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Laser Capture Microdissection Assessment of Virus
Compartmentalization in the Central Nervous Systems of Macaques
Infected with Neurovirulent Simian Immunodeficiency Virus
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Nonhuman primate-simian immunodeficiency virus (SIV) models are powerful tools for studying the pathogenesis of human
immunodeficiency virus type 1 (HIV-1) in the brain. Our laboratory recently isolated a neuropathogenic viral swarm,
SIVsmHB804E, a derivative of SIVsmE543-3, which was the result of sequential intravenous passages of viruses isolated from the
brains of rhesus macaques with SIV encephalitis. Animals infected with STIVsmH804E or its precursor (SIVsmH783Br) devel-
oped SIV meningitis and/or encephalitis at high frequencies. Since we observed macaques with a combination of meningitis and
encephalitis, as well as animals in which meningitis or encephalitis was the dominant component, we hypothesized that distinct
mechanisms could be driving the two pathological states. Therefore, we assessed viral populations in the meninges and the brain
parenchyma by laser capture microdissection. Viral RNAs were isolated from representative areas of the meninges, brain paren-
chyma, terminal plasma, and cerebrospinal fluid (CSF) and from the inoculum, and the SIV envelope fragment was amplified by
PCR. Phylogenetic analysis of envelope sequences from the conventional progressors revealed compartmentalization of viral
populations between the meninges and the parenchyma. In one of these animals, viral populations in meninges were closely re-
lated to those from CSF and shared signature truncations in the cytoplasmic domain of gp41, consistent with a common origin.
Apart from magnetic resonance imaging (MRI) and positron-emission tomography (PET) imaging, CSF is the most accessible
assess to the central nervous system for HIV-1-infected patients. However, our results suggest that the virus in the CSF may not
always be representative of viral populations in the brain and that caution should be applied in extrapolating between the prop-

erties of viruses in these two compartments.

Prior to the development of highly active antiretroviral therapy
(HAART), a significant proportion of human immunodefi-
ciency virus type 1 (HIV-1)-infected individuals developed a
range of motor and cognitive symptoms together with behavioral
symptoms, such as muscle weakness, impairment of short- and
long-term memory, social withdrawal, and change of personality,
that are collectively referred to as HIV-1-associated dementia
(HAD) or HIV encephalopathy. The most severe forms of HAD
can lead to a mute and vegetative state which is lethal. HAD in
many individuals is associated with HIV-1 encephalitis (HIVE),
which is characterized by the presence of HIV-expressing multi-
nucleated giant cells (MNGC) in the brain. However, the devel-
opment and application of HAART for use by HIV-1-infected
individuals have decreased the incidence of progression to HAD/
HIVE dramatically, at least in developed countries, where HIV-1-
infected individuals have access to and can afford therapy. Despite
effective suppression of systemic viral replication by HAART, to
near or under detectable levels in the plasma, there has been an
increased number of patients with HIV-1-associated neurocogni-
tive disorder (HAND), also referred to as minor cognitive and
motor disorder (MCMD) (1). Unlike HAD, the progression of
HAND/MCMD is more gradual, and symptoms are minor, mak-
ing it difficult to differentiate from non-HIV-related cognitive
and motor symptoms. Therefore, the reported prevalence is ex-
tremely variable depending upon the study and criteria used for
diagnosis (15 to 50%) (1, 2). Several models for the pathogenesis
of HAND/MCMD arising during HAART treatment have been
suggested, such as incomplete suppression of viral replication in
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the brain due to poor penetration of drugs to the central nervous
system (CNS) (3-5), effects of aging on the brain (6-8), and CNS
toxicity of long-term application of antiretroviral therapy (ART)
(9, 10), but the driving mechanism(s) of progression to HAND
during HAART has not yet been determined.

Nonhuman primate-simian immunodeficiency virus (SIV)
models are powerful tools for studying the pathogenesis of HIV-1.
Infection of macaques with certain strains of SIV can resultin CNS
disorders, such as meningitis and encephalitis, that are associated
with characteristic multinucleated giant cells. The rhesus ma-
caque-SIV model allows accessibility to samples of any part of the
brain at any stage of disease progression to evaluate the mecha-
nisms of viral pathogenicity and accessibility of HAART drugs to
the brain (11-13). Our laboratory recently isolated a neuropatho-
genic viral swarm, SIVsmH783Br, a derivative of SIVsmE543-3,
by sequential intravenous passages of viruses isolated from the
brains of rhesus macaques with SIV encephalitis (SIVE) (14). An
additional passage was performed to further adapt SIVsmH783Br
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in this study; we isolated SIVsmH804E from the brain of a
SIVsmH783Br-infected animal that developed severe SIV enceph-
alitis. Animals infected with SIVsmHS804E or its precursor
(SIVsmH?783Br) developed SIV meningitis and/or encephalitis at
high frequencies.

