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Infection of the brain by lentiviruses, including human immunodeficiency virus (HIV) and feline immuno-
deficiency virus (FIV), causes inflammation and results in neurodegeneration. Molecular diversity within the
lentivirus envelope gene has been implicated in the regulation of cell tropism and the host response to
infection. Here, we examine the hypothesis that envelope sequence diversity modulates the expression of host
molecules implicated in lentivirus-induced brain disease, including matrix metalloproteinases (MMP) and
related transcription factors. Infection of primary macrophages by chimeric HIV clones containing brain-
derived envelope fragments from patients with HIV-associated dementia (HAD) or nondemented AIDS pa-
tients (HIV-ND) showed that MMP-2 and -9 levels in conditioned media were significantly higher for the HAD
clones. Similarly, STAT-1 and JAK-1 levels were higher in macrophages infected by HAD clones. Infections of
primary feline macrophages by the neurovirulent FIV strain (V,CSF), the less neurovirulent strain (Petaluma),
and a chimera containing the V,CSF envelope in a Petaluma background (FIV-Ch) revealed that MMP-2 and
-9 levels were significantly higher in conditioned media from V,CSF- and FIV-Ch-infected macrophages, which
was associated with increased intracellular STAT-1 and JAK-1 levels. The STAT-1 inhibitor fludarabine
significantly reduced MMP-2 expression, but not MMP-9 expression, in FIV-infected macrophages. Analysis of
MMP mRNA and protein levels in brain samples from HIV-infected persons or FIV-infected cats showed that
MMP-2 and -9 levels were significantly increased in lentivirus-infected brains compared to those of uninfected
controls. Elevated MMP expression was accompanied by significant increases in STAT-1 and JAK-1 mRNA
and protein levels in the same brain samples. The present findings indicate that two lentiviruses, HIV and FIV,
have common mechanisms of MMP-2 and -9 induction, which is modulated in part by envelope sequence

diversity and the STAT-1/JAK-1 signaling pathway.

Lentiviruses, including human immunodeficiency virus
(HIV) and feline immunodeficiency virus (FIV), are associated
with immunological and neurological impairment in their re-
spective hosts (17, 70). HIV and FIV share many properties,
including structural organization, life cycle, cell tropism, and a
common mechanism of infection involving the chemokine re-
ceptors (72). Both HIV and FIV are neurotropic, infecting the
central nervous system (CNS) and causing primary neurolog-
ical disease that manifests as motor dysfunction, behavioral
abnormalities, and neuronal loss (36, 46, 49). The pathogenesis
of lentivirus-induced neurological disease remains unclear, al-
though several mechanisms that are common to both FIV and
HIV have been proposed to explain neuronal damage in the
absence of productive infection of neurons. These mechanisms
include the inherent toxicity of viral proteins and the excess
release of host molecules by infected and activated brain mac-
rophages, such as cytokines, excitotoxic amino acids, and free
oxygen radicals (19, 32, 48). Hence, FIV has been proposed as
a potential animal model for HIV infection of the CNS and the
development of HIV-associated dementia (HAD) (22, 49).

Matrix metalloproteinases (MMPs) are a family of proteo-
lytic enzymes that function primarily in degrading components
of the extracellular matrix (20, 75). Recently, elevated expres-
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sion of MMPs in the CNS following lentivirus infection has
suggested a role for these enzymes in lentiviral neuropatho-
genesis (3, 9, 63), possibly through their ability to promote
breakdown in blood-brain barrier (BBB) integrity and cell
death (59, 75). Numerous factors that regulate MMP transcrip-
tion are also elevated during lentivirus infection of the CNS,
such as the cytokines tumor necrosis factor alpha (TNF-a) (50,
71) and alpha interferon (IFN-«) (28, 57) and the B-chemo-
kines RANTES and MIP-1a (60). Induction of several MMPs
by mediators of inflammation or viral proteins involves activa-
tion of specific transcription factors, such as AP-1 and NF-«xB
(4, 30). The signal transducer and activator of transcription
(STAT)/Janus kinase (JAK) signaling pathway, which plays an
important role in mediating the biological effects of several
cytokine receptors (64), has also been shown to regulate MMP
gene expression (27). It has recently been demonstrated that
chemokine receptors, like the receptors for other cytokines,
regulate a variety of cell functions through activation of spe-
cific signal transduction pathways, especially the STAT/JAK
pathway (58, 69, 73). In addition, chemokine receptor-medi-
ated signaling has been shown to influence MMP-2 and -9
expression in microglial cells (10, 66) and induce neuronal
damage (76, 77), suggesting a role for STATSs in these pro-
cesses.

The HIV-1 gp120 envelope protein activates several tran-
scription factors, including STAT-1 (62), and alters host cell
signaling through its interaction with chemokine receptors (38,
51, 77). Viral envelope gene variability was also reported to
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influence the occurrence of neurological disease in several
retroviral systems (33, 45, 67). Previous studies have demon-
strated that HIV-1 strains derived from AIDS patients with
dementia differ from viruses derived from nondemented pa-
tients primarily in the V3 sequences of the gp120 envelope
protein (29, 55). In addition to conferring enhanced ability to
replicate in microglial cells (65), the V3 region of the HIV
envelope has been shown to influence the release of neurotoxic
molecules following infection of macrophages (11, 24, 26, 56).
Thus, it is conceivable that specific sequences in the envelope
gene of neurovirulent lentiviruses may influence the pattern of
MMP expression in infected cells in a manner analogous to
that reported for other molecules implicated in neurodegen-
eration.

