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The National Institute of Mental Health and the Na-
tional Institute of Neurological Disorders and Stroke
convened a joint symposium entitled “Viral and Host
Genetic Factors Regulating HIV/CNS Disease” on
November 20-22, 2002 in Washington DC. The pur-
pose of this meeting was to review studies of viral
genetics that examined molecular diversity of HIV-1
and how it reflects viral trafficking into the CNS,
mechanisms of pathogenesis, and compartmental-
ized evolution of drug resistance in the context of cur-
rently available highly active anti-retroviral therapy
(HAART). Research on compartmentalized viral evo-
lution is germane to the ongoing debate concerning
viral reservoirs in the central nervous system (CNS)
and the potential for reseeding drug resistant strains
of HIV-1 to the periphery. The role of HIV-1 diver-
sity in regulating interactions with host receptors on
CNS-derived cells and the functional impact on neu-
ropathogenesis were also examined. In addition a ses-
sion was devoted to highlighting emerging findings
that emphasized the impact of host genetic factors on
susceptibility and progression of HIV-associated CNS
disease. This special issue is devoted to papers elab-
orating the topics presented at the symposium. These
papers not only summarize important recent progress
in understanding how host and viral genetics factors
influence HIV neuropathogenesis, but they also high-
light new emerging questions that will guide future
research efforts.

Compartmentalization of HIV-1 infection
in the CNS/CSF

A variety of factors may determine discordance
or concordance of viral sequences and resistance
patterns in the CNS vs. peripheral compartments.
Trafficking of immune cells between compartments,
compartment-specific evolution, and the capacity of
antiretrovirals to penetrate the blood-brain barrier
may influence the observed sequence in different
compartments.

Several reports focused on how HIV-1 evolves in
the CNS compartment in the context of HAART. The
tissue environment in the CNS may impact the evo-
lution of HIV such that CNS virus exhibits geno-
typic and phenotypic differences from virus found
in the periphery. Viral genes may be subject to selec-
tive pressures that result in discordance at multiple
loci. Clinically, cognitive impairment associated with
HIV-induced dementia may be aresult of viral genetic
discordance and independent replication in the CNS
compartment (Ellis et al, 2000; Bestetti et al, 2004).

Another report examined HIV gp160 and protease-
reverse transcriptase (pro-RT) sequences from lymph
node, bone marrow and multiple regions of brain
parenchyma. Co-mingling, as well as close homol-
ogy, was observed among gp160 sequences recov-
ered from different regions of the same brain, and be-
tween brain and marrow sequences, whereas lymph
node sequences formed independent clusters. Over-
all, pro-RT sequences from lymph node exhib-
ited predominantly antiretroviral-resistant genotype,
whereas brain sequences were essentially wild type;
the latter may be a result of either viral latency or lim-
ited drug penetrance into brain. Both patterns were
represented in bone marrow. The phylogenetic rela-
tionships observed for both env and pol further sug-
gest that during late-stage HIV-1 infection, marrow-
derived monocytes transport HIV-1 into the brain (Liu
et al, 2000).

The role of immune cell trafficking in the spread of
virus to various compartments was further confirmed
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in studies that used partitioning methodologies to in-
vestigate the association between infection in CNS
and in tissues where macrophages may be resident
(lung, GI tract and bone marrow). In a cohort of
HIV-infected patients, non lymphoid tissues con-
tained a virus population genetically distinct from
those recovered from lymph node and generally re-
sembled those found in the CNS, implying a shared
infected cell type and route of dissemination (Wang
etal, 2001). These findings were also confirmed in the
SIV model (Williams et al, 2002) where the infected
macrophages in the CNS and similar populations of
cells in the lung, gut and bone marrow were found to
express common immune phenotypes (CD14, CD45,
PCNA positive).