Our previous report demonstrated the compartmentalization
of viral populations between plasma, cerebrospinal fluid (CSF),
and the brain of the animal infected with SIVsmH631Br, a precur-
sor of SIVsmH783Br and SIVsmHS804E (15). This observation
was consistent with the majority of studies of viral populations
in the CNS of HIV-infected patients (16—18), although at least
one report suggested that viral populations could redistribute
to systemic tissues (19). It has also been reported that viral
populations are compartmentalized within different regions of
the brain from the same individual (20, 21). However, not
much analysis has been done on the viral populations in the
meninges, which may contain specific sequences that play an
important role in the development of meningitis. Since in our
preliminary studies we observed compartmentalization be-
tween virus populations from the brain and the CSF, suggestive
of different sources for these populations (15), we wished to
investigate whether the meninges were a potential source of
CSF virus. In addition, pathological findings were somewhat
variable among our study animals; thus, we observed macaques
with meningoencephalitis as well as animals in whom menin-
gitis or encephalitis was the predominant, if not exclusive, fea-
ture in the multiple CNS samples we examined. From these
observations, we hypothesized that distinct mechanisms could
be driving the two pathological states. To address these two
related questions, we focused on studying viral populations in
the brain parenchyma and the meninges by using laser capture
microdissection (LCM) to assess whether there was evidence of
compartmentalization between these two regions of the CNS.

MATERIALS AND METHODS

Animals and viruses. The four rhesus macaques that form the basis of
this study were selected from a pool of 12 macaques inoculated with
either of two closely related neuropathogenic isolates: SIVsmH783Br
and SIVsmE804E. These two isolates cumulatively resulted in SIV en-
cephalitis and/or meningitis in over 70% of inoculated animals.
SIVsmH783Br was isolated from the brain of RhH783, a macaque
inoculated with SIVsmH631Br that developed SIVE (15). Briefly, the
fresh brain from RhH783 was collected at the time of necropsy and
homogenized. The supernatant of the homogenized brain was incu-
bated with fresh rhesus macaque peripheral blood mononuclear cells
(PBMC) to isolate the viral stock, SIVsmH783Br. Five hundred 50%
tissue culture infective doses (TCIDs,) of SIVsmH783Br was inocu-
lated intravenously into six Indian-origin rhesus macaques (SIV, sim-
ian retrovirus [SRV], and simian T cell leukemia virus type 1 [STLV-1]
seronegative) for in vivo analysis (14, 22). These macaques did not
express any of the major histocompatibility complex (MHC) alleles
known to be restrictive for STVmac239. They included a mixture of
TRIM5a genotypes, although only one was homozygous restrictive
(TRIMTFF/TEPY (33) The viral swarm, SIVsm804E, was isolated from
the brain of one of these SIVsmH783Br-inoculated macaques,
RhH804, and was inoculated intravenously into an additional six
TRIM™™Q (moderately susceptible) rhesus macaques. Only one of
these macaques expressed an MHC allele associated with restriction of
SIVmac239. Macaques chosen for the present study included three
inoculated with SIVsmH783Br (RhDBTN, Rh802, and Rh804), ex-
pressing TRIMTFYQ TRIM@PAQ and TRIM™Q, and one inocu-
lated with SIVsmH804E (Rh817), expressing TRIM'*/?. None of
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these four macaques expressed MHC-I alleles known to be restrictive
for STVmac239. All animals were housed in accordance with American
Association for Accreditation of Laboratory Animal Care standards.
The investigators adhered to the Guide for the Care and Use of Labora-
tory Animals (24) and to NIAID Animal Care and Use Committee-
approved protocols.

ISH to identify SIV-expressing cells. Formalin-fixed, paraffin-em-
bedded brain sections were assayed for SIV RNA expression by in situ
hybridization (ISH) as previously described (25). Briefly, the sections
were hybridized overnight at 45°C with either a sense or an antisense
digoxigenin-UTP-labeled SIVmac239 riboprobe that spanned the entire
genome. The hybridized sections were blocked with 3% normal sheep and
horse sera in 0.1 M Tris, pH 7.4, and then incubated with sheep anti-
digoxigenin—alkaline phosphatase (Roche Molecular Biochemicals) and
nitroblue tetrazolium—5-bromo-4-chloro-3-indolyl-p-p-galactopyrano-
side (BCIP; Vector Laboratories), followed by counterstaining with Nu-
clear Fast Red solution (Sigma). ISH-stained tissues were visualized and
photographed with a Zeiss Axio Imager Z1 microscope (Zeiss).