In the present study, we examined the hypothesis that a
mechanism common to lentiviruses was responsible for the
induction of MMP expression in the brain. Furthermore, the
role of envelope diversity and the STAT/JAK signaling path-
way in modulating this process was investigated in relation to
MMP production. Our results indicated that infection with
HIV or FIV increased STAT-1 and MMP expression in both
brain and macrophages. In addition, HIV and FIV envelope
sequences associated with neurological disease induced MMP
expression to a greater extent than sequences not associated
with neurological disease, through a mechanism mediated in
part by the STAT/JAK signaling pathway.

MATERIALS AND METHODS

Cell culture. U937 cells (ATCC) were cultured in RPMI 1640 medium con-
taining 10% fetal calf serum (FCS). CrFK cells (ATCC) were cultured in min-
imum essential medium (MEM) with 10% horse serum. Human peripheral blood
mononuclear cells (PBMC) were obtained from healthy donors as previously
described (54), initially stimulated with 5 pg of concanavalin A/ml, and main-
tained in RPMI with 15% FCS and 100 IU of interleukin-2 (IL-2)/ml. Primary
macrophages were isolated from PBMC by adherence and cultured in RPMI
with 20% FCS as previously reported (54). Feline PBMC and macrophages were
obtained from specific-pathogen-free adult cats and were prepared in the same
manner as the human cells. All cell cultures were supplemented with 100 pg of
streptomycin/ml and 0.25 pg of amphotericin/ml.

Viruses. FIV strains used in this study included two primary isolates, cerebro-
spinal fluid-derived V,CSF (52) and blood-derived Petaluma (gift from N. C.
Pedersen), that underwent fewer than 10 in vitro passages prior to the present
experiments. Although both strains are neurotropic, V;CSF was previously
shown to exhibit greater neurovirulence than Petaluma (52). Molecular clones of
HIV-1 were generated as described previously (54) by exchanging sequences
containing the V3 loop of the pNL4-3 envelope gene with equivalent sequences
from viruses derived from the brains of demented (HAD) or nondemented
(HIV-ND) HIV-infected patients. The Petaluma molecular clone, pFIV-
34TF10, was obtained from the NIH AIDS Reagent program (#1236). HIV and
FIV viral stocks were prepared from supernatants from infected PBMC cultures,
and titers were determined by limiting dilution as previously described (56).

Construction of FIV chimeras. Genomic DNA from feline PBMC persistently
infected with V,CSF was amplified using an Expand Long Template PCR kit
(Boehringer Mannheim) for 1 cycle (94°C for 1 min), 30 cycles (94°C for 1 min,
50°C for 1 min, and 68°C for 5 min), and 1 cycle (68°C for 10 min) with primers
5'-TTA GGG TAC CTG GAA TAA CAG-3' and 5'-TCG TAA ACA GTC CCT
AGT CCA TAA-3'. This protocol generated a product that spanned the V,CSF
genome from the leader region of the env gene (nucleotide [nt] 6393) to the U3
element of the 3’ long terminal repeat (nt 9181) and contained both a flanking
5" Acc65I restriction site (5'-GGTAC-3") and the 3’ Ndel site that is conserved
among several FIV strains. PCR products were gel purified using a Concert Gel
Extraction kit (Gibco) and digested with Acc651 and Ndel to yield a 2,500-bp
fragment comprised of the V,CSF env gene. The fragment including the surface
unit of the envelope was sequenced in both directions using multiple primers and
an ABI automated sequencer. The Acc651-Ndel V,CSF fragment (nt 6393 to
8906) was cloned into a 34TF10 shuttle vector that was prepared by digesting the
pFIV-34TF10 molecular clone with Sphl and Ndel and ligating the resulting
fragment (nt 3451 to 8906) into a Bluescript cloning vector. Subsequently, a
BspRI-Ndel fragment (nt 5328 to 8906) was exchanged between the shuttle
vector containing the V;CSF env sequences and pFIV-34TF10 to yield V,CSF-
Petaluma chimeras.

Transfection. CrFK cells (4 X 10°) were seeded in six-well plates and cultured
for 24 h to achieve 50% confluency. For each chimera, 2 pg of plasmid DNA was
mixed with 10 pl of Lipofectin reagent (Gibco) in 2 ml of Opti-MEM medium
(Gibco) and transfected into CrFK cells by incubation for 8 h. Cells were washed
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with phosphate-buffered saline, cultured in MEM containing 10% horse serum
for 3 days, and cocultured with feline PBMC (2 X 10°) in RPMI containing 15%
FCS and IL-2 for 48 h. Cocultured PBMC were removed, and viral replication
was assessed by reverse transcriptase (RT) assay and RT-PCR analysis of viral
RNA in culture supernatants over a 2-week period. FIV chimeras were passaged
in feline PBMC, and viral stocks were prepared as described above.

