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The central nervous system is a viral reservoir in
simian immunodeficiency virus-infected macaques
on combined antiretroviral therapy: A model for
human immunodeficiency virus patients on highly
active antiretroviral therapy
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This study used a simian immunodeficiency virus (SIV)-macaque model to
determine whether virus persists in the central nervous system (CNS) of hu-
man immunodeficiency virus (HIV)-infected individuals in which plasma viral
load has been suppressed by highly active antiretroviral therapy. SIV-infected
macaques were treated with two reverse transcriptase inhibitors: PMPA (9-R-
(2-phosphonomethoxypropyl)adenine), which does not cross the blood-brain
barrier, and FTC (beta-2’,3’-dideoxy-3’-thia-5-fluorocytidine), which does. Vi-
ral DNA and RNA were quantitated in the brain after 6 months of suppression
of virus replication in blood and cerebrospinal fluid (CSF). Viral DNA was
detected in brain from all macaques, including those in which peripheral vi-
ral replication had been suppressed either by antiretroviral therapy or host
immune responses. Significant neurological lesions were observed only in one
untreated macaque that had active virus replication in the CNS. Expression
of the inflammatory markers, major histocompatibility complex (MHC) II and
CD68 was significantly lower in macaques treated with PMPA/FTC. Thus, al-
though antiretroviral treatment may suppress virus replication in the periph-
ery and the brain and reduce CNS inflammation, viral DNA persists in the
brain despite treatment. This suggests that the brain may serve as a long-term
viral reservoir in HIV-infected individuals treated with antiretroviral drugs
that suppress virus replication. journal of NeuroVirology (2005) 11, 180-189.
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Introduction

Antiretroviral therapy for human immunodeficiency
virus (HIV)-infected individuals currently consists
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of a combination of three or more drugs, includ-
ing nucleoside and non-nucleoside reverse tran-
scriptase, protease, and fusion inhibitors. Despite
the effectiveness of highly active antiretroviral ther-
apy (HAART) in controlling virus replication in the
peripheral blood, latent reservoirs of replication-
competent virus exist in resting CD4* lymphocytes
in the peripheral blood (Chun et al, 1997b; Finzi et al,
1997; Wong et al, 1997). This reservoir is highly sta-
ble, with a half-life of 44 months measured in both
adults and children who maintained control of vi-
ral load in plasma on HAART (Chun et al, 1997a;
Finzi et al, 1999; Zhang et al, 1999). Analyses of the



viral reservoir in resting CD4* T cells have confirmed
the need for long-term HAART therapy. Evidence is
now emerging that additional viral reservoirs, includ-
ing the central nervous system (CNS), exist in HIV-
infected individuals.

Antiretroviral drug combinations have highly vari-
able effects on viral load in the cerebrospinal fluid
(CSF) (Cinque et al, 2000, 2001; Ellis et al, 2000;
Gisolf et al, 2000; Staprans et al, 1999). The blood-
brain barrier (BBB) limits the penetration of many
antiretroviral drugs into the CNS and for those
that do penetrate, it is unclear whether effective
drug levels are achieved in the brain (Glynn and
Yazdanian, 1998; Kim et al, 1998). Autopsy reports
of HIV-infected individuals during the last 15 years
found no decline in the incidence of inflammatory
lesions in the CNS after 1996, when HAART be-
came widely prescribed for HIV-infected individu-
als (Jellinger et al, 2000; Masliah et al, 2000). In
addition, indirect evidence for the reduced effective-
ness of HAART in the brain comes from neuropatho-
logical and clinical studies (see Dore et al, 1999;
Gray et al, 2003; Langford et al, 2003; Neuenburg
et al, 2002). These unexpected results suggest that
although HAART has been effective in controlling
virus load in the peripheral blood, it is less effective
in the CNS, and HIV may persist in tissues that do not
have effective levels of drug or contain virus-infected
cells such as macrophages that are more resistant to
the effects of the drugs, particularly the CNS.