Novel approaches have been used to study the
evolution of virus and its compartmentalization. For
example, an ultraintensive CSF sampling approach
was developed whereby intrathecal lumbar catheters
were inserted and maintained in the spinal canal
for prolonged periods of time, allowing continuous
sampling of CSF. Results from these ultraintensive
sampling studies confirmed that there is discordance
between HIV-1 nucleotide sequences in CSF and
plasma, including mutations associated with drug re-
sistance (Haas 2004). Another novel approach used
strategic treatment interruption (STI), a method that
provides an avenue to study dynamics of infection
and host responses in the CSF relative to blood. The
STI studies underscored the relationship between
CSF viral load and CSF lymphocytosis. The data from
the STI studies were conceptualized in a model that
defines three types of CSF infection: (1) initiated from
without (push); (2) initiated from within (pull) and (3)
amplified by positive feedback within the CNS (Price
and Deeks 2004).

A well-recognized problem affecting the valid-
ity of studies investigating HIV compartmentaliza-
tion in CNS/CSF is the accurate sampling of small
viral populations. The heteroduplex-tracking assay
(HTA) has recently been adapted for use as an al-
ternative to cloning and sequencing. HTA is a gel-
based assay that can be used to compare viral geno-
types in small populations. The conformation of
the heteroduplex is very sensitive to sequence dif-
ferences, thereby generating varying rates of migra-
tion for different genotypes, which are displayed in
the gel as discrete bands. The compartmentalization
of HIV-1 in blood plasma versus CSF was studied
during the primary and chronic stage infection tak-
ing into account the varying degrees of neurologic
dysfunction. Limited compartmentalization was ob-
served during primary infection (1/5 patients) while
compartmentalization during chronic infection was
more extensive (9/11 patients). These findings
suggest that there is an independent source of repli-
cation for the virus in the CNS and there may be dif-
ferent selective pressures in the two compartments.
No correlation was noted, however, between the ex-
tent of compartmentalization and CNS disease in

this sample of subjects (Swanstrom 2002, personal
communication).

In summary, the various reports at the sympo-
sium devoted to HIV compartmentization provide ev-
idence that viral discordance can been found between
CNS and peripheral compartments. In contrast, sev-
eral investigators presented evidence that common
HIV-1 sequences have been found in CNS, bone mar-
row, and GI tract-derived monocyte/macrophages, a
population that serves as a carrier of virus to different
compartments.

The basis for viral diversity and discordant resis-
tance patterns is a widely debated issue. One ex-
planation for this discordance is that the CNS and
periphery represent different compartments of vi-
ral replication and that virions generated in each
compartment have differential access to CSF and
plasma. Alternatively, the state of activation and rates
of turnover of HIV-infected cell populations may af-
fect the observed viral sequences. Sequence analy-
sis of cell-free virus provides a snapshot of viral se-
quences in the cells that produced the virus, while
kinetics of viral decay in response to therapy largely
reflect turnover rates of infected cells. Differences
in turnover rates of different cells types or subpop-
ulations may result in apparent sequence discor-
dance in cross-sectional analysis. Productively in-
fected lymphocytes turn over much more rapidly
than monocytes/macrophages, and virus population
in the plasma is largely derived from lymphocytes.

The extent to which the vigorous anti-HIV immune
response influences viral replication and sequence
diversity in the CNS is uncertain. Anti-retroviral
agents also differ in their abilities to achieve effec-
tive concentration in the CNS, and such differences
may be magnified as accumulation of resistance mu-
tations incrementally reduces drug susceptibility. It
is therefore important to consider not only viral sus-
ceptibility, but also local tissue drug concentrations
and immune response in studies of viral discordance
in the CNS compartments. Discordant antiretroviral
susceptibility patterns in the CNS may also imply a
need for CNS-specific targeting of anti-retroviral ther-
apy, since viral evolution is in part a result of varying
microenvironments.

Regional and cell-type-specific
compartmentalization of HIV-1

Another important area of focus of the meeting was
to define viral genetic factors regulating cell-type spe-
cific and regional compartmentalization of HIV-1 in
the CNS. Several cell populations within the CNS
compartment, including multinucleate giant cells
(MNGC'’s), neurons, and astrocytes were examined
for their capacity to be infected and support repli-
cation of HIV-1.

