Journal of NeuroVirology, 14: 309-317, 2008
© 2008 Journal of NeuroVirology
ISSN: 1355-0284 print / 1538-2443 online

informa

healthcare

DOI: 10.1080/13550280802132832

Review

The accelerated simian immunodeficiency virus
macaque model of human immunodeficiency
virus—associated neurological disease:

From mechanism to treatment

Janice E Clements,>?? Joseph L Mankowski,?* Lucio Gama,! and M Christine Zink!45

Departments of ! Molecular and Comparative Pathobiology, ? Neurology, *Molecular Biology and Genetics,  Pathology

and °Molecular Microbiology and Immunology, Johns Hopkins University School of Medicine, Baltimore, Maryland, USA

Highly active antiretroviral therapy has been effective in lowering viral loads
in the peripheral blood, restoring immune function and reducing the incidence
of opportunistic infections and dementia in human immunodeficiency virus
(HIV)-infected individuals. However, motor and cognitive deficits and periph-
eral neuropathy continue, with some studies reporting an increase in preva-
lence of nervous system disease. The authors developed an accelerated, con-
sistent simian model of HIV infection in which pigtailed macaques are dual
inoculated with a neurovirulent simian immunodeficiency virus (SIV) clone
and an immunosuppressive SIV strain. Infected animals invariably develop
acquired immunodeficiency syndrome (AIDS) and over 90% develop central
nervous system disease as well as peripheral nervous system disease with neu-
rodegeneration by 3 months postinoculation. This model provides outstanding
opportunities to delineate the pathogenesis of infection, to study the regulation
of virus gene expression, and to identify host immune responses throughout
the acute, clinically silent and late stages of infection. Using this model, the
authors have demonstrated that the virus enters the brain within days after
inoculation, that CCL2 (monocyte chemoattractant protein [MCP]-1) plays a
major role in recruiting monocytes/macrophages to the brain, and that type I
interferons are critical in suppressing early virus replication and inducing vi-
ral latency. This model provides a rigorous platform for the testing of potential
antiretroviral, immune reconstituting, and/or neuroprotective agents and al-
ready has been used to confirm the neuroprotective properties of minocycline,
which now is being tested in clinical trials of HIV-infected individuals. Journal
of NeuroVirology (2008) 14, 309-317.
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Introduction

Treatment of human immunodeficiency virus (HIV)-
infected individuals with highly active antiretroviral
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therapy (HAART) has significantly changed the clin-
ical course of HIV infection and the development of
HIV-associated dementia. Although the incidence of
HIV-associated dementia has declined, the cumula-
tive prevalence has continued to increase (Maschke
et al, 2000; McArthur et al, 2003; Sacktor et al, 2002).
HIV-associated minor cognitive impairment is now
the most prevalent form of HIV-associated central
nervous system disease and there also is an increas-
ing prevalence of HIV-associated peripheral neuropa-
thy in HIV-infected individuals (Simpson et al, 2006;
Smyth et al, 2007). Thus, it continues to be important
to understand the pathogenesis of HIV infections of
both the central (CNS) and peripheral (PNS) nervous
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systems. Simian immunodeficiency virus (SIV) infec-
tion of macaques recapitulates many aspects of HIV
infection and disease progression including infection
of both lymphocytes and macrophages as well as the
development of immunosuppression and CNS and
PNS disease. Infection of macaques with SIV, similar
to infection of humans with HIV, is characterized by
highly variable periods of time between acute infec-
tion and the development of immunosuppression as
well as variation in the incidence of CNS disease. To
investigate the cellular and molecular mechanisms
that contribute to infection and the development of
disease in the nervous system, it was necessary to
examine the central and peripheral nervous systems
at various stages throughout infection with the confi-
dence that the animals were destined to develop neu-
rological disease. Thus it was critical to develop a SIV
model in which infected macaques predictably de-
velop CNS disease and preferably with a shortened
time course (Clements et al, 2002; Zink et al, 1997,
1999; Zink and Clements, 2002).