The brain is a likely sanctuary for HIV, which may
exist as nonreplicating DNA or may undergo peri-
odic replication in response to local activation of
infected cells. The brain is a unique reservoir be-
cause whereas the BBB restricts the entry of many an-
tiretroviral drugs, activated lymphocytes and mono-
cytes traffic through the brain and carry virus to
this sequestered site. Once in the brain, HIV strains
that replicate in macrophages can spread to mi-
croglial cells that have a slow turnover rate (Hickey,
2001), producing a self-renewing viral reservoir in
the CNS. Brain macrophages (some of which are in-
fected) reenter the peripheral blood after entering
the meninges, draining from the there to subcuta-
neous tissues of the head in channels around cra-
nial nerves, entering afferent lymphatics, and pass-
ing through lymph nodes and then to peripheral
blood (Cserr and Knopf, 1992). This provides a likely
route by which CNS viruses, potentially infected
with drug resistant viral strains that have been se-
lected in the brain due to low concentrations of
antiretroviral drugs in the brain, may reenter the
periphery.

Recent studies have demonstrated that virus per-
sists in peripheral blood monocytes in patients on
HAART, with a similar half-life to virus in resting
CD4™" T cells (Crowe and Sonza, 2000; Furtado et al,
1999; Lambotte et al, 2000; Sonza and Crowe, 2001;
Sonza et al, 2001; Zhu et al, 2002). Because the es-
timated mean life span of monocyte-macrophages
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in blood and peripheral tissues is estimated to be
14 days, this suggests that the viral reservoir in mono-
cytes is renewed from precursor cells in the bone
marrow or by ongoing transmission of virus from in-
fected to uninfected monocytes. Further, peripheral
blood monocytes traffic into a variety of tissues, in-
cluding brain, lung, and lymph nodes where they dif-
ferentiate into macrophages and remain for months,
potentially transmitting virus to other cells, thereby
perpetuating infection. It is difficult to sequentially
sample tissues in HIV-infected humans; however, the
role of tissue macrophages as reservoirs for virus can
be examined in the simian immunodeficiency virus
(SIV) model.

SIV-macaque models of acquired immunodefi-
ciency syndrome (AIDS) are well established and
have been extremely useful in studying HIV-1 vac-
cine development and the pathogenesis of AIDS.
However, they have not been widely utilized for
the study of HIV-1 infection under HAART be-
cause of limited inhibition of the SIV protease by
HIV protease inhibitors. To study whether the brain
serves as a viral reservoir in the face of potent an-
tiretroviral therapy, we developed an SIV-macaque
model of HIV-infected individuals on HAART. We
inoculated them with a neurovirulent molecular
clone of SIV, SIV/17E-Fr, that has been shown
to replicate in the brain and cause CNS lesions
(Flaherty et al, 1997; Mankowski et al, 1997) and
treated them with a combination of PMPA (9-R-(2-
phosphonomethoxypropyl)adenine), a reverse tran-
scriptase inhibitor that does not cross the BBB
(Balzarini et al, 1990; Fox et al, 2000) and FTC (beta-
2/,3'-dideoxy-3'-thia-5-fluorocytidine), which does
(Schinazi et al, 1992). This treatment is typical of the
combination drug regiment used in HIV-infected in-
dividuals that contains a single CNS-penetrating drug
(such as stavudine, zidovidine, abacavir, efavirenz,
nevirapine, and indinavir). The use of FTC is timely
as this drug was approved in 2003 by the Food and
Drug Administration for use in HIV-infected individ-
uals. This combination of antiretroviral drugs effec-
tively suppressed viral load in the peripheral blood
for 6 months, although latent SIV was detected in
the resting CD4" lymphocytes in peripheral blood,
lymph nodes, and the spleen (Shen et al, 2003).