Isolation of viral RNA and sequencing. CSF and plasma were col-
lected from animals at the time of necropsy and cryopreserved. The
viral RNA was extracted using a QIAamp Viral RNA minikit (Qiagen
Inc., Santa Clara, CA). All animals used in this study were perfused
with saline prior to sample collection to avoid blood contamination in
the tissues. Fresh brain tissue was collected from the frontal, parietal,
and temporal lobes, the cerebellum, and the midbrain during nec-
ropsy. Either the left or right hemisphere was used for laser capture
studies, and the opposite hemisphere was used for histopathology.
Fresh tissues were embedded in OCT compound and cryopreserved
for LCM. Three sections of brain tissue (8 pm thick) were made from
the same tissue block. The first section was stained with KK45 (NIH
AIDS Repository Program) antibody to confirm the presence of viral
protein. The third section was stained with hematoxylin and eosin to
determine the delineation between the meninges and the brain paren-
chyma. The middle section was placed on a membrane slide (Leica,
Buffalo Grove, IL) to cut out areas of meninges and the brain paren-
chyma by use of a Leica AMS-LMD (Leica, Buffalo Grove, IL) micro-
scope. This allowed us to verify the presence of SIV-infected cells in the
serial sections without need for fixation of the section used for LCM,
since that would interfere with PCR amplification of the 3-kb Env gene
fragment. The same procedure was performed with several tissue
blocks from the areas of the brain listed above for each of the four
animals. Multiple pieces consisting of meninges were laser excised and
pooled in a single tube, and a similar procedure was followed for the
parenchyma. In addition, two individual perivascular lesions (PVL),
with only a single piece of tissue per tube, were collected from the brain
of animal Rh804. Total RNA was extracted from each sample by use of
an Arcturus PicoPure RNA isolation kit (Arcturus, Mountain View,
CA) and then treated with DNase I (Invitrogen, Grand Island, NY) to
digest residual genomic DNA. The viral RNA was reverse transcribed
using a Thermoscript reverse transcriptase PCR (RT-PCR) system (In-
vitrogen) and the primer 9341-R (CATCATCCACATCATCCATG).
The envelope DNA fragment was amplified by PCR with Platinum Tagq
DNA polymerase (Invitrogen) and primers 6463-F (GGTGTTGCTATC
ATTGTCAGC) and 9341-R and then subcloned into the pCR4-TOPO
vector by use of a TOPO TA cloning kit (Invitrogen) for sequencing. A
minimum of 9 clones were selected for the two inocula (SIVsmH783Br
and SIVsmH804E) and for each sample from the four monkeys, and the
complete envelope gene was sequenced.

Phylogenetic analysis of sequences. The sequences were aligned using
MAFFT (26, 27), and the alignments were viewed and manually corrected,
where necessary, by using BioEdit (http:www.mbio.ncsu.edu/bioedit/bioedit
.html). Columns containing gaps in the alignment were stripped prior to
phylogenetic analyses. Trees were built using the maximum likelihood
method, with the general time-reversible model of evolution and gamma
distribution of rate variation across sites, using the MEGA software package
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TABLE 1 Summary of study animals®

CSF viral load at death Plasma viral load at Time of
Animal Inoculum Meningitis Encephalitis (log,, copies) death (log,, copies) survival (wk)
DBTN SIVsm783br Yes Yes 6 4 13
H3802 SIVsm783br Yes Yes 6 6 18
H804 SIVsm783br Yes Yes 7 7 43
H817 SIVsm804E No Yes 3 4 47

“ The animals indicated with shading were rapid progressors.

(28). Trees were rendered with FigTree (http:/tree.bio.ed.ac.uk/software
/figtree/), with rooting on the SIVsmE543-3 sequence (accession number
U72748.2). We used the LANL HIV Database Highlighter tool (http://www
.hiv.lanl.gov/content/sequence/HIGHLIGHT /highlighter_top.html), which
was designed to detect intrapatient recombination of HIV-1 sequences, to
rule out recombination between viruses within a sample.

Construction of env chimeras. Viral RNAs were extracted from the
brain parenchyma and meninges of animal RhH804 as described above. A
DNA fragment including part of vpx, vpr, and most of the envelope gene
was amplified by RT-PCR with Herculase II Fusion DNA polymerase
(Stratagene, Santa Clara, CA), using the primers Bst-F (GAAGAGGCCT
TCGAATGGCTAAACAG) and 9341-R. The amplified DNA fragments
were digested with the BstBI and Ndel restriction enzymes (New England
BioLabs, Ipswich, MA), substituted for the corresponding region of the
full-length SIVsmE543-3 clone, and evaluated for production of virus by
transfection of 293T cells.

Viral replication in PBMC and MDMs. Virus replication of the clones
obtained above was evaluated in rhesus macaque PBMC and monocyte-
derived macrophages (MDMs) as described elsewhere (14, 22). PBMC
from SIV-naive, healthy rhesus macaques were separated from whole
blood, stimulated with 5 pg of phytohemagglutinin (PHA) per ml and
10% interleukin-2 (IL-2) (Advanced Biotechnologies, Columbia, MD)
for 3 days, and maintained in RPMI 1640 medium containing 10% fetal
calf serum (FCS) and 10% IL-2. Rhesus macaque MDMs were obtained
from rhesus macaque PBMC as previously described. Briefly, fresh PBMC
were incubated with anti-nonhuman-primate CD14 magnetic beads
(Miltenyi Biotec, Auburn, CA) and positively selected with MACS sepa-
ration columns (Miltenyi Biotec). A total of 3 X 10° cells per well of
CD14-positive cells were cultured in a 46-well plastic plate for 4 days in
RPMI 1640 containing 10% FCS, 10% human serum type AB (Sigma, St.
Louis, MO), and 20 ng/ml of macrophage colony-stimulating factor
(R&D Systems, Minneapolis, MN). Wells were washed two times with
Hanks balanced salt solution (HBSS) and cultured in fresh medium for
three additional days. PBMC (5 X 10°/well) were dispensed into a 46-well
plastic plate and then inoculated with each chimeric virus at a multiplicity
of infection (MOI) of 0.01, using the spinoculation method (29). MDMs
were incubated with virus at an MOI of 0.01 for 1 h and then washed twice
with HBSS and cultured in fresh medium. Virion-associated reverse
transcriptase (RT) activity of the culture supernatant was monitored pe-
riodically.