Cell treatments and infection. U937 cells and feline macrophages were seeded
at 10° cells/ml in AIM V serum-free medium (Gibco) and incubated in the
presence or absence of IFN-« (Sigma), fludarabine (Sigma), and RANTES (NIH
AIDS Reagent program, #3045) for 24 h prior to the collection of cells and
conditioned media. For infection with HIV or FIV, primary macrophages were
inoculated with 200 .l of viral stock, incubated for 2 h at 37°C, washed twice, and
cultured in serum-free medium until supernatants and cells were harvested.
Human macrophages were infected with ND or HAD HIV strains at titers of
10*° 50% tissue culture infective doses (TCIDs)/10° cells. Feline macrophages
were infected with 10>° or 10> TCIDs,/10° cells of V,CSF, Petaluma, or
chimeric FIV strains. Fludarabine was added to FIV-infected macrophage cul-
tures 24 h before samples were collected. For all samples, cells were counted and
assessed for viability by trypan blue staining and culture supernatants were
cleared by centrifugation at the time of collection.

RT assay. RT activity in culture supernatants was measured using a protocol
described previously (61). Briefly, 10 pl of culture supernatant was cleared of
cellular debris by high-speed centrifugation and incubated with 40 .l of reaction
cocktail containing [a-**P]TTP for 2 h at 37°C. Samples were blotted on DE81
Ton Exchange Chromatography Paper (Whatman International, Ltd.) and
washed three times for 5 min in 2X SSC and twice for 5 min in 95% ethanol (1X
SSC is 0.15 M NaCl plus 0.015 M sodium citrate). RT levels were measured by
liquid scintillation counting. All assays were performed in duplicate and repeated
a minimum of two times.

RT-PCR. Total cellular RNA was isolated from tissue or cultured cells with
TRIzol reagent (Gibco) and was DNase treated for 1 h at 37°C. cDNA was
prepared using a First Strand cDNA Synthesis kit (Boehringer Mannheim) and
amplified by 1 cycle (95°C for 1 min), 30 cycles (95°C for 1 min, 55°C for 1 min,
and 72°C for 2 min) and 1 cycle (72°C for 10 min) with the following primers:
5’-GGC ATC CAG GTT ATC GGG GA-3' and 5'-GGC CCT GTC ACT CCT
GAG AT-3' (MMP-2), 5'-GTC GTG CGT GTC CAA AGG CA-3" and 5'-TGG
ACG ATG CCT GCA ACG TG-3' (MMP-9), 5'-CCG GGA AGG GGC CAT
CAC AT-3'" and 5'-CCA CTA TCC GGG ACA TCT CAT CAA AC-3' (STAT-
1), 5'-GAG GTG CAG AAG GGC CGC TAC AGT C-3' and 5'-TCA CGG
GCC AGG AGG AGG TTT TTA-3' (JAK-1), and 5'-AAG CCT GTA GCC
CAT GTT GTA GC-3' and 5'-GAA GAC CCC TCC CAG ATA GAT G-3'
(TNF-a). Equal amounts of template cDNA were assessed by amplification of
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) using primers 5'-AGC
CTT CTC CAT GGT GGT GAA GAC-3' and 5'-CGG AGT CAA CGG ATT
TGG TCG-3' at an annealing temperature of 50°C. FIV infection of feline cells
was confirmed by amplification of the V,CSF pol gene, as described previously
(21). RNA levels were compared by densitometric analysis of Southern blots by
using Scion Image computer imaging software (35) and equalized to the corre-
sponding GAPDH RNA level for statistical analysis. RNA samples amplified in
the absence of RT served as controls to ensure the absence of contaminating
DNA, and experiments were performed to ensure amplification was within the
linear range.

Western blot analysis. Cultured cells or brain tissue, extracted in buffer con-
taining 10 mM Tris, pH 7.4, 10 mM NaCl, 3 mM MgCl,, and 0.5% NP-40, was
cleared by centrifugation, and protein levels were quantified using a Bradford
assay (BIO-RAD, Mississauga, Ontario, Canada). Equal amounts of protein
from each sample (20 pg), determined by Coomassie blue staining and detection
of housekeeping proteins, were separated by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis, transferred to nitrocellulose, and blocked with 1%
casein in TBST (25 mM Tris-buffered saline and 0.05% Tween 20). Primary
antibodies were diluted 1:1,000 in TBST containing 0.5% casein and incubated
with membranes for 2 h at room temperature. Membranes were washed and
incubated for 1 h at room temperature with horseradish peroxidase-conjugated
goat anti-mouse immunoglobulin G (Jackson ImmunoResearch Lab Inc., West-
grove, Pa.) diluted 1:5,000 in 0.5% casein-TBST. Immunoreactive proteins were
detected by chemiluminescence (Amersham, Arlington Heights, Ill.), and pro-
tein abundance was measured by densitometry. Monoclonal antibodies against
STAT-1, JAK-1, and P-TYR were obtained from Transduction Laboratories
(Lexington, Ky.). Antibodies to MMP-2 and -9 were obtained from Oncogene
Research Products (Cambridge, Mass.) and British Biotech (Oxford, United
Kingdom), respectively. Standard curves were generated by Western blotting and
densitometric analysis using serial protein dilutions to ensure that detection was
within the linear range.