In one study using the SIV model, single cell
RNA analysis was used to examine the relationship



between variants obtained from the entire brain and
those from individual mutinucleate giant cells. Brain-
specific variants were dominant in all the clones
obtained from individual MNGC’s indicating that
they are most likely responsible for giant-cell forma-
tion. In addition, two less-frequent sequences were
noted. These included sequences closely related to
the spleen; they most likely represent recent neuroin-
vasion as well as sequences that were closely related
or identical to the initial molecularly cloned inocu-
lum, suggesting long-term residence within the brain.
Finally, mosaic sequences were found in some giant
cells, indicating that MNGC’s may be a site of viral
recombination (Rhyzova et al, 2002).

Intriguing data were presented at the meeting re-
garding the potential for HIV-1 to infect neurons.
Neurons in tissue culture are able to sustain transient
productive infection, as documented by their produc-
tion of small amounts of HIV-1 p24 for brief periods.
In vivo studies were performed by amplifying HIV-
1 gene sequences from groups of pyramidal neurons
from CA1, CA3 and CA4 regions of the hippocam-
pus isolated from human brain sections by laser cap-
ture microdissection. Amplified Nef sequences were
more frequent than gag sequences and were more
common in the CA3 and CA4 neurons than in the
CA1 neurons. In addition, differential vulnerability
to injury and death in hippocampal CA3 and CA4
neurons were demonstrated which correlated with
chemokine receptor diversity (Petito, 2004).

Another cell population in the brain that is being
intensely studied is the astrocyte. Using laser cap-
ture microdissection on brain tissue sampled from
HIV-1 infected individuals, it was demonstrated that
HIV-1 DNA could be detected in cortical and basal
ganglia derived astrocytes. Furthermore using gene
microarray analysis it was determined that HIV-1 al-
ters the program of gene expression in astrocytes, in-
cluding changes in transcripts encoding cytokines,
G-coupled protein receptors, transcription factors
and other proteins. Exposure of astrocytes to HIV-1
or gp120 in vitro impairs the cell’s ability to trans-
port L-glutamate due to transcriptional inhibition of
the EAAT2 glutamate transporter gene. Inhibition
of the capacity of astrocytes to clear glutamate is
likely to affect neuronal activity or survival and con-
tribute to HIV neuropathogenesis (Wang et al, 2004).

Human CNS-derived progenitor cells have been
used to model HIV-1 infection of astrocytes in vitro.
HIV-1 causes a restricted or persistent infection in
CNS- derived cells that are on a lineage pathway of
differentiation into astrocytes. Treatment with spe-
cific cytokines such as TNF-« results in reactivation
of virus in these cells. These studies suggest that per-
sistently infected astrocytes may serve as a viral reser-
voir in the brain (Lawrence and Major, 2002).

Astrocytes may also play a role in controlling
viral replication in CNS by producing IFN-8, which
inhibits active HIV/SIV replication in macrophages.
The inhibition of viral replication by IFN-8 is likely
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to be mediated by the induction of a dominant-
negative isoform of the transcription factor C/EBP-8
(Barber et al, 2004).

In addition to cell type-specific compartmental-
ization, HIV-1 molecular diversity was observed in
different regions of the CNS. Previous studies have
shown that two CCAAT/enhancer binding protein
(C/EBP) binding sites (site I and II) are critically im-
portant for efficient HIV-1 replication within cells of
the monocyte lineage, a primary cell type infected
with HIV-1. Sequence variation in C/EBP sites I and
IT has been shown to alter the affinity of C/EBP factors
to these sites. Distinct LTR populations with specific
C/EBP site II configurations were found in different
neuroanatomical regions of the brain. This finding
may result from differences in the molecular archi-
tecture of the LTR, viral entry pathways and or/brain
microenvironments (Burdo et al, 2004). Various mod-
els could be developed to account for regional di-
versity of HIV in the CNS. Burdo et al (2004), sug-
gest that a preferred model is one in which viral
infection in the CNS involves multiple brain entry
pathways leading to the delivery of viral genomes
containing LTR sequences unique to specific brain
regions. This would be more likely to occur during
the later stages of infection, when there is increased
infiltration of macrophages across the blood-brain
barrier. This model would predict that the evolution
of HIV-1 LTR would be driven by selective pressures
in the peripheral immune system rather than in the
brain of HIV-1 infected patients and the sequences
would be distributed in the brain late in the course of
infection.