The SIV-macaque model of HIV HAART was used
in this study to determine the ability of antiretroviral
drugs that control virus replication in the peripheral
blood to suppress virus replication in the CNS. Viral
load in plasma and CSF was examined longitudinally
during infection, and virus replication, inflammatory
markers, and neuropathology were quantitated in the
CNS to determine the effects of antiretroviral drugs
on virus replication and host inflammatory responses
in the brains. Four macaques were inoculated with
SIV/17E-Fr and treatment with PMPA/FTC was ini-
tiated in two of the macaques at 6 weeks post inoc-
ulation (p.i.). Virus was detected in the plasma and
CSF by 7 days after inoculation. Once antiretroviral
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therapy was initiated, virus replication in the periph-
eral blood and CSF declined, although it was occa-
sionally detected in the treated macaques and more so
in the untreated macaques. The macaques were euth-
anized after 6 months of treatment and viral RNA and
DNA levels were quantitated in three regions of the
brain by real-time polymerase chain reaction (PCR).

Viral RNA was undetectable in the brains of the
two treated macaques and in one of the untreated
macaques. However, viral DNA was found at simi-
lar levels in the brains of all four macaques, includ-
ing the three macaques without active viral replica-
tion. Significant neurological lesions were observed
only in a single untreated macaque with active virus
replication in the CNS. Expression of the macrophage
markers major histocompatibility complex (MHC) II
and CD68 was significantly lower in macaques that
were treated with PMPA/FTC than in untreated con-
trols. Thus, antiretroviral treatments that penetrate
the CNS may play a dual role in suppressing viral
replication in the periphery and the brain and reduc-
ing CNS inflammation. Further, the brain serves as
a long-term virus reservoir in SIV-infected macaques
treated with antiretroviral drugs that suppress virus
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BBB.

Results

Combined antiretroviral therapy suppressed viral
load in plasma and CSF

Four pigtailed macaques were inoculated intra-
venously with SIV/17E-Fr, a macrophage-tropic, neu-
rovirulent infectious molecular clone (Flaherty et al,
1997; Mankowski et al, 1997). Virus in peripheral
blood and CSF of all macaques was detectable at
1 week p.i. and peaked at 2 weeks p.i. (Figure 1).
The viral load in plasma has been reported (Shen
et al, 2003) and is presented here for comparison
with viral load in the CSF. Viral load in the CSF at
2 weeks p.i. was 2 logs lower than in the peripheral
blood (Figure 1); this also has been observed in an
accelerated, consistent model of SIV AIDS and CNS
disease (Zink et al, 1999). Viral loads in the periph-
eral blood of one HAART-treated and one untreated
macaque (98P008 and 98P009) were 2 logs higher
during acute infection than in macaques 9898P004
and 9897P021. Macaques 98P008 and 98P009 also
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Figure 1 Viral RNA in CSF and plasma from SIV-infected macaques treated with combined antiretroviral therapy. (A) Plasma viral load
was measured longitudinally by real-time RT-PCR (sensitivity 100 copies/ml). Treatment with PMPA and FTC was initiated at 50 days
p.i. (B) CSF viral RNA measured longitudinally by real-time RT-PCR. Solid lines indicate macaques that were treated with antiretroviral
drugs. Solid symbols indicate macaques that had high peak plasma viral RNA levels during acute infection.



had higher viral load in the CSF (0.75 to 1.25 logs) at
2 weeks p.i. Viral load in the CSF decreased to un-
detectable or low levels by 4 weeks p.i., after which
it was only sporadically detected in the CSF. In com-
parison, 3 to 5 logs of virus was present in plasma at
4 weeks p.i.

PMPA and FTC treatment was initiated at 50
days p.i. once the viral set point was established in
the plasma. Two macaques, 98P004 with low peak
plasma viral load and 98P008 with high peak plasma
viral load, were treated with PMPA/FTC subcuta-
neously once daily. The other two macaques (98P009
and P0021) were treated with saline subcutaneously
on the same schedule. Viral load in plasma was sup-
pressed by antiretroviral therapy in the two treated
macaques and by host immune responses in the un-
treated macaque that had lower peak plasma viral
load (97P021). Viral load was very low in the CSF
of all four infected macaques prior to treatment. Af-
ter the initiation of therapy, plasma viral load in the
treated macaques declined; 12 weeks p.i. it was con-
tinuously below our level of detection (100 copy
equivalents/ml), with the exception of one or two
brief periods of breakthrough between 21 and 25
weeks p.i. Viral load in the plasma of the untreated
macaque that controlled virus replication naturally
(97P021) followed the same pattern except that it was
above our level of detection three times 12 weeks
p.i. In contrast, plasma viral load in the untreated
macaque (98P009) that did not control virus repli-
cation naturally remained detectable at 2 to 3 logs
throughout infection.