Gelatin zymography. MMP levels in conditioned media were measured by
zymography as previously described (42). Volumes of serum-free conditioned
media were equalized to the number of cells present in each culture at the time
of harvest and separated by electrophoresis on a sodium dodecyl sulfate-15%
polyacrylamide gel that was copolymerized with 1 mg of gelatin/ml. Gels were
agitated for 1 h in renaturing buffer (50 mM Tris-HCI, 5 mM CaCl,, 2.5% Triton
X-100) to restore enzymatic activity and were incubated for 24 h at 37°C in buffer
lacking detergent. Gelatinase activity on gels stained with Coomassie blue was
detectable as unstained bands representing areas of gelatin digestion. Stained



VoL. 74, 2000

gels were dried, and MMP abundance was determined by densitometry. Standard
curves were generated by zymography and densitometric analysis using different
sample volumes to ensure that detection was within the linear range.

Human and feline brain tissue. Autopsied human brain tissue from donors
with defined neuropathologies was obtained from HIV-infected patients (n = 5)
and HIV-seronegative controls (n = 6) from the AIDS Brain Banks at St. Paul’s
Hospital, Vancouver, British Columbia, Canada, and Johns Hopkins University,
Baltimore, Md. Uninfected controls included patients diagnosed with ischemic
stroke (n = 3), septic encephalopathy (n = 1), acute myelogenous leukemia (n =
1), or anoxic encephalopathy (n = 1). All HIV-infected patients were AIDS
defined at death and were diagnosed with multifocal necrotizing leukoenceph-
alopathy (n = 1), HIV encephalitis (n = 3), or cytomegalovirus encephalitis (n =
1). Feline brain samples were collected from adult specific-pathogen-free cats
that were uninfected, or infected experimentally with V,CSF, as described pre-
viously (52). All FIV-infected felines from which brain samples were obtained
exhibited neurological impairment that included ataxia, aggressivity, and reduced
motor activity and neuropathological changes that included gliosis, perivascular
cuffing, and neuronal loss (52).

Statistical analysis. Statistical analyses were performed using Instat, Graph-
pad, for both parametric and nonparametric comparisons. P values of less than
0.05 were considered significant. All experiments were repeated a minimum of
two times using different sample preparations to ensure reproducibility of results.

RESULTS

MMP and STAT protein detection by zymography and
Western blotting. To ensure that protein levels in conditioned
media and cell lysates could be compared semiquantitatively by
zymography and Western blot analysis, standard curves were
generated by densitometry using each method (Fig. 1). A lin-
ear relationship was obtained between protein abundance and
pixel density following Western blot analysis of STAT-1 levels
in serial dilutions of total cellular protein from HIV-infected
human macrophages (Fig. 1A). Moreover, both the STAT-1a
(91 kDa) and STAT-1pB (84 kDa) isoforms were found to fall
within the linear range of detection of the Western blot pro-
tocol. In a similar manner, MMP-2 and -9 abundance, detected
by gelatin zymography in conditioned media from HIV-in-
fected macrophages, varied linearly with sample volume (Fig.
1B). Similar results were obtained using protein derived from
HIV-infected brain tissue (data not shown), demonstrating
that the abundance of MMPs and STAT-1 could be compared
accurately using semiquantitative techniques.

Lentiviral infection induces expression of MMPs in primary
macrophages. Previously, increased MMP expression has been
demonstrated in the cerebrospinal fluid (CSF) of AIDS pa-
tients with HAD (9, 63). Since macrophages and microglia are
the principal CNS cell types infected by lentiviruses (14, 25),
we investigated MMP expression in primary human and feline
macrophages following infection with CSF-derived strains of
HIV and FIV. JRCSF, an infectious molecular clone of HIV-1
derived from a patient with HAD, was found to induce the
expression of MMP-2 and -9 protein (Fig. 2A) and mRNA
(Fig. 2B) levels. Similarly, the neurovirulent FIV isolate,
V,CSF, induced MMP-2 and -9 expression in primary feline
cultures (Fig. 2C and D). Moreover, MMP expression was
elevated early after infection by either virus and increased with
viral replication over a 1-week time course (Fig. 2B and D).
These findings demonstrated that lentiviral strains associated
with CNS infection induced concurrent increases in MMP pro-
tein and mRNA expression in macrophages and suggested a
potential mechanism common to the pathogenesis of HIV and
FIV.

Properties and replication of lentivirus envelope chimeras.
Sequence diversity in lentiviral envelope genes has been shown
to influence the expression of potential neurotoxins (11, 56).
Comparison of the V,CSF and Petaluma envelope surface unit
(gp100) sequences revealed diversity ranging from 2 to 10%,
depending on the individual domain, with the sequences span-
ning the C3 to V5 regions exhibiting the greatest diversity (Fig.
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FIG. 1. Detection of STAT-1 by Western blotting and MMPs by gelatin
zymography. (A) Western blot analysis of serial dilutions of protein from HIV-
infected human macrophages detected both of the STAT-1 isoforms, STAT-1a
and STAT-1B. Protein abundance was assessed by densitometry and equalized to
the corresponding level of housekeeping protein detected in each sample. Sim-
ilar results were obtained using FIV-infected feline brain and macrophages. Data
are expressed as pixels per square inch (ppi) and represent the mean = standard
deviation (SD) of two experiments. (B) MMP-2 and -9 abundance was measured
by gelatin zymography using conditioned medium from HIV-infected human
(shown) and FIV-infected feline macrophages. Coomassie-stained gels were
converted to grey-scale, and protein levels were quantified by densitometry and
equalized to the number of cells in each sample well at the time of harvest. Data
represent the mean * standard deviation (SD) of three experiments.