Host genetic and molecular markers
associated with HIV dementia

There is increasing interest in identifying host
genetic markers associated with susceptibility to
HIV-associated dementia as well as disease progres-
sion. Not only would such linkages serve as predic-
tors of an individual’s susceptibility to disease, but
they would also provide important clues regarding
mechanisms of pathogenesis.

Two studies presented at the symposium are high-
lighted below. In one, the influence of genetic varia-
tion of MCP-1 on HIV-1 neuropathogenesis was ex-
amined in a large cohort of HIV-1 infected adults
and children. In adults, homozygosity for the MCP-
1-2578G allele was associated with a 50% reduc-
tion in the risk of acquiring HIV-1. However once
HIV-1 infection was established, this same MCP-1
genotype was associated with accelerated disease
progression and a 4.5-fold increased risk of HAD. The
mutant MCP-1 allele conferred greater transcriptional
activity via differential DNA-protein interactions,
enhanced protein production in vitro, increased
serum MCP-1 levels and MP infiltration into tissues
(Gonzalez et al, 2002).
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Another study examined allelic association with
common polymorphisms in candidate genes that are
postulated to play a role in the pathogenesis of
HIV-related neurologic complications. DNA was ex-
tracted from frozen brain samples and determination
of APOE4, TNF-2, IL-1B*2 and IL-1RN*2 polymor-
phisms was performed by PCR and RFLP mapping.
No consistent association between these candidate
polymorphic alleles and the pathologic finding of
HIV encephalitis or vacuolar myelopathy was de-
tected. This preliminary study was not sufficiently
powered to exclude a modest but clinically signifi-
cant effect. Future studies will require much larger
sample sizes and technical advances to allow screen-
ing of a large number of candidate loci (Diaz-Arrastia
et al, 2004).

In addition to host genetic markers, there is a
critical need to identify molecular markers linked
with HIV-associated dementia. Such markers could
be beneficial for diagnosis and tracking individual
response to therapy. Two studies presented at the
symposium suggested that there is a possibility of
developing HAD-specific biomarkers. One study al-
luded to the existence of a unique subset of circulat-
ing peripheral monocytes for HAD. The emergence
of this monocyte population in blood is associated
with a unique proteomic signature that is abrogated
after treatment. These findings may provide a ba-
sis for identifying an effective marker for the diag-
nosis of dementia in HIV-infected individuals, and
might also be used for measuring therapeutic efficacy
(Wojna et al, 2004).

Another HIV-dementia associated molecular
marker has recently been identified and termed
OTK18. OTK18 protein appears to be specifically
expressed in mononuclear phagocytes sampled
from HIVE brain tissue, but not in brain tissue of
HIV-infected patients without neurological disease.
OTK18 is also up regulated in the plasma of HIV
infected patients, including those with HIVD and
may correlate with disease prognosis (Limoges 2002,
personal communication).

HIV viral genetics and
neuropathogenesis-functional studies

Diversity in chemokine receptors and their utiliza-
tion by various strains of HIV may have major im-
plications for infection of CNS-derived cells as well
as inflammatory events post infection. Macrophage-
tropic CCR5 utilizing strains have been predomi-
nantly associated with HIV neuropathogenesis. How-
ever, recent research has shown that HIV envelopes
can interact with CXCR4 on a number of neuronal
and astroglial cell types in the CNS. A CNS variant
(tybe) has recently been identified that replicates in
primary macrophages, and also possesses a syncytia-
inducing (SI) phenotype. Fusion assays indicate that
the tybe envelope utilizes CXCR4 exclusively for

macrophage infection, underscoring the need to ad-
dress the role of CXCR4 dependent HIV-1 in the de-
velopment of HIV dementia. Both R5 and X4 gp120
activate intracellular signals in macrophages through
CCR5 and CXCR4. These findings suggest that both
X4 and R5 HIV-1 contribute to HIVE pathogenesis,
and that gp120/chemokine receptor interactions in
monocyte/macrophages (M/M) trigger signal trans-
duction pathways that affect M/M function and pro-
vide a mechanism for CNS injury (Yi et al, 2004).