Our laboratory developed an accelerated, consis-
tent SIV/macaque model that requires simultane-
ous inoculation with two viruses: a neurovirulent
molecular clone (SIV/17E-Fr) and an uncloned strain
of SIV that is immunosuppressive (SIV/DeltaB670).
This combination of viruses results in high levels
of acute virus replication with plasma RNA levels,
reaching 10® copy equivalents per milliliter, con-
tinued high plasma viral load thoughout infection,
rapid loss of CD4+ lymphocytes beginning as early
as 35 days postinoculation, and development of CNS
and PNS diseases in the majority of animals by 84
days post inoculation (Zink et al, 1999). In addi-
tion to the combination of viruses, our model uses
pigtailed macaques (Macaca nemestrina), which de-
velop immunosuppression more rapidly than rhesus
macaques inoculated with the same viruses and de-
velop CNS lesions with a higher frequency than either
rhesus macaques or cynomologous monkeys (Zink
et al, 1997). Thus, both viral and host genetic com-
ponents contribute to the accelerated development
of acquired immunodeficiency syndrome (AIDS) and
the high frequency of nervous system pathology in
this SIV/macaque model. Here we review the model
and describe how it has been used to study the selec-
tion of viral genotypes in the brain, mechanisms by
which viral latency is established in the brain, mark-
ers of CNS disease in cerebrospinal fluid (CSF) and
plasma, development of encephalitis and peripheral
neuropathy, and novel treatment approaches.

Viral components of the model

In developing the model, infection of the brain with
constant development of CNS disease was a primary
goal. However, it was clear from studies in humans
with both AIDS dementia and other HIV-associated
neurologic diseases that immunosuppression accom-
panied the clinical development of these diseases

(Gibbs et al, 1990). Consequently, both a neurovir-
ulent SIV and an SIV strain that caused immuno-
suppression were used for this model. A neurovir-
ulent strain of SIV was derived by the passage of the
cloned, lymphocyte-tropic SIVmac239 four times in
the brains of rhesus macaques. SIV was isolated from
the brain of a macaque that developed CNS lesions
(passage 3), and that virus was used to infect another
macaque. This macaque developed CNS disease more
rapidly and the virus isolated from this macaque
brain, SIV17E-Br, was macrophage-tropic, in contrast
to the lymphocyte-tropic original virus used for the
original inoculation. SIV/17E-Br was used to con-
struct molecular clones to identify the genetic basis
for neurovirulence (Anderson et al, 1993). A recom-
binant virus, SIV/17E-Fr, that contained the entire
envelope, nef, and long terminal repeat (LTR) from
SIV/17E-Br was macrophage-tropic and neuroviru-
lent in macaques (Flaherty et al, 1997; Mankowski
et al, 1997). Studies of this and other recombinant
macrophage-tropic SIV clones demonstrated that al-
though macrophage tropism is necessary for neu-
rovirulence of SIV, it is not sufficient to cause CNS
lesions.

Most SIV strains utilize CCR5 as the coreceptor
for cell entry despite their cellular tropism, although
at least one monkey species can be infected with
a strain of SIV that uses CCR2b (Chen et al, 1998;
Marx and Chen, 1998). Like HIV-2, some strains
of SIV are able to infect cells without CD4. Re-
ceptor and coreceptor usage of the macrophage-
tropic, neurovirulent, uncloned SIV/17E-Br and
cloned SIV/17E-Fr revealed that they both were CD4-
independent, CCR5-dependent viruses (Edinger et al,
1997a, 1997b). In contrast, the macrophage-tropic,
non-neurovirulent virus SIV/17E-Cl, which was con-
structed by inserting the gp120 portion of the env
gene of SIV/17E-Fr into the backbone of SIVmac239,
required both CD4 and CCR5 for entry into cells.
Thus, the CD4-independent SIV strains appear to be
more pathogenic in the CNS.

The immunosuppressive strain used in this model
is an uncloned virus, SIV/DeltaB670. This was iso-
lated from lymph node of an SIV-infected rhesus
macaque and has been shown to contain over 20
viral strains distinguished by sequences in the V1
region of the envelope gene (Amedee et al, 1995).
The viruses in the SIV/DeltaB670 swarm are a mix-
ture of lymphocyte-tropic and macrophage-tropic
strains. SIV/DeltaB670 infection causes AIDS and
CNS disease in approximately 30% of infected rhe-
sus macaques, with a time course of 6 to 45 months
(Trichel et al, 2002). Infection of rhesus macaques
with SIV/17E-Fr also causes AIDS and CNS disease
in 3 to 15 months and 67% develop CNS lesions,
with replicating virus detected in the brains of 80%
of the animals (Mankowski et al, 1997). Thus, dual
infection of pigtailed macaques with SIV/17E-Fr and
SIV/DeltaB670 has a consistently short time course
of 3 months and a high probability of CNS disease



in comparison to infection of macaques with other
viruses.