3A). To assess the role of envelope variability in MMP expres-
sion, an FIV chimera (FIV-Ch) was constructed by cloning
envelope sequences from V,CSF into a genetic background
based on a molecular clone (pFIV-34TF10) of the less neuro-
virulent FIV strain, Petaluma (Fig. 3B). The FIV chimera was
found to replicate in feline PBMC as efficiently as the V,CSF
and Petaluma parent viruses (Fig. 3C), but unlike the infec-
tious 34TF10 clone, neither the chimera nor V,CSF replicated
in CrFK cells (data not shown). Similarly, we investigated HIV
chimeras that contained envelope (C2V3) sequences derived
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FIG. 2. Infection with CNS-derived HIV and FIV strains increases MMP
expression in primary macrophages. MMP-2 and -9 protein (A, C) and RNA (B,
D) levels were assessed by gelatin zymography and semiquantitative RT-PCR at
days 0, 1, 3, 5, and 7 postinfection using conditioned media from uninfected and
JRCSF-infected human macrophages (A, B) and uninfected and V,CSF-infected
feline macrophages (C, D). Infection with either virus induced concurrent in-
creases in MMP-2 and -9 protein and mRNA expression that increased with viral
replication. Viral replication was measured by RT-PCR amplification of the
HIV-1 gag gene or the FIV pol gene using RNA from human and feline PBMC
infected with HIV or FIV as positive controls (+). Conditioned medium and
RNA from stimulated human macrophages served as controls for detection of
MMP expression (+). Amplification of GAPDH was used to ensure equal
template loading.

from the brains of demented (HAD) and nondemented (HIV-
ND) HIV-infected patients in a T-cell-tropic HIV-1 molecular
clone (pNL4-3) background. These clones, which had been
previously shown to be macrophage tropic (56), differ in the
extent to which they induced neuronal injury (56) and possess
envelope sequence diversity analogous to that observed be-
tween V,CSF and Petaluma (54). Both HAD and HIV-ND
chimeras replicated with equal efficiency in primary human
PBMC cultures (Fig. 3D).

MMP and STAT/JAK protein expression is increased fol-
lowing infection with lentiviruses expressing envelope se-
quences associated with neurological disease. To determine if
sequence diversity in the lentivirus envelope gene could ac-
count for the differences observed in host cell gene expression,
human and feline macrophages were infected with the HIV
and FIV envelope chimeras. STAT-1a (P < 0.002), STAT-13
(P < 0.01), and JAK-1 (P < 0.01) expression was increased in
human macrophages infected with HAD HIV chimeras com-
pared to uninfected cultures and macrophages infected with
HIV-ND clones (Fig. 4A). In contrast, expression of these
proteins in macrophages infected with HIV-ND clones did not
differ significantly from uninfected cultures. Although MMP
expression was increased in the HIV-ND-infected cells com-
pared to that in the uninfected controls (P < 0.05), MMP-2
and -9 levels were significantly greater in conditioned media
from human macrophages infected with HAD clones com-
pared to those in HIV-ND-infected cultures (Fig. 4A).
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Western blot analysis revealed increased expression of
STAT-1a (P < 0.001) and JAK-1 (P < 0.01) in feline macro-
phages infected with either FIV strain relative to that in unin-
fected controls, but STAT-1a and JAK-1 levels were signifi-
cantly greater in cultures infected with V;CSF compared to
those in Petaluma-infected macrophages (Fig. 4B). The FIV
chimera (FIV-Ch) containing the V,CSF envelope induced
STAT-1a and JAK-1 expression following infection of feline
macrophages to the same extent as V,CSF, exceeding the
levels induced by the less neurovirulent Petaluma strain that
constituted the genetic background of the chimera (Fig. 4B).
Like HIV, FIV infection increased STAT-1p expression (P <
0.001), but no difference was observed between viral strains.
Conditioned media from feline macrophages infected with any
of the FIV strains showed higher MMP levels compared to
uninfected cultures (Fig. 4B), but levels of both MMP-2 and -9
were significantly greater in macrophages infected with V,CSF
than those in Petaluma-infected cells. Similarly, feline macro-
phages infected with the FIV chimera exhibited MMP-2 and -9
protein levels higher than those in Petaluma-infected cultures
(Fig. 4B). These results demonstrated that lentiviral strains
associated with neurological disease concurrently induced
higher levels of MMP and STAT/JAK expression than non-
neurovirulent strains and implicated the lentiviral envelope as
a determinant in this phenomenon.