Viral load in the CSF of the two treated macaques
was continuously below the level of detection
12 weeks p.i., with the exception of a single eleva-
tion at 21 weeks p.i. in both animals. In contrast, viral
load in the CSF of the two untreated macaques was
detected at higher levels sporadically throughout
infection. It is important to note that when virus
was detectable in the CSF of the PMPA/FTC-treated
macaques, 98P004 and 98P008, at 21 weeks p.i. and
in the untreated macaque 97P021 at 29 weeks p.i.,
there was no detectable virus in the plasma. This
suggests that virus in the CNS replicates indepen-
dently of that in the plasma and that activation of
virus replication in the brain can occur while virus
replication is suppressed in the peripheral blood by
antiretroviral therapy.

In the three macaques that controlled virus replica-
tion in the plasma, virus replication in CN'S measured
by viral load in the CSF was likely due to replication
of virus in a small number of persistently infected
cells or reactivation of virus in cells that were latently
infected. Because plasma viral load was below the
level of detection in these animals, it is unlikely that
infected cells from the peripheral blood were entering
the CNS and replicating virus in brain. The untreated
macaque 98P009 that had persistent virus detectable
in the plasma throughout the study had the lowest
CD4* lymphocyte counts (<200 cells/ul) terminally.
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Thus, virus in the CSF of this macaque might have
been due to entry of infected cells from the periphery
but more likely from persistently or latently infected
cells activated in the brain.

Combined antiretroviral therapy suppressed RNA
but not DNA levels in brain

To determine whether there was virus replication
or evidence of latent virus in the brain in the SIV-
infected macaques in this study, viral RNA and DNA
levels in the brain were quantitated by real-time PCR
in three regions of the brain (basal ganglia, parietal
cortex, and thalamus). Viral replication, measured
by the presence of full-length viral RNA, was de-
tected in all three regions of the brain of 98P009: basal
ganglia (255 copy equivalents/ug RNA), parietal cor-
tex (26,343 copy equivalents/ug RNA), and thalamus
(4989 copy equivalents/ug RNA). In contrast, there
was no detectable viral RNA in the brains of the other
three macaques.

In contrast to viral RNA, viral DNA was detected
at significant levels in all three brain regions in all
macaques, both treated and untreated (Figure 2). Fur-
ther, all three of the macaques that suppressed vi-
ral load in plasma, either naturally or as a result
of antiretroviral therapy, had similar levels of vi-
ral DNA, suggesting that neither immune responses
or antiretroviral treatment impacted the number of
copies of viral DNA in the brain. There were no sig-
nificant differences in the level of viral DNA among
the four macaques, although the level of viral DNA in
the brain of macaque P009 tended to be higher. These
data suggest that viral DNA persists in the brain for
months in the absence of replicating virus in the pe-
ripheral blood. Because the brain is sequestered from
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Figure 2 SIV viral DNA in three regions of the brain of infected
macaques treated/untreated with PMPA and FTC. SIV DNA was
quantitated in basal ganglia (BG), parietal cortex (PC), and tha-
lamus (TH) by real time PCR. The mean level for each region is
shown. The mean levels of DNA were not statistically different be-
tween the macaques in which virus replication in the plasma was
suppressed (98P004, 98P008, and 97P021) and the macaque that
did not control plasma virus replication (98P009).
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the periphery by the BBB, it may constitute a unique
viral reservoir during HAART therapy.

