could be
substantially decreased.

Other therapies being explored include sodium valproate (Schifitto et al., 2006), those that
regulate mixed-lineage kinase pathways such as CEP-1347 (Eggert et al., 2009a), N-methyl-

Kraft-Terry et al. Page 7

Neurobiol Dis. Author manuscript; available in PMC 2011 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



D-aspartic acid antagonists such as memantine (Anderson et al., 2004), and lithium
(Schifitto et al., 2009). All of these are also being developed as therapies for other
neurodegenerative disorders and may prove successful in improving disease outcomes for
HAND. These and other adjunctive therapies have recently been reviewed in the context of
neuroAIDS (Crews et al., 2009) (Perry et al., 2005). While adjunctive therapies are proving
mildly successful, there has been no drastic decrease in HAND as a result of therapy. This
provides an open area for future research. A successful approach can combine CNS
penetrating nanoART with adjunctive therapies to positively affect neurocognitive
symptoms.

Conclusions
CNS complications of HIV-1 infection have evolved considerably since the widespread use
of ART. Reduced severity of disease has paralleled lowered viral replication and reduced
overt neuropathology. What remains are neuroinflammatory responses heralded by low
levels of viral replication, disordered glial crosstalk and monocyte transmigration into the
CNS. With antiretroviral treatments that specifically target the CNS and adjunctive therapies
now becoming available, eliminating virus (and virus-mediated activation) in the brain is a
realistic goal. Understanding the signals that lead to their passage into the brain and in
attenuating viral growth and inflammatory responses within the CNS will ultimately lead to
the elimination of HAND.
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Figure 1.
Immune competent peripheral blood monocytes derived from CD34+ hematopoietic stem
cells show enhanced proliferation rates in response to HIV-1 infection and a pro-
inflammatory environment. Cells are pushed into the CNS in response to activation signals.
Simultaneously, infected monocytes are drawn into areas of the brain viral infection by the
presence of chemokines and pro-inflammatory factors elicited as a result of HIV-1 infection
and ongoing neuroinflammatory responses. Once in the brain, HIV-1 infected perivascular
macrophages and microglia elicit neurotoxic effects on surrounding neurons and affect
astrocyte immunity resulting in amplifications of ongoing inflammatory responses from
endothelial cells, resident microglia and infiltrating blood borne monocyte-macrophages.
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Adaptive immunity serves in regulatory and effector functions (including HIV-1 specific
CTL) in curtailing ongoing inflammatory responses and in anti-HIV-1 surveillance,
respectively.

Kraft-Terry et al. Page 16

Neurobiol Dis. Author manuscript; available in PMC 2011 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