MMP-2 expression is regulated by the STAT/JAK signaling
pathway. Since STAT-1 and JAK-1 levels were elevated in
conjunction with MMP-2 and -9, following infection of macro-
phages with neurovirulent strains of HIV and FIV, we inves-
tigated MMP expression in the context of the STAT/JAK sig-
naling pathway. Treatment with IFN-a, which is known to
induce STAT-1 (1, 12), increased MMP-2 expression in both
human U937 monocytes (P < 0.02) (Fig. 5A) and primary
feline macrophages (P < 0.01) (Fig. 5B). This effect was par-
tially attenuated by incubation with the STAT-1 inhibitor, flu-
darabine (15), which decreased MMP-2 levels by 40 and 31%
in [FN-treated human and feline macrophage cultures, respec-
tively. Although MMP-9 expression was also increased by
IFN-q, it was comparatively lower than MMP-2 and was not
significantly affected by fludarabine treatment. Similarly, treat-
ment of human (Fig. 5SA) and feline (Fig. 5B) macrophages
with RANTES, a B-chemokine receptor ligand that has also
been shown to activate STAT-1 (10), increased MMP-2 and -9
expression in both U937 cells (Fig. 5SA) and feline macro-
phages (Fig. 5B). As with IFN-«, fludarabine partially inhib-
ited MMP-2 expression in cultures treated with RANTES (ap-
proximately 35% in both cell lines), but did not significantly
decrease MMP-9 levels.

To determine the extent to which STAT-1 and JAK-1 par-
ticipated in the increased MMP expression observed following
lentiviral infection, primary feline macrophages were infected
with V,CSF, Petaluma, or chimeric FIV strains. As shown in
Fig. 4, all three viruses induced MMP-2 and -9 expression that
was dependent on viral titer, although MMP expression was
greater in cultures infected with V,CSF and the FIV chimera-
expressing V,CSF envelope sequences than in cultures in-
fected with Petaluma (Fig. 5C). MMP-2 expression in macro-
phages infected with either chimeric FIV or Petaluma was
significantly decreased by fludarabine treatment; however, a
greater degree of inhibition was observed with the chimera
(42%) than with Petaluma (25%). As with cytokine-treated
feline macrophage cultures, fludarabine did not significantly
decrease MMP-9 levels in FIV-infected cultures or completely
abrogate MMP-2 expression. Taken together, these results
suggested that increased MMP expression following lentivirus
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of two experiments.

infection was modulated, in part, by the STAT/JAK signaling
pathway.

Lentivirus infection increases the expression of MMPs and
STAT/JAK proteins in brain. To establish that the above find-
ings reflected in vivo events in the brain, we assessed MMP and
STAT-JAK expression in brain tissue from HIV-infected pa-
tients, FIV-infected felines, and uninfected feline and human
controls. RT-PCR analysis revealed that MMP-2 and -9,
STAT-1a, and JAK-1 mRNA (Fig. 6A and C) and protein
(Fig. 6E) levels were increased in FIV-infected felines (P <
0.005) compared to those in controls. Similarly, MMP-2 and -9
mRNA levels were significantly elevated in HIV-infected hu-
man brain tissue relative to those in controls, concurrent with
increased STAT-1 and JAK-1 mRNA levels (Fig. 6B and D).
HIV-infected brains also exhibited increased MMP-2 and -9,
STAT-1a, and JAK-1 protein levels compared to those in the
uninfected controls (Fig. 6F). To confirm that increased
STAT-1 abundance was associated with activation of the sig-
naling molecule, immunoblot detection of phosphorylated
STAT-1a (92 kDa) was performed using feline brain tissue; the
level of phosphorylated STAT-1a was increased in FIV-in-
fected brain tissue, compared to that in uninfected controls
(data not shown). Expression of TNF-a was also elevated in

both HIV- and FIV-infected brain tissues (P < 0.01). Taken
together, these results indicated that lentivirus infection of the
CNS increased the expression of both MMPs and host mole-
cules associated with their regulation.

DISCUSSION

The aim of this study was to investigate the relationship
between lentiviral envelope diversity and the expression of
several host molecules with potential roles in lentivirus neuro-
pathogenesis. Using infectious molecular clones of HIV and
FIV, we have shown that differences in the envelope sequences
influence the extent to which the STAT/JAK signaling pathway
is induced following lentivirus infection. Furthermore, elevated
STAT-1 and JAK-1 levels were accompanied by concomitant
increases in MMP-2 and -9 expression. Cytokine and virus-
induced MMP-2 production in primary macrophages was at-
tenuated by the STAT-1 inhibitor fludarabine, suggesting a
role for this transcription factor in regulating MMP expression.
These in vitro findings were supported by similar in vivo find-
ings of increased MMP and STAT/JAK mRNA and protein
levels in lentivirus-infected brain tissue. Thus, increased MMP
expression, modulated by the STAT/JAK signaling pathway, is
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FIG. 4. env sequences from neurovirulent HIV-1 (A) and FIV (B) strains
induce STAT/JAK and MMP expression. (A) STAT-1 and JAK-1 expression was
increased in primary human macrophages infected with HAD HIV-1 clones
compared to HIV-ND-infected and uninfected cells. Similarly, MMP-2 and -9
protein levels in conditioned media from human macrophages were significantly
greater following infection with HAD HIV strains compared to those in
HIV-ND clones. (B) Infection of feline macrophages with V,CSF, Petaluma, or
chimeric (FIV-Ch) FIV strains revealed that STAT-1a and JAK-1 levels were
higher in macrophages infected by V,CSF and FIV-Ch compared to Petaluma-
infected and uninfected cells. MMP-2 and -9 levels were also significantly higher
in conditioned media from feline macrophages infected with V,CSF or FIV-Ch.
Data are expressed as fold increases over uninfected controls and represent the
mean * standard deviation of three experiments. Significant differences between
neurovirulent and nonneurovirulent viruses are indicated (Tukey-Kramer test; *,
P < 0.01; =, P < 0.001).

a property exhibited by at least two lentiviruses that cause
neurological disease.