SIV encephalitis: parallels with
HIV-associated neurological disease

Over the last decade, 29 pigtailed macaques have
been dual inoculated with SIV/17E-Fr and SIV/
DeltaB670, their plasma and CSF has been sampled at
regular intervals throughout infection, and they have
been euthanized at 84 days post inoculation (p.i.). In
addition, significant numbers of macaques have been
euthanized at each of 4, 7, 10, 14, 21, 42, and 56 days
p.i. This has provided us with a detailed picture of
virological, inflammatory, immunological, and neu-
rological events throughout the course of infection
and the development of CNS and PNS disease. Imme-
diately after inoculation, there is a consistent rapid
rise in viral load in plasma and CSF, peaking at 7
to 10 days, at a concentration of approximately 10®
and 1057 viral RNA copy equivalents per milliliter,
respectively (Figure 1A) (Zink et al, 1999). By days
14 to 21, plasma viral loads have declined by 1 to 2
logs and CSF viral loads have declined more precip-
itously. By approximately 28 days p.i., plasma viral
loads have risen again and remain at 107 to 10® copy
equivalent/ml throughout infection. CSF viral loads
also begin to increase at this point, and animals that
ultimately develop severe or moderate encephalitis
develop significantly higher CSF viral RNA levels.
Twenty-eight days p.i., there is a dramatic decline in
absolute CD4+ cell counts in the peripheral blood,
with development of AIDS in 100% of macaques by
day 84 p.i.

Cytokine and chemokine expression in CSF also
follows a biphasic pattern throughout infection. Dur-
ing the first 7 to 10 days of infection, CSF CCL2 levels
rise to several times the level in plasma, implying that
agradient of CCL2 develops that would recruit mono-
cytes into the brain during acute infection (Figure 1B)
(Zink et al, 2001). By days 14 to 21, CSF CCL2 lev-
els have declined to normal levels. After day 28 p.i.,
CSF CCL2 levels rise again and CSF:plasma ratios
of CCL2 that are higher than 2.65 predict macaques
that will develop moderate or severe encephalitis.
Like CCL-2, CSF interleukin (IL)-6 levels also pre-
cede and predict the subsequent development of SIV
encephalitis, although CSF IL-6 levels often lag CCL-
2 levels by approximately 2 weeks (Mankowski et al,
2004).

Upon immunohistochemical staining of brain tis-
sue at various stages of infection, it was noted that ex-
pression of the macrophage activation markers CD68
and major histocompatibility complex (MHC) class
IT were increased in brain tissue during acute and
late-stage infection (Figure 1B), following the same
biphasic pattern as expression of the macrophage
chemoattractant protein CCL2 in CSF. Expression
of the macrophage and microglial activation marker
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CD68 corresponded with SIV encephalitis severity, il-
lustrating that macrophage activation plays a central
role in SIV CNS disease, like HIV CNS disease (Zink
et al, 1997). When there were increased numbers and
activation of macrophages in the brain parenchyma,
viral RNA in brain homogenates also was elevated.
These findings are consistent with the expression
of CCL2 recruiting virus-containing macrophages to
the brain during acute and late-stage infection. Inter-
estingly, expression of glial fibrillary acidic protein
(GFAP) in white matter increases gradually through-
out infection, reaching significant levels as early as
day 21. This suggests that activation of astrocytes
is initiated during early infection and continues un-
abated throughout infection, with the potential to ir-
revocably alter the neural environment of infected
individuals.

Of the 29 macaques that were euthanized at 84
days p.., approximately 90% developed neuro-
logical disease. Twenty-one percent were classified
pathologically as mild encephalitis, 28% as moderate
encephalitis, and 41% as severe encephalitis. SIV en-
cephalitis, characterized by numerous perivascular
cuffs of epithelioid macrophages and multinucleated
giant cells, as well as multifocal nests of activated
macrophages and astrocytes in the parenchyma,
is very similar to HIV encephalitis except that the
lesions in SIV-infected macaques often contain more
lymphocytes, perhaps because macaques are eutha-
nized when the first show clinical signs of disease,
so the CNS likely is examined at an earlier stage of
infection (Czub et al, 1996). Immunohistochemical
staining and in situ hybridization consistently reveal
viral antigen and viral RNA almost exclusively in
cells of macrophage lineage in the brain parenchyma
and in perivascular cuffs (Zink et al, 1997, 2001). As
in HIV encephalitis, a small percentage of astrocytes
are positive for antigens of early viral genes such
as nef throughout the disease process (Guillemin
et al, 2000; Overholser et al, 2003; Saito et al, 1994;
Tornatore et al, 1994).