Nucleotide sequence accession numbers. The nucleotide sequences
generated in this study have been deposited in GenBank under accession
numbers KF198990 to KF199058 (RhDBTN tree), KF199059 to
KF199135 (Rh802 tree), KF198820 to KF198938 (Rh804 tree), and
KF198939 to KF198989 (Rh817 tree).

RESULTS

In vivo passage of SIV from the brain. To develop a reproducible
rhesus macaque model of neuro-AIDS, our group has been conduct-
ing sequential intravenous rhesus macaque passages of viruses iso-
lated from the brains of rhesus macaques with SIVE, and we recently
isolated the neuropathogenic viral swarm SIVsmH783Br (14). An
additional passage was conducted with the virus isolated from a
SIVsmH783Br-infected animal, designated SIVsmHS804E, by intra-
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venous inoculation into a group of six rhesus macaques. Although
this study is still in progress, with one animal surviving, three of these
animals developed SIVE, similar to the incidence of SIVE observed
using the previous passage of virus, i.e., SIVsmH783Br (data not
shown). The SIVsmH783Br and SIVsmHB804E isolates used in this
study were approximately 1.7% divergent in envelope sequence from
the original parental SIVsmE543-3 isolate and are quite closely re-
lated to one another (0.6% divergent), despite differing by one animal
passage.

A representative group of 4 animals that developed SIVE
(RhDBTN, Rh802, Rh804, and Rh817) was selected prospectively
from the pool of both SIVsmH783Br- and SIVsmH804E-infected
animals for subsequent analysis by laser capture microdissection
(Table 1). Our criteria for selection were as follows: (i) patholog-
ical evidence of SIV encephalitis, with or without involvement of
the meninges; (ii) detection of SIV expression by in situ hybrid-
ization; and (iii) properly cryopreserved brain tissues. The last
criterion eliminated any retrospective samples. Two of these mon-
keys, RhDBTN and Rh802, progressed rapidly, developing neuro-
logical symptoms (tremors and motor weakness) necessitating eu-
thanasia at 13 and 18 weeks postinoculation, respectively. The
other two monkeys, Rh804 and Rh817, progressed more slowly
and were sacrificed at 43 and 47 weeks postinoculation, respec-
tively, also due to neurological symptoms. Histopathologic exam-
ination of the brain tissue revealed that animals RhDBTN, Rh802,
and Rh804 had SIV-induced meningoencephalitis, whereas
Rh817 had only histopathologic evidence of encephalitis (Table 1)
upon examination of multiple tissue sections. As observed previ-
ously, lesions were characterized by perivascular accumulations of
SIV-expressing macrophages and multinucleated giant cells ad-
mixed with lymphocytes as well as glial nodules.

We previously reported that progression to encephalitis corre-
lates with the CSF viral RNA load, with a threshold of 10* viral
RNA copies/l of CSF, but does not correlate with the plasma viral
RNA load in SIVsmH783Br-infected animals. Each of the animals
in the present study exhibited high peak plasma viral RNA levels
and maintained robust viremia throughout the course of infection
(Fig. 1A). Three animals, RhDBTN, Rh802, and Rh804, described
in the previous study, each had a CSF viral RNA load at the time of
necropsy of >10* copies/pl (14). In contrast, the plasma viral load
for Rh817 (infected with SIVsmHB804E) was approximately 1 log
lower throughout the course of infection (Fig. 1A). The peak CSF
viral RNA load was comparable to that of one of the rapid pro-
gressors, RADBTN, but the levels decreased to close to the detec-
tion limit by 28 weeks postinfection. However, CSF viral RNA
loads increased terminally to 9 X 10 copies/ml, which is very
close to the CSF threshold we reported previously (Fig. 1B) (14).
Flow cytometric analysis of circulating CD4" T lymphocytes
showed that CD4™ T cells were either depleted or decreased to
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FIG 1 Plasma (A) and CSF (B) viral RNA loads and numbers of circulating
CD4 T cells (C) of SIVsmH783Br- and SIVsmH804E-infected animals. Solid
lines, RhH802; broken lines, RhnH804; closed circles, RhH817; closed triangles,
RhDBTN.

<500 cells/ul of blood by week 12 in all animals. CD4™ T cell
counts continued to decline and eventually resulted in severe de-
pletion in the two conventional progressors by the time of nec-
ropsy (Fig. 1B).

