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Recent studies on the coreceptor usage of human immunodeficiency virus
(HIV) strains associated with acquired immunodeficiency syndrome (AIDS)
dementia have shown that both X4 and R5 viruses are involved in the process.
The disease is associated with enhanced virus replication and monocyte
chemoattractant protein (MCP)-1 production in macrophages in the brain.
Using the macaque model of the disease, the authors show here that X4,
macrophage-tropic simian human immunodeficiency virus (SHIV) required
the enhancing effect of interleukin (IL)-4 to achieve equivalent concentrations
of virus and MCP-1 that are produced in macrophages infected with R5 viruses
alone. Confocal microscopy showed that macrophages in the encephalitic
brains were the major producers of MCP-1. The authors surmise, therefore,
that whereas R5 viruses maybe capable of causing the disease as a primary
pathogen, X4 viruses may require IL-4, induced by opportunistic pathogens,
for induction of the neuropathological syndrome. Journal of NeuroVirology

(2004) 10(suppl. 1), 118-124.
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Introduction

Animal models of simian immunodeficiency virus
(SIV) and simian human immunodeficiency virus
(SHIV) infection in macaques have provided ex-
cellent analogs of human immunodeficiency virus
(HIV) encephalopathy and facilitate longitudinal
studies on the pathogenesis (Lackner et al, 1991;
Ringler et al, 1986; Sharer et al, 1988). Macrophages
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are the chief target cells of the virus in the brain,
and although CCRS5 is the major coreceptor for HIV-1
infection in these cells (Albright et al, 1999; Gabuzda
and Wang, 1999; Ghorpade et al, 1998; He et al,
1997), recent studies by Gabuzda et al (1998) have
shown that CXCR4 can also mediate efficient virus
entry into microglia and suggest that X4 viruses
in brain may be more prevalent than originally
perceived (Gorry et al, 2001). Thus, macrophage
tropism rather than coreceptor usage may be more
important for causing the disease,

Histologically, characteristic pathological findings
of lentiviral encephalitis in primates consist of mi-
croglial foci, dense infiltration of mononuclear cells
(including monocyte/macrophages) in perivascular
sites and in the brain parenchyma, and formation
of syncytia comprising mainly of infected, fused
cells bearing the macrophage marker (Bell, 1998;



Gendelman et al, 1994; Nath, 1999). Although it
is well established that the virus invades the brain
during the early stages of the systemic infection,
development of HIV encephalitis (HIV-E) is usually a
late event when there is substantial viral replication
in the central nervous system (CNS) (Sanders et al,
1998; Wiley et al, 1999). The factors leading to the
productive virus replication and associated patho-
logical changes in the brain during HIV-E remain
largely elusive.

Whereas R5 viruses seem capable of causing pri-
mary encephalitis, our earlier studies showed that
encephalitis associated with macrophage-tropic X4
viruses was invariably associated with coinfection in
the brain with opportunistic pathogens such as cy-
tomegalovirus (CMV), Toxoplasma, and simian virus
40 (SV40). Furthermore, X4 virus encephalitis was
usually associated with expression of interleukin
(IL)-4. Using Schistosoma mansoni eggs as an ex-
perimental surrogate of opportunistic pathogens, we
showed that X4 virus infection, combined with in-
oculation of the animals with S. mansoni eggs, re-
sulted in the development of lentiviral lesions in the
CNS and lungs (Buch et al, 2001). Lesions in both
organs were associated with increased virus replica-
tion in macrophages and in a milieu rich in the Th2
cytokines, IL-4 and IL-10. This suggested that the neu-
ropathogenesis of X4 virus infections may be contin-
gent on the presence of Th2 cyokines in the brain. Ex-
perimentally, IL-4 causes enhanced replication of X4
virus in macrophages by mechanisms that include en-
hanced expression of the X4 RNA (Hicks et al, 2002).
The cytokine also causes enhanced expression of the
secretory CC chemokine, monocyte chemoattractant
protein (MCP)-1, in infected macrophage cultures
(Hicks et al, 2002). MCP-1 has been shown to be
the most potent among other monocytic chemoattrac-
tants, such as RANTES, macrophage inhibitory pro-
tein (MIP)-1a, MIP-18, MCP-2, and MCP-3, at induc-
ing the transmigration of monocytes across a model
of the blood brain barrier (Uguccioni et al, 1995).