Although independent studies have reported that HIV in-
fection is associated with changes in MMP levels (9, 63) and

J. VIROL.

STAT/JAK (47), a relationship between MMP expression and
the STAT/JAK signaling pathway has not been previously
demonstrated in the context of lentivirus infection. However,
other retroviruses that cause CNS disease have been shown to
upregulate expression of these molecules. For example, infec-
tion with human T-lymphotrophic virus type 1 is associated
with increased levels of MMP-3 and -9 (18), as well as elevated
STAT-1 and -5 expression and activation (39, 41, 68). Because
cytokines extensively regulate MMP transcription (40) and
STATs are fundamental to cytokine receptor signal transduc-
tion (12), it is plausible that the STAT/JAK signaling path-
way could play a role in MMP expression. In support of this
concept, we found that the STAT-1 inhibitor, fludarabine, at-
tenuated the increased MMP-2 expression detected in macro-
phages following lentivirus infection or treatment with cyto-
kines known to activate the STAT/JAK signaling pathway.
Although increased expression of STAT/JAK proteins has
been associated with increased cell signaling activity (31), ac-
tivation of STATSs requires tyrosine phosphorylation through
the upstream activity of tyrosine kinases, such as JAKs. In
keeping with this requirement, we observed increased JAK-1
expression in lentivirus-infected macrophages and brain and
increased abundance of the phosphorylated form of STAT-1.
Taken together, these findings suggest that infection by both
HIV and FIV is accompanied by increased STAT-1 activity
that results in increased MMP expression.

In this study, we have focused on STAT-1 because it was
previously shown to be activated following HIV infection (5)
and has been implicated in HIV gp120-induced gene expres-
sion in microglia (62). However, the failure of fludarabine to
significantly affect MMP-9 levels, or to completely inhibit
MMP-2 expression, suggests that other transcription factors
also mediate lentivirus-induced MMP expression. The cellular
responses elicited by lentiviral envelope proteins are highly
diverse and not limited to a single signaling pathway. For
example, both NF-kB and AP-1 are activated by HIV proteins
(6, 51) and have also been shown to transcriptionally regulate
MMP gene expression (2, 30, 74). In addition, the ability of
fludarabine to inhibit STAT expression is STAT-1-specific;
therefore, other STATSs that are known to be activated by
lentiviruses, such as STAT-3 (5), would not be affected by
fludarabine treatment. It is also conceivable that STAT-1 func-
tions in cooperation with other signaling molecules to regulate
MMP expression, possibly acting as a modulating factor to
enhance the effect of other mediators of MMP transcription.
For example, IFNs and TNF-a cooperate to induce the expres-
sion of many gene products during inflammation, a portion of
which is mediated by synergism between the transcription fac-
tors, STAT-1 and NF-«B (43). Similarly, regulation of MMP-1
expression by oncostatin M requires the activation and coop-
eration of both the mitogen-activated protein kinase and
STAT/JAK signaling pathways to achieve maximal transcrip-
tional activity (27).

Previous reports have demonstrated that the HIV gp120
envelope protein alone was sufficient to induce both STAT-1
(62) and MMP-2 expression (34). Since gp120 has not been
shown to directly transactivate gene expression, this process is
likely receptor mediated. A common feature of lentivirus in-
fection is the use of chemokine receptors as coreceptors for
cell entry (72). Recently, ligand binding of both CC and CXC
chemokine receptors has been shown to activate multiple-sig-
nal transduction pathways, including the STAT/JAK pathway
(73). Furthermore, signaling through the chemokine receptors
induces MMP expression (10) and initiates a cascade of events
culminating in neuronal injury (69, 76, 77). Thus, interaction
between chemokine receptors and viral envelope proteins re-
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FIG. 5. Regulation of MMP-2 and -9 levels in human U937 monocytoid cells
(A) and primary feline macrophages (B, C) by the STAT/JAK signaling pathway.
Uninfected U937 (A) or feline macrophage (B) cultures were incubated in the
presence (+) or absence (—) of IFN-a (100 IU/ml), RANTES (50 ng/ml), or
fludarabine (FLUD; 50 wM) for 24 h. IFN-a and RANTES significantly in-
creased MMP-2 and -9 expression in both human (A) and feline (B) cultures
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sulting in activation of intracellular transcription factors, such
as STATS, represents a plausible mechanism by which lentivi-
ruses upregulate MMP expression. This concept is supported
by our finding that RANTES, a B-chemokine known to interact
with several CC receptors, including CCR1, CCR3, and CCRS,
induced MMP-2 expression in primary human and feline mac-
rophages through a mechanism that was partially attenuated by
inhibition of STAT-1.