Additional evidence for the utilization of CXCR4 in
CNS neuropathogenesis has been provided in studies
using animal models. Macrophage-tropic strains of
SHIV that use CXCR4 have been identified. The neu-
ropathogenic potential of X4 SHIVs was contingent
upon concurrent co-infection in the brain with op-
portunistic pathogens. IL-4 is produced as a result of
opportunistic infections and has a major role in pro-
moting neuropathogenesis of macrophage-tropic X4
viruses (Buch et al, 2004). CXCR4 is also involved
in pathways leading to neuronal apoptosis and dif-
ferentiation. Recent studies have demonstrated that
activation of the chemokine receptor CXCR4 by SDF-
1o or gp120 modulates the activity of two important
regulators of cell survival and apoptosis-the tumor
suppressor protein Rb and the transcription factor
E2F1-in dividing cells as well as differentiated neu-
rons (Brandimarti et al, 2004).

Viral sequence diversity may also affect synthesis
of different proteases in the central nervous system,
and their relationship to pathogenesis has recently
attracted increased attention. While matrix metallo-
proteinases are clearly important for both neural on-
togeny and pathogenesis, other proteases have been
implicated in pathogenesis including the serine pro-
tease thrombin. The proteinase-activated receptors
(PARs), which are activated by thrombin or tryptase,
are also expressed within the central and peripheral
nervous system. PAR-1 is expressed on astrocytes and
neurons and its over expression is associated with as-
trogliosis and death of motor neurons in transgenic
mice. The PARs are known to mediate a complex cas-
cade of signaling pathways that can result in the re-
lease of pro-inflammatory molecules as well as cell
death through apoptosis depending on the cell type
on which the individual PAR is expressed. Multi-
ple parallel protease-mediated pathways driven by
viral expression and sequence diversity contribute to
neuronal injury and death, causing dementia (Power
et al, 2004). Additional research is needed on precise
biochemical mechanisms by which viral sequence di-
versity induces these pathogenic signaling pathways
in the brain.

Small-animal models for viral genetic studies
Non-human primates have served as valuable mod-

els to study neuropathogenesis, viral compartmental-
ization, anti-viral immune responses and to address



difficult questions relating to latent viral reservoirs
in the CNS. This is evident by the many studies
using non-human primate models reported at this
symposium. However, the enormous costs as well
as relative scarcity of animals has generated a crit-
ical need for developing small animal models for re-
search in HIV neuropathogenesis. One such model
is a non-transgenic severe combined immune defi-
ciency mouse implanted with infected human mono-
cyte derived macrophages. This model exhibits the
hallmarks of HIV encephalitis (astrogliosis, activa-
tion of macrophages and mouse microglia, and de-
generation of neurons). In addition, neuroinflamma-
tory responses, neuronal dysfunction and behavioral
dysfunction seen in HAD were reproduced in this
animal model. This model has also been used to
define the relative roles of neurotropic strains and
brain replication in CNS disease onset and progres-
sion (Nukuna et al, 2004).

Another advance presented at the symposium was
the development of a rat transgenic for human CD4
(hCD4) and the human chemokine receptor (hCCR5)
that express the transgenes in CD4+ T lymphocytes,
macrophages, and microglia. In ex vivo cultures,
CD4+ T lymphocytes, macrophages and microglia
from hCD4/hCCR5-transgenic rats were susceptible
to infection by HIV-1 R5 viruses leading to expres-
sion of abundant levels of HIV-1 gene products.
Primary rat macrophages and microglia, but not
lymphocytes from double-transgenic rats, could
be productively infected by various recombinant
and primary R5 strains of HIV-1. Preliminary re-
sults indicate that HIV can transit the blood-brain
barrier and has the capacity for some degree of
persistence in the CNS (Keppler et al, 2002). Fur-
ther refinement of this transgenic rat model may
make it possible to address key questions in HIV
viral genetics and neuropathogenesis that have thus
far been elusive using humans or non-human primate
models.
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