In addition to CNS inflammation, neuronal dys-
function in SIV-infected macaques can be detected
by immunostaining for amyloid precursor protein
(APP) in white matter tracts such as the corpus cal-
losum (Mankowski et al, 2002). Animals that devel-
oped SIV encephalitis had a high likelihood of con-
taining elevated APP in white matter as compared to
SIV-infected animals that did not develop encephali-
tis. The amount of APP accumulating within axons
correlated strongly with the amount of SIV protein in
the CNS and the extent of decline in bimanual motor
performance on neurobehavioral testing (Weed et al,
2003).

Given that neuronal dysfunction developed in
this SIV/macaque model, we next examined CSF
collected at various times during infection to
determine whether we could detect evidence of
neuronal damage markers prior to onset of overt SIV
encephalitis. 14—3-3 proteins were detected in the
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Figure 1 Viral, inflammatory, and immune parameters in the accelerated, consistent SIV/macaque model of HIV-associated neurological
disease. (A) Viral RNA levels in plasma increase rapidly during the first 7 to 10 days after virus inoculation, decline by approximately
1 log, then increase again and remain at 107 to 10° for the remainder of the infection period. Viral RNA levels in CSF increase during
acute infection, decline by several logs during the next 2 weeks, then increase again only in macaques that will develop moderate to
severe encephalitis. CD4+ cell counts in peripheral blood decline during acute infection, recover briefly, then begin to decline again
during the asymptomatic stage of infection. (B) CCL2 production in the CNS, expressed as the ratio of CCL2 in CSF:plasma rises during
acute infection, declines by day 21 p.i., then increases again in macaques that will develop moderate to severe encephalitis. Markers
of macrophage infiltration and activation (CD68 and MHC class II) are elevated in brain tissue during acute and terminal infection. In
contrast, activation of astrocytes as measured by expression of GFAP in brain tissue increases gradually throughout infection. (C) During
acute infection, when there is an increase in viral RNA in the brain, IFNS and MX RNA are elevated in the brain. Viral RNA declines
rapidly after expression of IFNS and MX and rises again late in infection in conjunction with immunosuppression. IFNS and MX RNA
are again expressed at high levels during late-stage infection.



CSF by immunoblotting beginning during asymp-
tomatic infection and then persisting until terminal
stages of disease in animals that developed SIV
encephalitis. Levels of CSF 14—3-3 proteins closely
correlated with the extent of SIV replication in the
CNS (basal ganglia, P = .001), suggesting that CNS
virus replication induces sustained neuronal damage
even during asymptomatic stages of infection when
monocyte/macrophage activation represented by
CD68 immunostaining approximates preinfection
levels in subcortical white matter (Helke et al,
2005). This finding corresponds with earlier studies
showing that the extent of APP accumulation in
the corpus callosum is highly correlated with SIV
protein levels in the CNS (Mankowski et al, 2002).

SIV-induced PNS disease

The most common neurologic condition currently
associated with HIV infection is peripheral neuropa-
thy, frequently manifested clinically as a debilitating
distal sensory neuropathy. Study of HIV PNS disease
is complicated by the potential for various highly
active antiretroviral therapy (HAART) regimens to
potentiate HIV-induced PNS damage (Keswani et al,
2006; Pettersen et al, 2006). Given the high preva-
lence of CNS lesions in the accelerated SIV/macaque
model, we examined whether lesions also developed
in the PNS by examining somatosensory ganglia for
evidence of virus replication and host immune re-
sponses. Initial studies that focused on the trigeminal
ganglia to address these questions identified several
parallels between SIV PNS disease and SIV CNS dis-
ease, including (1) replication of SIV predominantly
within macrophages in ganglia; (2) the presence of
SIV RNA in ganglia during acute infection, with
reduction of SIV replication after acute infection;
and (3) increases in CD68 immunostaining in the
ganglia of SIV-infected animals, likely representing
both recruitment of monocytes as well as activation
of endogenous macrophage populations (Laast et al,
2007). However, severity of ganglionitis and mag-
nitude of CD68 immunostaining was not strongly
linked to the severity of SIV encephalitis. In contrast,
the level of SIV replication in PNS and CNS were
strongly correlated (P = .036, r = .8). Additional
studies targeting pathologic and corresponding
physiologic alterations in the PNS of SIV-infected
pigtailed macaques will further our understanding
of the pathogenesis of HIV PNS disease.