The profile of MMP expression following HIV infection of
the CNS has been shown to vary with the clinical status of the
patient (9). Our findings that MMP and STAT-JAK expression
was greater following infection with HIV and FIV clones ex-
pressing neurovirulent envelope sequences compared to less
neurovirulent sequences implicate envelope diversity in this
phenomenon. Previously, differences in envelope sequences
have been shown to influence ligand-receptor interactions and
modulate downstream signaling pathways, including those me-
diated by CD4 and chemokine receptors (44, 76). Further-
more, the induction of potential neurotoxins, such as quino-
linic acid (11), nitric oxide (26), and TNF-a (24), by different
HIV-1 strains has been shown to depend on envelope se-
quences, including the V3 hypervariable region. Since distinct
HIV envelope sequences are associated with the clinical ex-
pression of HIV dementia (29, 55), envelope-dependent induc-
tion of potential toxins, such as MMPs, may influence disease
development.

Although the events in the neurodegenerative cascade in-
duced by lentiviruses are uncertain, an increase in the number
of activated macrophages in the brain is considered to play a
critical role (15, 25, 37). As has been shown in simian immu-
nodeficiency virus infection, activated macrophages represent
the most likely source of the increased MMP expression de-
tected in infected brain (3). Similarly, we have observed in-
creased STAT-1 and MMP immunoreactivity in cells resem-
bling microglia and macrophages in immunocytochemical
studies of HIV- and FIV-infected brains (data not shown).
Increased BBB permeability is associated with the develop-
ment of HAD (53) and is one of several mechanisms proposed
to account for this influx of monocyte-derived cells (9, 34, 63).
This is supported by studies demonstrating that collagen type
IV, a primary constituent of basal membranes in the BBB, is
reduced in HIV-infected brain (7). Type IV collagen is also a
substrate of MMP-2 and -9; therefore, our finding that expres-
sion of these enzymes was elevated in HIV- and FIV-infected
brain and in association with neurovirulent lentiviruses is con-
sistent with this mechanism. Alternatively, MMPs produced in
the brain may act directly to alter neuronal function, develop-
ment, and survival, as suggested in other neurological diseases
(59, 75). For example, MMP-2 modulates chloride current (13)
and hence may influence excitotoxicity caused by neurotrans-
mitters, such as a glutamate, or other macrophage-derived
molecules, which have been implicated in lentivirus neuro-
pathogenesis (11, 21). In addition, degradation of laminin, a

compared to those in untreated controls. Fludarabine partially attenuated this
effect. (C) Conditioned media from feline macrophages, infected with V,CSF,
Petaluma (Pet), or chimeric (FIV-Ch) FIV strains at titers of 10> TCIDs,/10°
cells (+) or 10> TCID5,/10° cells (++), exhibited increased MMP-2 and -9
levels. MMP levels were dependent on the viral strain, with V,CSF and FIV-Ch
showing higher levels than those in Petaluma or uninfected controls at day 3
postinfection. Parallel cultures infected with Pet or FIV-Ch viruses, incubated
with fludarabine for 24 h, disclosed significant reductions in MMP levels, espe-
cially MMP-2. Data are expressed as fold increases over uninfected controls and
represent the mean * standard deviation of three experiments. Significant dif-
ferences relative to control cultures are indicated (Tukey-Kramer test; *, P <
0.05; #*, P < 0.01).
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FIG. 6. Representative MMP, TNF-a, and STAT/JAK mRNA and protein levels in brain tissue from HIV-infected persons (A, B) or FIV-infected felines (C, D)
with uninfected controls. RT-PCR showed increased MMP-2 and -9, STAT-1, JAK-1, and TNF-a mRNA levels in FIV-infected feline (n = 4) (A, C) and HIV-infected
human (n = 5) (B, D) brain tissue compared to brain tissue from uninfected felines (n = 4) and human controls (n = 6). Amplification of GAPDH was used to ensure
equal template loading. Gelatin zymography and Western blot analysis revealed concurrent increases in STAT-1a, JAK-1, MMP-2, and MMP-9 in FIV-infected (E)
and HIV-infected (F) brains compared to uninfected controls. In contrast to macrophages, only the STAT-1a monomer was detected in brain tissue. Data are expressed
as fold increases over uninfected controls and represent the mean *+ standard deviation of three experiments. Significant differences relative to uninfected controls are

indicated (Tukey-Kramer test; #, P < 0.05; #%, P < 0.01; ##, P < 0.001).

substrate for MMP-2 and -9, has been shown to result in
neuronal death (8).

In this study, we present evidence that upregulation of MMP
and STAT/JAK expression is a potential mechanism in the
neuropathogenesis of both feline and primate lentiviruses, sup-
porting the concept that evolutionarily distinct lentiviruses re-
tain conserved mechanisms of infection and disease induction.
It is likely that MMPs produced by macrophages other than
MMP-2 and -9, such as MMP-7 and -12 (75), participate in the
cascade of cellular events that causes neurodegeneration by

acting on their respective substrates and modulating the activ-
ity of other toxic molecules (40). Characterization of these
MMPs and the processes by which they are regulated will be
the focus of future studies.
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