MCP-1 expression was suppressed in macaques that
controlled CNS virus replication

The chemokine macrophage chemoattractant protein
(MCP)-1 plays a critical role in the entry of mono-
cytes into the brain. Previous studies from our lab-
oratory using the SIV model as well as studies of
HIV-infected individuals have indicated that MCP-
1 levels in the CSF may be prognostic indicators for
the development of SIV/HIV CNS disease (Zink et al,
2001; Kelder et al, 1998). We examined the effect
of combined antiretroviral treatment on the levels
of MCP-1 in the CSF and plasma of treated and un-
treated SIV-infected macaques.

CSF MCP-1 levels rose in all animals during acute
infection, a pattern typical of SIV infection (Zink
et al, 2001). After initiation of antiretroviral ther-
apy, CSF MCP-1 levels declined and remained at
preinoculation levels in the treated macaques. The
maintenance of steady-state levels of MCP-1 in the
CSF of the two treated macaques and the untreated
macaque that controlled virus replication naturally
suggest that suppression of virus replication in the
brain results in reduced synthesis of MCP-1 in the
brain. There were periodic increases in CSF MCP-
1 in the untreated macaques. In particular, macaque
98P009 had substantially elevated MCP-1 levels in
CSF during late infection, consistent with the pattern
we see in macaques with SIV encephalitis. The rel-
atively high level of MCP-1 in the CSF of macaque
98P009 (750-1000 pg/ml at 26 to 29 weeks p.i.)
(Figure 3) suggests active inflammatory processes in
the brain.

Combined antiretroviral treatment or natural
suppression of viral replication reduces severity of
CNS lesions

Only the untreated macaque (9898P009) that did not
naturally suppress virus replication had detectable
viral load in plasma throughout the study. This

macaque also had significant immunosuppression
measured by the number of CD4+ lymphocytes. It is
well established that high viral load and immunosup-
pression frequently accompany or precede the devel-
opment of CNS lesions in the SIV model (Zink and
Clements, 2002; Zink et al, 1999, 2001). When the
brains of the four macaques were assessed for the
presence of SIV encephalitis or expression of viral
protein or RNA, only macaque 98P009 had significant
encephalitis, which consisted of a moderate num-
ber of macrophage- and lymphocyte-rich perivascu-
lar cuffs as well as multifocal glial nodules predomi-
nantly located in white matter. Lesions were present
in many neuroanatomical sites in the brain of this an-
imal including basal ganglia, thalamus, cerebral cor-
tex, and midbrain. There also was substantial expres-
sion of the viral protein gp41, particularly in white
matter. Two other animals, 98P008 and 97P021, de-
veloped equivocal encephalitis with occasional, scat-
tered perivascular lymphocytes, and a small number
of macrophages in white matter. However, no expres-
sion of SIV gp41 was detected in the brain. Lesions
were not present in the remaining animal 98P004;
SIV gp41 was not detected in this animal by immuno-
histochemistry.

Increased expression of inflammation/activation
markers in the CNS of macaques with higher peak
acute virus replication

Inflammatory/activation markers in macrophages
(CD68 and MHC class II) and astrocytes (glial fibril-
lary acidic protein [GFAP])were quantitated by digi-
tal image analysis of immunohistochemically stained
brain sections to assess the impact of combined an-
tiretroviral suppression of plasma viral load on in-
flammation/activation of macrophages in the brain.
Inflammatory responses in the CNS may, in part, be
a response to activation of inflammatory cytokines
and chemokines in the peripheral blood that are pro-
duced in response to viral replication. Astrocytes
have significantly increased expression of GFAP in
response to acute virus replication in the CNS of
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Figure 3 Macrophage chemoattractant protein-1 (MCP-1) in the CSF measured longitudinally in SIV-infected macaques by ELISA. Only
macaque 9898P009 had significant increases in CSF MCP-1 after the initiation of treatment.



