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All lentiviruses infect the brain, causing chronic neurological disease in their
respective hosts. To examine the relationship(s) between lentivirus molecular
diversity and the development of neurological disease, we examined in vitro
and in vivo models of lentivirus neurovirulence using different recombinant
viruses derived from human (HIV-1) and feline (FIV) immunodeficiency
viruses. Both in vitro and in vivo studies of FIV neurovirulence showed
that the FIV envelope derived from a neurovirulent strain was a principal
determinant of neuropathogenesis, although systemic immunosuppression
was also an integral feature of FIV neurovirulence. Studies of HIV-1 envelope
sequences derived from brain or blood indicate that molecular diversity
is greater in viruses from patients with HIV-associated dementia (HAD),
compared to nondemented individuals. Moreover, the hypervariable V3
domain of HIVgp120, regardless of the HIV-1 clade from which it was derived,
was an important region for mediating neurotoxicity in vitro but the level of
viral replication did not influence neurotoxicity. For both the HIV-1 and FIV
envelopes and HIV-1 Tat, induction of matrix metalloproteinase (MMP)-2 in
macrophages was a consistent finding. Neurotoxicity caused by supernatants
from HIV-infected or transfected macrophages, containing MMP-2, was greater
than direct neurotoxicity levels caused by direct exposure of neurons to virus
in assays of total neuronal death, but not in assays of neuronal apoptosis.
Proteinase-activated receptor (PAR)-1 and its ligand thrombin were also
induced during HIV infection, chiefly on astrocytes. PAR-1 activation resulted
in gliosis and neurobehavioral changes in an animal model and resulted
in N-methyl-D-aspartate (NMDA) receptor-mediated neuronal death. These
findings suggest that the lentivirus envelope, which is a domain of extensive
molecular diversity in brain-derived lentivirus isolates, directly influences
neuropathogenesis through the activation of select proteases, underscoring
the importance of concentrating on individual viral genes and proteases in the
development of neuroprotective agents for HIV-related neurological disease.
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Like many retroviruses, human immunodeficiency
virus type 1 (HIV-1) infects the nervous sys-
tem (neurotropism) and causes neurological disease
(neurovirulence) in a subset of infected persons
(Johnson, 1998). Together with other lentiviruses,
including simian (SIV) and feline (FIV) immun-
odeficiency viruses, HIV-1 infection is associated
with central nervous system damage resulting in
cognitive manifestations, including HIV-associated
dementia (HAD) and minor cognitive and motor
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disorder (MCMD) (Power and Johnson, 2001). Simi-
larly, HIV-1 infection has also been associated with
the development of distal sensory polyneuropathy
(DSP) and other types of neuropathy in the periph-
eral nervous system (Keswani et al, 2002). There
is abundant evidence from other neurotropic retro-
virus models that the envelope gene sequence and
expression is pivotal in the development of neurovir-
ulence (Poulsen et al, 1998). Similarly, among the
lentiviruses, including HIV, FIV, and SIV, there are
compelling data to suggest that envelope-encoded
gene products contribute to neurovirulence (Power
and Johnson, 2001). However, among lentiviruses
and other retroviruses, other genes seem to partici-
pate in the development of neurovirulence, but the
role of the envelope remains predominant amongst
each of these neurotropic viruses. Herein, we de-
scribe studies implicating the role of the envelope
gene from both FIV and HIV in the development of
neurovirulence using in vivo and in vitro models. We
also examine host gene responses in relation to the
development of neurovirulence, including analysis
of the several proteases expressed in the brain. The
present studies highlight the concept that neurologi-
cal disease occurrence in the context of an infection
requires unique properties of the infectious agent to-
gether with a pathogenic host immune response.

FIV molecular diversity and neurovirulence

Earlier studies indicate that FIV causes immune sup-
pression, is neurotropic, and utilized CXCR4 for in-
fection (Bendinelli et al, 1995), but more recent stud-
ies from our laboratory and others suggest that the
FIV utilized both CXCR4 and CCR5 for infection of
lymphocytes and macrophages, depending on the vi-
ral strain (Johnston and Power, 2002). We have also
reported that the neurovirulent FIV strain, V1CSF,
induced neurological disease in a neonatal feline
model (Johnston et al, 2002a; Power et al, 1998a).
To examine the role of the envelope in FIV neu-
ropathogenesis, we constructed recombinant viruses
in which we cloned the entire FIV envelope into a
molecular clone derived from the non-neurovirulent
strain Petaluma. The resulting chimeric virus, FIV-
Ch, readily infected peripheral blood mononuclear
cells and macrophages from cats (Johnston et al,
2000). In vivo studies using the same viruses indi-
cated that the recombinant virus, FIV-Ch, induced
comparable levels of neurobehavioral impairment to
those observed in animals infected with VICSF, but,
in contrast, both mock-infected animals and animals
infected with Petaluma exhibited minimal neurobe-
havioral impairment over a 12-week period following
infection (Johnston et al, 2002b). These neurobehav-
ioral findings were associated by a significant reduc-
tion in CD4 lymphocyte count in both the V1CSF-
and FIV-Ch—infected animals, relative to the other
groups. Neuropathological analysis revealed that