Viral genotypes in the brain

The viral inoculum wused in our accelerated
SIV/macaque model provided us with the opportu-
nity to examine the viral strains that were present in
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DNA and RNA from the brains of macaques during
the acute, clinically silent and late stages of infection
and with CNS lesions of various severities and com-
pare them to the viral strains replicating in the pe-
ripheral blood. Viral sequences present in brain DNA
provided us with an archive of the viral strains that
had passed through the brain, some of which remain
as latent virus (Clements et al, 2002), whereas viral se-
quences in brain and peripheral blood mononuclear
cell (PBMC) RNA indicated strains that were actively
replicating at the time the samples were obtained. We
used the V1 portion of env as our marker sequence be-
cause it is the most variable portion of the envelope
gene and because previous studies identified over
20 V1 genotypes in our inoculum viruses (SIV/17E-
Fr and SIV/DeltaB670), including both lymphocyte-
tropic, presumably immunosuppressive, strains and
macrophage-tropic strains, some of which were ex-
pected to be neurovirulent (Amedee et al, 1995).

A  wide variety of lymphocyte-tropic and
macrophage-tropic viral genotypes were identi-
fied in DNA and RNA isolated from brain and the
same genotypes were identified in RNA isolated
from PBMCs during acute infection. This suggested
that there was no apparent viral selection during
early seeding of the brain (Babas et al, 2006). Start-
ing at 21 days p.i. (early asymptomatic infection)
and continuing through late-stage infection, there
was a gradually increasing predominance of two
macrophage-tropic, neurovirulent viral genotypes,
SIV/17E-Fr and SIV/DeltaB670 Cl-2, in RNA iso-
lated from brain. During late-stage infection, these
genotypes comprised 95% of the viral genotypes
detected in brain. There was a significantly greater
number of viral genotypes in DNA isolated from
brain and in RNA from PBMC than in RNA isolated
from the brain (P = .004). Both macrophage- and
lymphocyte-tropic viral genotypes were identified
in DNA from brain and RNA from PBMCs. The viral
genotype that predominated in RNA from brain,
however, frequently was different from that which
predominated in the PBMCs of the same animal.
This suggested that although many genotypes have
access to the brain via trafficking PBMCs, only
some of them remain and replicate in the brain
microenvironment. These data further suggest that
the selection of macrophage-tropic, neurovirulent
viruses occurs not at the level of the blood-brain
barrier, but at a stage after entry of virus-infected
cells to the CNS.

An interesting observation suggested that during
terminal infection, when there is abundant virus
replication in the brain, the brain may seed the pe-
riphery with virus. At 56 days p.i., over half of the
genotypes detected in RNA from brain consisted of
the two neurovirulent viral genotypes SIV/17E-Fr
and SIV/DeltaB670 (Cl-2) these genotypes were not
present in PBMC RNA at that time. However, these
genotypes were strongly represented in PBMCs of
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those same macaques at 84 days p.i., a time when
there was abundant replication of these viruses in
the brain (Babas et al, 2006). That replication of these
genotypes in the brain preceded their appearance in
the peripheral blood suggests that the brain might be
a source of virus in the periphery. This is important
because most antiretroviral drugs do not reach effec-
tive levels in the CNS, leaving virus potentially able
to replicate in the brain and seed the periphery.

Control of virus replication in the brain
and establishment of viral latency

Early HIV entry into the CNS during acute infection
has been demonstrated in a small number of cases
(Davis et al, 1992; Gray et al, 1996; An et al, 1999;
Gray et al, 1996). However, it is not clear whether
early CNS infection occurs consistently or whether
virus persists in the brain after acute infection or is
cleared by immune responses. Because of the consis-
tent development of CNS lesions in this SIV model,
such studies were possible. We showed that virus
replication in the brain measured by real-time re-
verse transcriptase—polymerase chain reaction (RT-
PCR) occurred as early as 7 days p.i. (Figure 1C)
and in CSF at 3 days. Viral RNA in CSF reached
peak levels at 10 days p.i. However, viral RNA lev-
els were down regulated at 21 days p.i., suggesting
that virus replication in the brain is controlled. This
control of virus replication was independent of virus
replication in the peripheral blood, which continued
at a high level (Barber et al, 2006; Clements et al,
2002). Although brain viral RNA levels were greatly
reduced, there was no reduction in the levels of viral
DNA detected by real-time PCR from acute through-
out the asymptomatic infection period, suggesting
that there was control of virus replication but not
elimination of infected cells. This suggested that non-
cytolytic mechanisms down-regulated virus replica-
tion at the transcriptional level (Clements et al, 2002).