Table 1 Expression of inflammation/activation markers in the
CNS

Peak
plasma

viral CNS
Animal Treatment load lesions* GFAP  CD68 MHCII
98P004 + Low 0.3 454 171 233
97P021 — Low 0.2 366 1014 587

P=.294 P <.001 P <.0001

98P008 + High 0.6 437 447 210
98P009 — High 1.5 383 7569 610

P=.437 P<.001 P<.0001

*Lesion score is out of a maximum of 3, with values from 0 to 0.5
indicative of no encephalitis, from 0.51 to 1.0 representing mild
encephalitis, from 1.1 to 2 representing moderate encephalitis, and
2.1 to 3 representing severe encephalitis.

SIV-infected macaque by 21 days p.i. (Mankowski
et al, 2002). In this study, in which antiretroviral
treatment was initiated at 50 days p.i., there was no
significant difference observed in the levels of GFAP
between macaques receiving combined antiretroviral
therapy and placebo (Table 1). In contrast, the un-
treated macaque with high peak plasma virus load,
98P009, had significantly higher expression of CD68
than the treated macaque with high peak plasma viral
load (P <.001; Table 1). Similarly, CD68 expression
in the macaques with low peak plasma viral load,
97P021 (untreated), was significantly higher than in
98P004, the treated macaque with low peak plasma
viral load. The expression of MHC class II revealed
similar differences between the treated and untreated
macaques in the high (98P008 and 98P009) and low
(98P004 and 97P021) virus load groups (Table 1).
These data suggest that astrocyte activation is not
significantly altered by antiretroviral therapy admin-
istered on this time schedule, whereas activation of
macrophages in the CNS appears to be sensitive to
treatment.

Discussion

Treatment of HIV-infected individuals with HAART
controls virus replication in the peripheral blood but
the question of the impact of treatment on virus repli-
cation or latent virus in the brain has been difficult
to assess. In this study we demonstrate for the first
time that SIV DNA persists in the brain of infected
macaques in which virus replication in the peripheral
blood has been suppressed by combined antiretro-
viral therapy or by host immune responses. Viral
DNA persisted in the brain for over 20 weeks after
the control of virus replication. Treatment also main-
tained the suppression of viral load in the CSF that
occurred naturally after acute infection. Although
PMPA does not have significant penetration into the
brain, FTC has been reported in macaques to pen-
etrate the BBB, with drug levels of 2% to 7% of
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that found in the peripheral blood (Schinazi et al,
1992).

We have previously demonstrated that virus repli-
cation occurs in the brain as early as 10 days p.i. in
SIV-infected macaques. Virus replication in the CNS
is down regulated by 21 days p.i. but viral DNA levels
are unchanged in the brain at 10, 21, and 56 days p.i.
in SIV-infected macaques in which there is ongoing
virus replication in the peripheral blood (Clements
et al, 2002). In this study, virus was detected in the
CSF by 7 days p.i., suggesting that the brain was in-
fected within the first week. Viral DNA persisted in
the brain for at least 20 weeks p.i. without significant
virus replication in the peripheral blood of combined
antiretroviral treated animals.

We have previously reported that virus replication
in the CNS is controlled independently from that in
the periphery. Thus it was not unexpected that vi-
ral load decreased to very low levels after peak virus
replication. However, it was interesting that virus
was detected in the CSF of macaques (98P004 and
98P008) at 19 to 21 weeks whereas there was no de-
tectable virus in the plasma. This suggests that viral
DNA genomes in brain are not only stable but also
replication competent and that virus can be reacti-
vated in the brain independent of replication in the
periphery. This is further supported by the produc-
tion of infectious virus by microglial cells isolated
from the brain of macaque 98P008 (data not shown).