Detection of SIV expression in the brain. To confirm the site
of viral replication in the brain, SIV-specific ISH was con-
ducted to detect actively transcribed viral RNA. Three animals,
RhDBTN, Rh802, and Rh804, had strong signals of SIV-posi-
tive cells in both the meninges and the brain parenchyma (Fig.
2). This result was consistent with the presence of MNGC in
both compartments, as observed by hematoxylin and eosin
staining, consistent with SIV meningoencephalitis (Table 1).
On the other hand, SIV-positive cells were observed only in the
brain parenchyma for animal Rh817 (Fig. 2). This result was
also consistent with the lack of inflammation and MNGC in the
meninges of this macaque, as observed by hematoxylin and
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eosin staining (Table 1). The brain tissues were also evaluated
by confocal microscopy using SIV-specific ISH and immuno-
histochemistry for CD3, HAM56, and DAPI (4',6-diamidino-
2-phenylindole) to confirm the phenotypes of the SIV-positive
cells in the brain. Consistent with our previous report on the
ancestral viral swarm SIVsmH631Br-infected animals (15),
SIV RNA signals predominantly colocalized with HAMS56, in-
dicating that macrophages are the main target of
SIVsmH783Br and SIVsmH804E in both the brain parenchyma
and meninges (data not shown).

Laser capture microdissection and phylogenetic analysis of
viral populations. To avoid contamination and to isolate the
specific sites where the virus was actively replicating, we uti-
lized laser capture microdissection to sample these two com-
partments. The cryopreserved brain sections from RhDBTN,
Rh802, Rh804, and Rh817 were placed on membrane slides.
The meninges and the brain parenchyma were then isolated
using a laser (Fig. 3). Laser capture microdissection is widely
used in the study of HIV-1, including studies of HIVE. How-
ever, most of these studies amplify relatively small fragments
(<500 nucleotides [nt]) of viral DNA (30-33). To obtain viral
sequences that were representative of actively expressed virus,
we chose to amplify the entire envelope sequence from viral
RNA. This strategy made it necessary to used unfixed tissues in
order to preserve RNA for subsequent PCR amplification. The
viral RNAs from these two compartments were extracted, and
the whole envelope sequences were successfully amplified by
RT-PCR. For comparative purposes, the whole envelope se-
quence was also amplified in parallel from plasma and CSF
samples collected at the time of necropsy and from the original
inocula (see Table 2 for numbers of clones). The minute sample
sizes of laser-captured samples precluded the use of limiting
dilution PCR. However, recombination, which can be a prob-
lem in bulk PCR such as that used in this study, was not de-
tected by analysis with the LANL HIV Database Highlighter
tool (http://www.hiv.lanl.gov/content/sequence/HIGHLIGHT
/highlighter_top.html) (data not shown). Of the 299 envelope
sequences, the majority (78%) encoded intact open reading
frames. The majority of nonsynonymous substitutions were
observed within the V1/V2 region, with a scattering of changes
in other variable regions. There was no consistent loss or gain
of potential N-linked glycosylation sites (PNGs) specific to any
particular compartment. Phylogenetic trees were generated
with envelope sequences derived from each animal.

Evaluation of compartmentalization in rapid-progressor
macaques. In a previous study, we examined CSF and plasma of
a rapid-progressor macaque that developed SIVE and found in-
termingling of sequences from plasma and CSF, in contrast to the
compartmentalization we saw in two conventional progressors
from the same study (15). However, the prior study did not exam-
ine sequences derived from the brain. The present study allowed
us to expand our observations to the brain and meninges, in ad-
dition to the plasma and CSF, of two additional rapid progressors.
The first animal, RhDBTN, which was inoculated with
SIVsmH783Br, progressed rapidly and developed meningoen-
cephalitis by 13 weeks postinfection. Unlike typical rapid progres-
sors, this animal had evidence of seroconversion by Western blot
analysis (data not shown). Although the inoculum, plasma, CSF,
and brain parenchymal variants formed separate main clusters,
some clones from each compartment were intermingled among
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FIG 2 SIV-specific in situ hybridization of brain tissue. The upper panels show representative areas of the brain parenchyma with characteristic lesions for the
four study animals. The lower panels show representative areas of meninges from the same four animals. The sets of upper and lower panels show images for
animals RhDBTN, RhH802, RhH804, and RhH817, from left to right. Multinucleated giant cells expressing SIV RNA were observed in the meninges of all animals
but Rh817.

clones from other compartments (Fig. 4A). Thus, some envelope =~ PNG was observed in the plasma and meninges, though not in the
sequences derived from all four compartments were randomly  brain parenchyma. The other animal that progressed rapidly,
dispersed throughout the tree, without evidence of compartmen-  Rh802, was also infected with SIVsmH783Br and developed neu-
talization. Most nonsynonymous mutations were observed in the  rologic disease by week 18 postinoculation. Similar to RhRDBTN,
V1/V2 region of the envelope, but there were no obvious signature  this animal showed weak seroconversion to SIV proteins, which is
amino acid substitutions to indicate compartmentalization in this ~ somewhat atypical of rapid progressors. Env sequences from
animal (Fig. 4B). For example, a T116N substitution that shifteda  Rh802 also showed a low degree of compartmentalization. Viral

A. 1st section 2nd section 3rd section
Hematoxylin Unstained KK45

ParenchymaPre

FIG 3 Schematic images of laser capture microdissection sections. (A) Images of hematoxylin- and eosin-stained, unstained, and KK45-stained serial sections
of the RhH804 brain, from left to right. (B) Sequential images of meninges (upper panels, from left to right) and the brain parenchyma (lower panels, from left
to right) captured during the microdissection procedure.
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TABLE 2 Summary of envelope clones and prevalence of premature
stop codons