Selective accumulation of MCP-1, but not other
chemokines, has been demonstrated in the cere-
brospinal fluid (CSF) and brain parenchyma of pa-
tients with acquired immunodeficiency syndrome
(AIDS) dementia (Conant et al, 1998), in HIV-E
(Sanders et al, 1998), in SHIV encephalitis (SHIV-E)
(Hicks et al, 2002), and also in the CSF of macaques
with SIV encephalitis (SIV-E) (Zink et al, 2001). In the
present study, we examined the identity of cells in
the brain of macaques with SHIV-E that contributed
to the accumulation of MCP-1.

Results

Replication of X4 and R5 viruses in rhesus
macrophages in the presence and absence

of recombinant macaque (rm) IL-4

Because X4 strains of HIV have also been identified
in HIV-E, we used macrophage tropic strains of SHIV
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that use the X4 coreceptor to explore mechanisms
of neuropathogenesis of the infection in macaques.
Our earlier studies showed that the neuropathogenic
potential of X4 SHIVs was contingent upon con-
current coinfection in the brain with opportunistic
pathogen(s) (Buch et al, 2002). The neuropathological
changes in these brains were indistinguishable from
those caused by R5 agents, suggesting that the role of
opportunistic pathogens in X4-mediated CNS disease
may have been to promote replication of lentivirus
in macrophages in the brain. IL-4 induced by oppor-
tunistic pathogens is a likely candidate that promoted
virus replication in the brain.

The role of IL-4 in promoting X4 virus replication
in macrophages was first reported by Valentin et al
(1998) and confirmed later in our laboratory in stud-
ies using S mansoni eggs (powerful inducers of Th2
cytokines) as a surrogate of an opportunistic pathogen
(Buch et al, 2001).

Based on the studies described earlier, we then ex-
plored the effect of exogenous IL-4 on the replica-
tive capacity of both X4 and R5 viruses in pri-
mary macrophage cultures from rhesus macaques.
Monocyte-derived macrophages (MDMs) were inoc-
ulated with X4 (SHIVgy_, and SHIVgesP) and R5
(SIVsmmPGM) viruses at a multiplicity of 0.1 in the
presence or absence of rm IL-4, and supernatant flu-
ids examined for virus content at various times af-
ter inoculation. As demonstrated earlier (Hicks et al,
2002) and as seen in Figure 1A and B, the X4
viruses replicated efficiently and addition of IL-4
caused a further enhancement of replication of the
X4 viruses in the macrophage cultures. IL-4 had
minimal effects on the replication of the R5 virus
(Figure 1B).

Effect of virus infection in the presence and absence
of rm IL-4 on MCP-1 secretion by rhesus MDMs

To investigate whether virus infection in
macrophages would result in stimulation of the
cells to produce MCP-1 and whether the amount of
MCP-1 produced varied with the virus variant, we
inoculated MDMs with X4 (SHIVky_, and SHIVgg ¢P)
and R5 (SIVgyumPGM and SIV,,,.251) viruses in the
presence and absence of IL-4 and measured produc-
tion of MCP-1 in the cultures. As seen in Figure 1C,
MCP-1 was constitutively expressed by uninfected
MDMs but infection with X4 and R5 viruses led
to an increase in the secretion of the chemokine.
R5 viruses were better inducers of MCP-1 than X4
viruses. Although addition of IL-4 to uninfected
cultures also enhanced secretion of the chemokine,
the effect of the cyokine was more pronounced in
rhesus MDMs infected with the X4 viruses. MCP-1
levels in cultures infected with R5 virus and treated
with the cytokine showed no increase in MCP-1
secretion compared to that in R5-infected cells
without the cytokine (Figure 1D). Thus, the effect of
IL-4 on replication of macrophage-tropic X4 viruses
was to achieve equivalent levels of virus and MCP-1
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in the cells as those caused by macrophage-tropic R5
viruses alone.