Antiretroviral drugs are less effective in suppress-
ing virus replication in macrophages than in lympho-
cytes (Crowe et al, 1989; Perno et al, 1994, 1998).
One study showed that a 4- to 10-fold higher con-
centration of ritonavir and saquinavir was required
to completely suppress virus replication in chron-
ically infected macrophages derived from blood as
compared to lymphocytes (Perno et al, 1998). In addi-
tion to brain macrophages and microglia, astrocytes
also are infected in the brain of HIV-infected chil-
dren and adults (Ranki et al, 1994; Saito et al, 1994;
Tornatore et al, 1994). Our observation that combined
antiretroviral therapy did not change the expression
of GFAP in astrocytes suggests that these cells may
be activated early during acute infection and remain
at the same level of activation even without ongo-
ing virus replication in the peripheral blood or, more
surprisingly, in the brain. Astrocytes are the most
abundant cell in the brain (ranging from 4 to 20 x
10! total cells) and the frequency of infected astro-
cytes has been estimated to be from 0.5% to 2.5%
(Brack-Werner, 1999). Astrocytes are critical cells in
the CNS, providing homeostatic functions for inflam-
matory responses as well as supporting the integrity
of the BBB. HIV and SIV infection of astrocytes in
vivo and in vitro is noncytopathic; thus, the virus can
reside in these cells indefinitely.

In contrast to astrocytes, expression of the in-
flammatory markers CD68 and MHC class II on
macrophages in the brain was significantly lower in
macaques treated with combined antiretroviral drugs
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as compared to the untreated macaques, despite the
fact that one of the latter had no detectable viral
RNA in the brain. In macaques 98P004 and 98P008
the level of expression of the macrophage activation
markers was significantly reduced as compared to
the untreated macaques. This suggested that com-
bined antiretroviral treatment not only suppressed
virus replication but also impacted factors that pro-
mote activation and inflammation of macrophages in
the brain. This may explain how antiretroviral drugs
that enter the CNS as well as those that do not pen-
etrate the CNS may alter the severity of neurological
disease in humans infected with HIV.

The BBB limits access of most of the antiretrovi-
ral drugs used to control HIV replication in HAART
(Glynn and Yazdanian, 1998; Sawchuk and Yang,
1999). Effective levels of drugs are not usually
achieved in the brain and a number of drugs that do
enter the brain are actively removed by drug trans-
porters that actively pump drug out of the brain (Kim
et al, 1998). The persistence of viral DNA in the brain
in this study suggests that even when antiretroviral
drugs enter the CNS, the brain remains a significant
reservoir for latent virus. The finding of brief peri-
ods of increased CSF viral RNA in the absence of
increased viral load in the plasma suggests that ac-
tivation of virus replication likely occurs during the
course of asymptomatic infection. Activation of virus
replication in the brain has the potential for intro-
ducing these strains into the peripheral blood and
increasing the burden of drug resistant viruses. Be-
cause the CNS has lower effective levels of antiretro-
viral drugs, there is a higher likelihood that drug re-
sistant virus will be selected. Thus, the brain must be
considered in strategies aimed at eliminating latently
infected cells from HIV infected individuals.

Materials and methods

Virus

SIV/17E-Fris a macrophage-tropic and neurovirulent
recombinant strain derived from SIVmac239 by sub-
stituting the entire envand nef genes as well as the 3’
long terminal repeats of SIVmac239 with those from
SIV/17E-Br, a virus derived from SIVmac239 by se-
rial passage in rhesus macaques and subsequent iso-
lation from the brain of a macaque with fulminant
encephalitis (Flaherty et al, 1997; Mankowski et al,
1997).

Animal experiments

Four juvenile pig-tailed macaques (Macaca nemest-
rina), aged 2 to 3 years, were inoculated intra-
venously with SIV/17E-Fr (10,000 tissue culture in-
fectious doses [TCIDs0]). Beginning on day 50 p.i.,
two macaques (98P004 and 98P008) were injected
once daily subcutaneously with the antiretroviral
drugs PMPA (or tenofovir) and FTC at 20 and 50
mg/kg/day, respectively. Beginning on day 85 p.i.,

the dose for PMPA was increased to 30 mg/kg/day
for the rest of the study. The other two animals
(98P009 and 97P021) were administered drug vehicle
daily on the same schedule and served as untreated
controls. PMPA is a nucleotide reverse transcriptase
(RT) inhibitor that does not cross the BBB (Balzarini
et al, 1990; Fox et al, 2000), and FTC is a nucleo-
side RT inhibitor that crosses the BBB (Schinazi et al,
1992).