c-fos expression in neurons was increased in the
brains of those animals infected with V1CSF and FIV-
Ch, which was accompanied by dysmorphic neurons
and apparent neuronal loss compared to mock- and
Petaluma-infected animals. Similarly, the extent of
inflammation reflected by astrogliosis and microglio-
sis was greater amongst animals infected by V1CSF
and its daughter chimeric virus, FIV-Ch, compared to
mock- and Petaluma-infected animals. These studies
suggest that the envelope gene is pivotal in the deter-
mination of neurovirulence in this lentivirus animal
model and, furthermore, this was reflected by patho-
logical changes including inflammation and neuronal
injury.

HIV-1 molecular diversity and neurovirulence

There are numerous studies implicating the role
of HIV envelope gene, including its gene products,
gp120 and gp41, in the neuropathogenesis of HIV in-
fection (Nath, 1999). Earlier studies from our labo-
ratory as well as others suggest that viral diversity
in brain-derived HIV-1 sequences was associated
with the development of HAD. Notably, mutations
in the V1 (Power et al, 1998b) and V3 (Power et al,
1994) hypervariable loops of the envelope surface
unit (gp120), together with sequence differences in
the tat gene (Bratanich et al, 1998), were associated
with neurocognitive impairment. In addition, analy-
sis of recombinant viruses containing a brain-derived
V3 region revealed that all viruses uniformly used
CCR5 as a coreceptor for infection (Chan et al, 1999)
and were exclusively macrophage-tropic. More re-
cently, we investigated HIV envelope diversity in
blood and brain from patients with and without HAD.
In both blood- and brain-derived HIV V3 sequences,
we found that that the extent of sequence diversity as
well as the number of nonsynonymous mutations was
greater in patients (Figure 1A) who exhibited HIV-
associated dementia (van Marle et al, 2002). These
latter findings were complemented by studies sug-
gesting that sera from patients with HAD exhibited a
relative inability to neutralize CCR5 (R5)-dependent
viruses compared to CXCR4 (X4)-dependent viruses
and sera from acquired immunodeficiency syn-
drome (AIDS) patients without dementia (Figure 1B).
Hence, an inability to neutralize and eliminate R5
viruses may permit this select population of viruses
to enter the nervous system and ultimately cause
disease.

The extent of viral diversity within HIV is im-
mense, although most studies of HIV-1 molecular het-
erogeneity are based on plasma or peripheral blood-
derived viruses from B clade viruses isolated in
North America and Western Europe. Studies from our
laboratory suggest that viral diversity in brain-
derived sequences from patients infected with
viruses from different HIV-1 clades indicated that like
viral sequences derived from blood and plasma, those



dy V3 envelope
A. 0.16

0.12 -
0.08 -

0.04

Distance + SEM

ND HAD ND HAD

Blood Brain

B. Serum Mediated Viral Neutralization
100

+ NDn=21
» HADn=15
— X4 strain
--- R5 strain

80
60

40
20

% infection reduction

1/8 116 1/32 1/64 1/128
Serum dilution

Figure 1 HIV-1 molecular diversity in blood and brain and dif-
ferential neutralization of R5-dependent virus. (A) Comparison of
blood- and brain-derived HIV-1 gp120 V3 sequences revealed that
molecular diversity was greater in patients with HAD compared
to nondemented AIDS patients (ND), as measured by nonsynony-
mous (amino acid changing) mutation rates. (B) Sera from HAD
patients exhibited lower neutralization efficiencies of a R5 virus
compared to ND patients, but the neutralization efficiencies of an
X4 virus was similar for both groups.

viruses derived from brains exhibited marked se-
quence diversity among patients (Zhang et al, 2001).
Moreover, in a small subset of viral sequences, we
found evidence of viral recombination, which would
also contribute to the extent of viral diversity. To ex-
plore the functional consequences of viral diversity
amongst non-B clade viruses, we constructed recom-
binant viruses in which we inserted the C2V3 enve-
lope region of the non-B clade virus into a molecular
clone of HIV-1 and subsequently examined the bio-
logical features of the recombinant viruses. Although
many of the recombinant viruses expressed viral en-
velope protein, they failed to replicate in periph-
eral blood mononuclear cells or macrophages (Zhang
et al, 2003). In a subset of viruses that did replicate,
all were found to be R5-dependent viruses. Surpris-
ingly, all of the recombinant viruses, regardless of
whether they replicated or not, were found to induce
neurotoxicity in vitro mediated by both necrosis and
apoptosis, although apoptosis predominated. These
studies are similar to earlier studies from our labora-
tory in which we showed that recombinant viruses
containing the C2V3 of patients with and without
HAD were R5-dependent viruses. However, recom-
binant viruses constructed from patients with HAD
were significantly more neurotoxic in in vitro assays
in which supernatants from infected macrophages
were applied to human neuronal cell lines (Power
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et al, 1998b), again emphasizing the importance of
the envelope gene in neurovirulence.