No. of clones No. of clones

Animal or Tissue or Total no.  with premature  with gp41

virus fluid of clones  stop codon truncations

SIVsm783Br 12 0 0

inoculum

RhDBTN Plasma 20 9 0
CSF 15 3 0
Parenchyma 9 0 0
Meninges 11 0 0

Rh802 Plasma 10 1 0
CSF 10 0 0
Parenchyma 25 0 0
Meninges 19 1 0

Rh804 Plasma 11 0 0
CSF 12 2 4
Parenchyma 15 1 0
PVL-A 20 6 0
PVL-B 15 2 0
Meninges 33 17 9

SIVsmHB804E 10 1 1

inoculum

Rh817 Plasma 10 0 0
CSF 9 5 0
Parenchyma 11 3 0
Meninges 10 0 0

populations from meninges and the brain parenchyma formed
separate clusters, but the brain parenchymal populations were
highly homogeneous, and the degree of divergence between these
two compartments was within 0.002 substitution per site. The
viral population from plasma was most divergent in this animal
and formed a distinct cluster with the longest branches (Fig. 5A).
Examination of nonsynonymous mutations in the V1/V2 region
of the virus confirmed the phylogenetic analysis; meningeal, brain
parenchymal, and CSF populations were relatively homogeneous,
whereas plasma populations contained several unique amino acid
substitutions (Fig. 5B). For example, plasma viruses showed a
D119N substitution and also contained populations of variants
which shared the same amino acid sequence with the original
SIVsmE543 isolate at positions 126, 128, and 130 (Fig. 5B).
Evaluation of compartmentalization in conventional-pro-
gressor macaques. A different picture emerged when we exam-
ined sequences cloned from the two conventional-progressor ma-
caques, Rh804 and Rh817. Clones from tissues of animal Rh804,
which progressed to meningoencephalitis by week 43 postinocu-
lation, showed a higher level of divergence from the inoculum,
with clear compartmentalization between the brain and plasma
and also within the CNS. The brain parenchyma, meninges/CSF,
inoculum, and plasma formed four distinct clusters. Unlike the
case for the two rapid progressors, the meningeal and brain pa-
renchymal populations clearly formed separate clusters in the
phylogenetic tree, as shown in Fig. 6A. The plasma isolates were
most divergent compared with the variants from the rest of the
compartments, as observed in Rh802. Interestingly, the CSF and
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meningeal isolates intermingled with each other, forming one
cluster, suggesting that they share an origin (Fig. 6A). Amino acid
alignments of the V1/V2 region also suggested that meningeal and
CSF clones were closely related to each other but distinct from the
clones from the brain parenchyma (Fig. 6B). The T116N substi-
tution that shifted a PNG observed in clones from RhDBTN was
also seen in multiple compartments in Rh804. In addition to clon-
ing from multiple pooled regions of the brain parenchyma, we
also cloned envelopes from two circumscribed perivascular le-
sions (PVL-A and PVL-B). Clones from each of these lesions clus-
tered separately but fell within the larger cluster of clones from the
parenchyma. This confirmed that while there might be regional
differences in sequence, clones from the parenchyma of the brain
still remained distinct from meningeal clones. In addition, there
were signature truncations in the cytoplasmic domain of gp41 that
were found in both meningeal (80%) and CSF (30%) clones but
not in the 50 clones from the brain parenchyma that we analyzed.
This truncation was caused by a mixture of insertions and dupli-
cations which introduced frameshifts resulting in the introduc-
tion of a premature stop codon at a similar site in the cytoplasmic
domain, but at slightly different locations (Fig. 7). The presence of
these signature truncations also suggests that viruses from menin-
ges and the CSF have a common origin.

To confirm our observation of compartmentalization in this
conventional-progressor macaque, viral populations in another
conventional-progressor macaque, Rh817, were also assessed. Al-
though we could not observe cells actively producing SIV RNA in
meninges of this animal by i1 situ hybridization, the viral envelope
fragment was successfully amplified by PCR, suggesting that there
are SIV-infected cells that actively expressing a low level of SIV
RNA but do not cause any observable histopathology in the me-
ninges. Consistent with the observations on animal Rh804, viral
populations were compartmentalized between the meninges and
the brain parenchyma in animal Rh817. The inoculum, meninges,
and brain parenchyma formed distinct clusters, except for in the
plasma cluster, where some variants intermingled with the CSF
and inoculum clusters. One of the CSF clones fell within the men-
ingeal cluster, but the majority of CSF clones grouped with the
plasma clones. This is perhaps not too surprising considering the
low level of CSF viralload in this animal relative to the plasma viral
load. The possibility that these CSF clones were actually due to
low-level contamination of the CSF with plasma cannot be elim-
inated from consideration. Premature truncations of gp41 were
not observed in any of the clones from this animal (Fig. 8A). The
compartmentalization of the viral populations between meninges
and the brain parenchyma in Rh817 is also supported by the
amino acid alignment of the V1/V2 region, with meningeal vari-
ants containing the unique amino acid substitutions S135L,
T137A, and T139P (Fig. 8B). None of the clones from any of the
compartments showed the shifting or loss of PNGs (i.e., T119N)
observed in the other animals.