Blood was drawn from each animal for plasma viral
load assay weekly until day 77 p.i. and semimonthly
thereafter. The animals were euthanized at 29 to 33
weeks p.i. Prior to necropsy, animals were perfused
with sterile phosphate-buffered saline (PBS) to re-
move virus-containing blood from the tissues.

Plasma and CSF viral load

Virion-associated SIV RNA in plasma and CSF was
measured using a real-time RT-PCR assay on an
Applied Biosystems Prism 7700 Sequence Detec-
tion System (the Tagman method), as previously de-
scribed (Hirsch et al, 1996; Suryanarayana et al,
1998). For each sample, three reactions were per-
formed. Duplicate aliquots were separately reverse
transcribed and amplified, and the amplification cy-
cle during which a detectable PCR product was first
observed (threshold cycle) was determined from real-
time kinetic analysis of fluorescent product gener-
ation as a consequence of template-specific ampli-
fication (Suryanarayana et al, 1998). To control for
DNA contamination, one reaction was processed and
amplified without addition of RT (no RT control).
Nominal copy numbers for test samples were then au-
tomatically calculated by interpolation of the exper-
imentally determined threshold cycle values onto a
regression curve derived from control transcript stan-
dards, followed by normalization for the volume of
the extracted plasma or CSF specimen.

Quantitation of SIV RNA and DNA in brain

To quantitate viral RNA and DNA in brain tissues,
samples from three regions of the brain (basal gan-
glia, parietal cortex, and thalamus) were snap frozen
in liquid nitrogen for RNA or DNA isolation. RNA
was isolated from duplicate samples of 50 mg of basal
ganglia, thalamus, parietal cortex, and cerebellum
using the RNA STAT-60 Kit (Tel-Test, Friendswood,
Texas), followed by DNase treatment and final pu-
rification with the RNeasy Kit (Qiagen, New Orleans,
Louisiana). DNA was isolated from duplicate samples
of 50 mg of basal ganglia, thalamus, parietal cortex,
and cerebellum using the Fast DNA Kit (Q-Biogene,
Carlsbad, California) following the directions of the
manufacturer for the Spin protocol. Using 50 mg of
brain, consistent recoveries of RNA and DNA were
obtained (Zink et al, 1999). Quantitation of SIV RNA
and DNA from extracted brain tissue was done us-
ing SIV gag primers, and probe in a real-time RT-
PCR assay, as described (Zink et al, 1999). Each sam-
ple was quantitated in triplicate and the sensitivity



of detection for the real-time RT-PCR technique was
30 copy equivalents of viral RNA/2 pg total brain
RNA.

MCP-1 in plasma and CSF

MCP-1 levels in CSF and plasma from the four
macaques throughout infection were measured by
enzyme-linkedimmunosorbent assay (ELISA) (R&D
Systems). To determine whether there was higher
MCP-1 expression in the brain than in the plasma,
indicating a gradient of chemokine expression that
would result in the net influx of macrophages into
the brain, MCP-1 levels were expressed as the ratio
of MCP-1 in the CSF versus the plasma.

Quantitative immunohistochemical analysis

KP-1 (Dako, Carpenteria, California), which rec-
ognizes the macrophage marker CD68, was used
to quantitate activation/infiltration of cells of
macrophage lineage, including microglia, in the brain
parenchyma. Anti-HLA-DP,-DQ,-DR (clone CR3/43;
Dako), was used to detect MHC class II expres-
sion in the brain as a marker of activation of
macrophages/microglia and endothelial cells. A
bovine polyclonal antibody to GFAP (Dako) that rec-
ognizes human GFAP and which is highly cross-
reactive between species was used to detect macaque
GFAP. Quantitation of immunohistochemical stain-
ing on tissues was performed using digital image
analysis as described (Zink et al, 1999).

Histopathology
Sections of CNS, including frontal, parietal, tempo-
ral, and occipital cortex, basal ganglia, thalamus,
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