Lentivirus-induced protease expression
in brain

Given earlier studies implicating the role of matrix
metalloproteinases (MMPs) in the development of
HIV-associated neurological disease (Conant et al,
1999), we examined macrophages infected by re-
combinant viruses derived from patients with HAD
and found increased expression of signal transduc-
tion and activation of transcription (STAT-1) and
Janus kinase (JAK-1) relative to macrophages infected
by AIDS patients without dementia (Johnston et al,
2000). Additionally, increased MMP-2 and, to a lesser
extent, MMP-9 release from macrophages was also
observed, which accompanied the STAT/JAK path-
way activation and release of neurotoxins in super-
natants from infected macrophages, providing a di-
rect link between the expression of MMPs and neu-
ronal injury. Studies from our laboratory also suggest
that HIV-1 Tat regulates the expression of MMP-2 and
-7 and that the sequence diversity within HIV Tat
influences the relative expression of MMP-2, which
caused neurotoxicity in vitro (Johnston et al, 2001).
Similarly, FIV V1CSF and FIV-Ch induced STAT-1/
JAK-1 signaling in feline macrophages that was asso-
ciated with increased MMP-2 release (Johnston et al,
2000). We examined the in vivo expression of MMP-2
and -9 together with tumor necrosis factor (TNF)-«a by
measuring mRNA and protein levels in brain follow-
ing FIV infection (Johnston et al, 2002b). MMP-2 pro-
tein and mRNA was increased in the brains of those
animals infected with the neurovirulent FIV strains,
V1CSF and FIV-Ch, whereas MMP-9 was increased
amongst all of the FIV-infected groups but not in
the mock-infected animals. Likewise TNF-«a was in-
creased at the mRNA level in the animals infected by
V1CSF and FIV-Ch, but it was not increased in mock-
or Petaluma-infected animals. Of interest, MMP-2
cleaves the potentially neurotoxic molecule stromal
cell-derived factor (SDF-1) in vitro (McQuibban et al,
2001). Furthermore, cleaved SDF-1 fails to block HIV-
1 infection in vitro, unlike the uncleaved SDF-1, al-
though previous studies indicate that MMP-cleaved
chemokines may abrogate inflammation (McQuibban
et al, 2000). Studies of cleaved chemokines’ effects in
the nervous system are currently in progress. Very re-
cent studies from our laboratory indicate that cleaved
SDF-1 is highly cytotoxic to neurons both in vitro and
in vivo through activation of a G protein coupled re-
ceptor (Zhang et al, 2003).

The relative role of different proteases in the
central nervous system and their relationship to
pathogenesis has recently attracted increased at-
tention. Although MMPs are clearly important for
both neural ontogeny and pathogenesis (Yong et al,
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2001), other proteases have been implicated in
pathogenesis, including the serine protease, throm-
bin. The proteinase-activated receptors (PARs),
which are activated by thrombin or tryptase, are
also expressed within the central and peripheral
nervous systems (Hollenberg, 2002). PAR-1 is ex-
pressed on astrocytes and neurons and, moreover,
PAR-1 overexpression is associated with astroglio-
sis and death of motor neurons in transgenic mice
(Festoff et al, 2000). The PARs are known to mediate
a complex cascade of signaling pathways, which can
result in the release of proinflammatory molecules
as well as cell death through apoptosis, depend-
ing on the cell type on which the individual PAR
is expressed. To explore the role of PAR-1 expres-
sion in the brain during HIV infection, we com-
pared mRNA levels of PAR-1 and prothrombin in
HIV-infected and control patients. These studies sug-
gested that PAR-1 and prothrombin mRNA levels
were increased in the brains of patients with HIV
infection compared to HIV-1 seronegative controls
(Boven et al, 2003). Immunocytochemistry showed
that PAR-1 was chiefly localized on activated astro-
cytes in patients with HIV encephalitis. Prothrombin
expression was detected in both neurons and astro-
cytes in brains of patients with HIV encephalitis, al-
though it was minimally expressed, like PAR-1, in
control patients. PAR-1 was also found to regulate
the expression of interleukin (IL)-18 and inducible
nitric oxide synthase (iNOS) in astrocytes in vitro us-
ing thrombin and the activating PAR-1 peptide lig-
and, TF. Moreover, supernatants from human fetal
astrocytes applied to human fetal neurons showed
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