Replication kinetics of Env chimeras from the CNS of Rh804.
We observed a high frequency of stop codons introduced by
substitution, insertion, or duplication of nucleotides through-
out the envelope sequences of meningeal and CSF isolates from
Rh804 (Table 2). Some of these were located in gp120, presum-
ably resulting in nonfunctional Env proteins. This was partic-
ularly observed among clones derived from the meninges.
However, some of the meningeal clones had premature trun-
cations within the cytoplasmic domain of gp41, without any
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other inactivating mutations. In order to assess the biological
significance of gp41 truncation on these clones, DNA frag-
ments containing a part of vpx, the whole vpr gene, and most of
the envelope gene were amplified from the brain parenchyma
and meninges of animal Rh804 and substituted for the corre-
sponding region of SIVsmE543-3 to develop chimeric clones.
Two clones were made from the brain parenchyma, and five
clones were made from the meninges. Four of five clones from
the meninges contained the gp41 truncation in various forms,
and the remaining clone encoded an intact transmembrane
(TM) glycoprotein (Fig. 9). Following production of virus
stocks in 293T cells, the infectivity of these clones was assessed
in PBMC (Fig. 10A) and MDMs (Fig. 10B). As controls, we
measured the replication of the pathogenic molecular clone
SIVmac239, the original SIVsmE543-3 clones, and the viral
isolate from the brain of Rh804, i.e., SIVsmHB804E. Each of the
chimeric viruses replicated at relatively high levels in PBMC
compared to the levels of SIVmac239 and SIVsmE543-3, with
an approximately 1.6-fold higher peak RT value. SIVmac239 is
known to be a T-tropic virus that does not replicate in macro-
phages in vitro, which is consistent with the lack of replication
in MDMs observed in this study. Our previous report sug-
gested that SIVsmES543-3 replicates in macrophages, but we did
not observe signs of replication in three independent attempts
in this study. One possible explanation is a difference in viral
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susceptibility of the host, since the degree of viral replication in
macrophages is significantly influenced by the donor (22). On
the other hand, SIVsmH804E replicated to high levels in
MDMs. This result indicates that SIVsmH804E is a dual-tropic
SIV that can infect and replicate in both T lymphocytes and
macrophages. The two chimeras with envelopes from the brain
parenchymal clones that lack premature TM truncations both
replicated in PBMC and MDMs. Parenchymal clone 1 showed
better replication in PBMC, with an earlier onset of replication
and an approximately 2-fold higher peak RT value than that of
parenchymal clone 7. On the other hand, parenchymal clone 7
showed slightly better replication in MDMs than parenchymal
clone 1. Each of the chimeric viruses derived from the menin-
ges was infectious in MDMs, regardless of whether or not they
had a prematurely truncated TM glycoprotein. Meningeal
clone 14, which contained the envelope without truncation of
the TM glycoprotein, replicated in both PBMC and MDMs,
and the replication kinetics was similar to that of parenchymal
clone 7. Three chimeric viruses (meningeal clones 1, 2, and 9)
that contained envelopes with a truncated gp41 cytoplasmic
tail in various forms also replicated in PBMC and MDMs, al-
though one of these (meningeal clone 9) had a delayed replica-
tion peak in PBMC. One clone (meningeal clone 11) replicated
only in MDMs. In general, the chimeric virus isolates with gp41
truncations replicated at a level comparable to that of the
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clones without the TM truncation. This result indicates that
truncation at gp41 is not lethal to the virus but failed to delin-
eate any clear biological difference between viruses expressing a
truncated versus intact TM glycoprotein.

DISCUSSION

Nonhuman primate-SIV models are useful for elucidating mech-
anisms responsible for the pathogenesis of HIV-1 in the brain for
HAART-treated/untreated HIV-1-infected individuals. We previ-
ously reported that the viral isolate SIVsmH783Br, which has been
passaged sequentially through rhesus macaques, induces neuro-
logical symptoms at a high frequency (14). In the present study,
we conducted an additional in vivo passage in an attempt to fur-
ther adapt SIVsmH783Br to replication in the brain, and we iso-
lated SIVsmHB804E from one of the six animals infected with
SIVsmH783Br. A group of six animals infected with SIVsmH804E
showed a disease course and rate of induction of neuropathogen-
esis comparable to those of SIVsmH783Br-infected animals, sug-
gesting that an additional passage did not have much influence on
increasing the neuropathogenicity of SIVsmH783Br. The use of
laser capture microdissection allowed us to explore viral popula-
tions in the CNS of animals with SIVE, confirming the compart-
mentalization of SIV sequences in the CNS compared to systemic
circulation. Additionally, we observed a compartmentalization of
virus in the brain parenchyma versus meninges in those animals
that developed SIVE during chronic infection, consistent with dis-
tinct selective pressures in these two “compartments.”