Increased MCP-1 RNA in the brains of macaques
with SHIV-E

MCP-1 has recently been identified as one of the
chemokines that is present in increasing amounts
in the brains and CSF of patients with lentiviral
encephalitis (Conant et al, 1998; Zink et al, 2001),
and is known to be secreted by a variety of cells
in the brain. The in vitro findings of lentiviral in-
fection leading to enhanced MCP-1 secretion cor-
relate well with our studies on SHIV-E caused by
X4 viruses. Increased expression of MCP-1 RNA
by reverse transcriptase—polymerase chain reaction
(RT-PCR) was clearly demonstrated in the brains of
macaques with SHIV-E as compared to SHIV-infected
macaques without encephalitis (Figure 1E). SHIV-
infected macaques without encephalitis did express
low levels of MCP-1. In contrast, uninfected normal
macaques lacked MCP-1 RNA.

Macrophages as the source of increased MCP-1

in the brains of macaques with SHIV-E

To investigate the source of increasing levels of
MCP-1, we examined five brains from SHIV-infected
macaques that succumbed to AIDS. Two of the four
animals had developed CNS disease and had lentivi-
ral encephalitis associated with opportunistic infec-
tions. The other two animals that died with AIDS had
neither any CNS lesions nor infections with oppor-
tunistic pathogens. We used sections of brains from
these animals to investigate whether MCP-1 produc-
tion was enhanced only in the encephalitic brains,
and if so, to identify the cells responsible for the
enhanced production of the chemokine. Using indi-
rect immunofluorescence with antibodies to MCP-1,
we found that MCP-1 antigen was expressed only
in the encephalitic brains. Confocal microscopy of
these sections showed that perivascular macrophages
that stained positively with macrophage specific
Hamb56 antibodies also were positive for the MCP-
1 antigen (Figure 2A). In addition to perivascular
macrophages, macrophages in the microglial nod-
ules also stained positively MCP-1 antigen (data
not shown). Astrocytes surrounding the blood ves-
sels were negative for MCP-1 (data not shown). Be-
cause virus infection is known to cause an upreg-
ulation of MCP-1 expression in rhesus macrophage
cultures, it was of interest to assess whether MCP-
1—expressing perivascular macrophages were also
expressing the virus protein. To answer this ques-
tion, confocal microscopy of the brain sections was
performed and, as shown in Figure 2B, perivascu-
lar macrophages that stained positively with MCP-
1 antigen also stained positively for the virus p27
antigen.
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Discussion

MCP-1 has recently been identified as one of the
chemokines that is present at very high levels in
the brains and CSF of individuals with lentiviral en-
cephalopathy (Conant et al, 1998; Zink et al, 2001).
The role of MCP-1 in monocytic infiltration in vivo is
substantiated by several studies (Lahrtz et al, 1997;
Fuentes et al, 1995; Bell et al, 1996). Earlier find-
ings from our laboratory have demonstrated that the
development of X4 virus—-mediated encephalitis in
rhesus macaques was contingent upon two factors:
productive virus replication in brain macrophages
and an optimal threshold of MCP-1 concentration
in the brain. R5 viruses that cause primary en-
cephalitis achieve this threshold by virtue of infec-
tion. In contrast, SHIV-E is usually associated with
coinfection with opportunistic pathogen(s) and ex-
pression of IL-4 ( Buch et al, 2002), a factor that
enhances MCP-1 expression in X4-infected but not
R5-infected macrophages (Hicks et al, 2002). These
findings therefore led us to surmise that the attain-
ment of optimal MCP-1 concentrations needed to
initiate neuropathogenesis may have required virus
replication and IL-4 help. Whether development of
HIV-E by X4 viruses is also contingent upon IL-4 help
remains poorly understood. In an earlier report exam-
ining cytokine gene expression in HIV-E, Wesselingh
et al (1993) had shown decreased levels of IL-4 in
the brain. However, in this latter report, HIV-E cases
that were coinfected with opportunistic coinfections
were not included in the study and this may, in part,
explain the discrepancy between the two findings. It
is possible that only cases with R5 variants (that do
not need coinfection for manifestation of encephali-
tis) in the brains were evaluated in this human study.
Furthermore, the fact that R5 variants are known to
be more prevalent in the brains of patients with HIV-
E than the X4 variants could, in part, explain the lack
of IL-4 in the brains of patients with HIV-E.