Innate immune responses, in particular type I in-
terferons (IFNs), are important for early antiviral re-
sponses in the brain and periphery (Griffin, 2003).
IFNB is the first type I IFN induced and it has been
shown to inhibit HIV replication in macrophages, in
part at the transcriptional level (Honda et al, 1998;
Kornbluth et al, 1990). We demonstrated that IFNS
inhibited SIV replication in vitro in macrophages
by the same transcriptional mechanism (Figure 1C).
IFNB induces the expression of a dominant-negative
form of the transcription factor CCAAT/enhancer-
binding protein-g (C/EBPB), also called LIP (Barber
etal, 2004, 2006). We then examined IFNS expression
in the brain and found that both mRNA and protein
were detected at 7 days p.i. and increased expression
of IFNg and the inhibitory form of C/EBPS, LIP, cor-
related temporally with the suppression of acute SIV
replication.

Further studies using chromatin immunoprecipi-
tation (ChIP) analyses of SIV-infected brain or SIV
LTR expression in macrophages in culture demon-
strated that IFNB induced increased levels of LIP,
which led to decreased levels of acetyted histone
H4 on the SIV LTR and transcriptional silencing of
the SIV LTR (Barber et al, 2006). We recently have
demonstrated a novel downstream signaling mecha-
nism for IFNg, the phosphorylation of an RNA bind-
ing protein (CUGBP1) that binds the C/EBP mRNA
and increases translation of LIP (Dudaronek et al,
2007). These studies demonstrated that IFNB and LIP
expression leads to transcriptional silencing of SIV
and provides another mechanism for establishing la-
tency of HIV and SIV in infected individuals. This is
particularly important in the brain where many an-
tiretroviral drugs fail to penetrate to effective levels
(Letendre et al, 2008; Wynn et al, 2002) and long-
lived infected macrophages harbor latent virus pro-
viding a reservoir of HIV.

Treatment paradigms and the strength
of the model

The accelerated SIV/macaque model is ideal for test-
ing potentially neuroprotective therapeutics because
over 90% of inoculated macaques develop neurolog-
ical disease (and all macaques develop AIDS). The
high levels of virus replication in the periphery and
the CNS provide a very rigorous testing platform for
novel therapeutics. Further, the short time required
for establishment of SIV encephalitis in inoculated
macaques makes testing of therapeutics in the ac-
celerated SIV/macaque timely and efficient. SIV in-
fection of macaques has the potential to play a sig-
nificant role in determining whether drugs that are
already Food and Drug Administration (FDA) ap-
proved for other purposes might also have an amelio-
rative effect on HIV-associated neurological disease.
Although such drugs can be tested in HIV-infected
individuals, establishing and obtaining approval for
protocols for clinical trials, garnering funding, re-
cruiting patients, and collecting and analyzing the
data make the process costly and extremely time con-
suming. In addition, the fact that the majority of pa-
tients in developed countries are undergoing highly
active antiretroviral therapy (HAART) is a signifi-
cant confounder to such studies. This is particularly
true when there is no single ideal combination of an-
tiretroviral drugs for every individual. An examina-
tion of antiretroviral drug use in one clinical cohort
revealed that 265 different antiretroviral regimens
were in use (Ellis, 2007).

The feasibility of using the accelerated SIV/
macaque model to test a new use for an established
drug was established by studies examining the abil-
ity of the tetracycline derivative minocycline to pro-
tect macaques from SIV-induced inflammation and



neurodegeneration. This study was inspired by pre-
vious reports showing that minocycline was effec-
tive in reducing joint inflammation in people with
rheumatoid arthritis (O’Dell et al, 2001), that it ap-
peared to reduce the number of relapses in individ-
uals with remitting and relapsing multiple sclerosis
(Metz et al, 2004), and that it was neuroprotective
in animal models of several neurological conditions,
including Parkinson’s disease, Huntington’s disease,
stroke, and cerebral trauma (Arvin et al, 2002; Chen
et al, 2000; Du et al, 2001; Popovic et al, 2002;
Thomas et al, 2003; Zhu et al, 2002). Macaques were
inoculated with SIV/17E-Fr and SIV/DeltaB670 and
oral minocycline treatment was initiated once the ini-
tial burst of virus replication in the CNS during acute
infection had begun to decline in response to host
immune responses (between 12 and 21 days post in-
oculation) (Zink et al, 2005). Macaques were euth-
anized at 84 days post inoculation and their brains
were examined for markers of macrophage activa-
tion and infiltration (CD68 and MHC class II), for
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