In order to understand the source of MCP-1in the
brain of macaques with SHIV-E, we had performed
in situ hybridization and immunohistochemistry and
had demonstrated that MCP-1-producing cells in
the brains mainly confined to microglial nodules
and that the majority of the cells in these nodules
were productively infected macrophages (Hicks et al,
2002). The present report demonstrates expression
of MCP-1 protein in the perivascular macrophages
of the brains of macaques with SHIV-E. Accumu-
lation of the maturing monocytes in perivascular
locations at their point of entry into the brain is per-
haps the earliest morphological evidence of the re-
cruitment process and is followed later by accumu-
lations of macrophages close to the blood vessel in
the brain parenchyma as microlgial nodules. One
of plausible explanations for the neuropathogenic
potential of X4 SHIVs could be the enhanced ex-
pression of MCP-1 following X4 SHIV infection and
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Figure 2 (A), Colocalization of macrophage- and MCP-1-specific antibodies, in the brain of macaque with SHIV-E. Brain sections were
first stained with primary antibody, C17, goat anti-human MCP-1 antibody, followed by treatment with Alexa Fluor 488 donkey anti-goat
secondary antibody. The sections were then stained with another primary antibody, Ham56, a mouse anti-human macrophage-specitic
antibody, followed by treatment with Alexa Fluor 594 goat anti-mouse antibody. Stained sections were examined under a fluorescence
microscope with appropriate filters. (B), Colocalization of MCP-1-specific antibody, C17, and viral p27 protein in the perivascular cuff
in the brain of macaque with SHIV-E. Brain sections were first stained with primary antibody, C17, goat anti-human MCP-1 antibody,
followed by treatment with Alexa Fluor 488 donkey anti-goat secondary antibody. The sections were then stained with another primary
antibody, viral p27 antibody, followed by treatment with Alexa Fluor 594 goat anti-mouse antibody. Stained sections were examined

under a fluorescence microscope with appropriate filters.

IL-4 expression and this, in turn, could lead to en-
hanced recruitment of macrophages during SHIV-
E. Corroboration of the role of MCP-1 in SHIV-E
comes from findings of Conant et al (1998) demon-
strating an up-regulation of MCP-1 in the brains
of patients with HIV-1-associated dementia (Conant
et al, 1998). However, the source of MCP-1 in this
study were the astrocytes and the neurons and not
macrophages. Unlike the human brain though, stud-
ies reported here suggest that macaque astrocytes
around the blood vessels were not a source of MCP-

1 in SHIV-E. Although it can be argued that CD4™"
T cells that are capable of producing MCP-1 and that
are permissive for X4 viruses could also be contri-
buting to the MCP-1 pool during SHIV-E, the fact
that these cells are usually absent during the on-
set of encephalitis (Joag et al, 1997) rules them out
as a source of MCP-1 in the brain. Support of this
comes from our findings demonstrating lack of CD4*
T cells in the brains of macaques with SHIV-E (Buch
et al, unpublished data). Interestingly, however, the
X4 viruses are permissive for rhesus macrophages



(Hicks et al, 2002). This supports a basic tenant
that macrophage-tropism, irrespective of corecep-
tor usage, predicts HIV-1 neurotropism (Gorry et al,
2001).

Taken together, the studies presented here strongly
suggest that IL-4 has a major role in promoting
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