Previous studies in our lab have demonstrated that the patterns
and severity of pathological lesions in SIV-infected macaques
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which progress rapidly versus those that survive for longer periods
are distinct (25). Therefore, we divided our study animals into
rapid and conventional progressors based upon the rate of disease
progression. Those animals that progressed rapidly showed neu-
rological symptoms with high viral RNA loads in CSF within 3 to
5 months after infection, and they progressed to severe meningo-
encephalitis. On the other hand, conventional progressors devel-
oped neurological symptoms at a later stage of the disease course,
typically within 10 months to 2 years after infection. Unlike rapid
progressors, where inflammation was readily observed in both the
meninges and brain parenchyma, either meningitis or encephali-
tis was the predominant feature in a subset of the conventional
progressors (14). We studied one of these animals, in whom en-
cephalitis was the dominant pathological finding (Rh817). Al-
though we were unable to observe SIV expression in the meninges
of this animal, we were still able to amplify viral RNA from laser
capture samples, and these sequences were distinct from those in
the brain parenchyma. The results from the phylogenetic analysis
of viral populations in meninges and the brain parenchyma clearly
indicate that they are distinct from each other in conventional
progressors. This result suggests that the progression to meningi-
tis and encephalitis is induced by two distinct viral populations,
suggesting that two pathological states progress in parallel. The
driving mechanism(s) of this compartmentalization is still un-
clear, but based on the result that the V1/V2 region of the viral
envelope sequence was most divergent between the two compart-
ments, we could speculate that a selective pressure such as cell
tropism, the microenvironment, or immunological pressure
might have contributed to this compartmentalization (34-36).
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It has previously been reported that there is less compartmen-
talization within the CNS of rapid progressors, whereas conven-
tional progressors show clear compartmentalization (37). Indeed,
our observations are consistent with this, as there was no or less
compartmentalization between meninges and the brain paren-
chyma in rapid progressors, but they were clearly compartmental-
ized in conventional progressors. It is still unclear why rapid pro-
gressors showed less compartmentalization in the CNS, but

Membrane spanning domain

possible explanations include the following: (i) animals were sac-
rificed at relatively short times after infection, and viral popula-
tions in the CNS did not have sufficient time to diversify; (ii)
catastrophic destruction of the immune system by the rapid pro-
gression of disease caused less selective pressure in the CNS; and
(iii) there was a loss of the barrier between compartments due to a
breakdown of the blood-brain barrier (BBB). Further assessments
are required to answer this question in future studies.
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The choroid plexus produces a large amount of CSF each day
to exclude metabolites produced in the CNS. There is evidence
that cells in the choroid plexus can be infected by HIV-1 and
produce viruses which can be disseminated to the CNS (38, 39).
However, the results of phylogenetic analyses in the present study
revealed that the CSF viral population was most closely related to
that of the meninges in at least one of the study animals. This result
suggests that the choroid plexus might not be the sole source of
viral populations in the CSF and that the meninges may play a
major role in production of virus. This speculation is supported by
the fact that those monkeys with high CSF viral RNA loads always
had evidence of meningitis, whereas the monkey in whom en-
cephalitis was the predominant feature exhibited 3 to 4 log lower
viral RNA loads in the CSF. The other evidence that the CSF pop-

Membrane spanning domain

ulation is closely related to populations in meninges is that they
shared unique truncations of the cytoplasmic domain of gp41 in
this animal. Although the patterns of insertion and duplications
were variable among the isolates, these unique truncations were
observed at similar positions in the N terminus of the cytoplasmic
domain in 80% of meningeal clones and 30% of CSF clones but
were never identified in the brain parenchymal or plasma clones.

It has previously been reported that truncation of the cytoplas-
mic domain of gp41 increases the fusion activity of the virion by
efficient exposure of fusion epitopes followed by binding of gp120
and the CD4 receptor, which may also increase the sensitivity to
neutralizing antibodies (40, 41). This suggests that these trunca-
tions result from viral adaptation to the unique microenviron-
ment in the meninges or perhaps to differences in the macrophage
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populations between the brain parenchyma and meninges, which
show distinct phenotypes and properties (42, 43). In addition, we
also found a high frequency of stop codons at random positions
along the envelope in meningeal and CSF clones (Table 2). Pre-
mature stop codons were observed to some degree in all the ani-
mals, as would be expected from PCR error and the expected
presence of some inactive viruses in tissues (Table 2). However,
the frequency was increased in the meninges and CSF from Rh804
and, to some degree, in other tissues from this animal. This sug-
gests the possibility of the influence of some unknown restriction
factor, similar to but distinct from the G-to-A hypermutation in-
duced by APOBEC3G (44). The presence of premature stop
codons in gp120 is lethal to the virus, whereas stop codons at
certain regions, such as the cytoplasmic domain of gp41, are not.
Therefore, the survival of isolates with gp41 truncations may not
be a specific adaptation to the microenvironment of the meninges
but rather just represent the survivors of some unknown selective
pressure. On the other hand, although we identified these gp41
truncations in only one of the two conventional progressors in this
study, we previously reported the presence of similar truncations
in isolates from the brain of the original SIVsmE543-infected an-
imal (45). In addition, other studies using well-characterized neu-
rovirulent SIV clones demonstrated that a similar truncation at
the TM domain of gp41 is responsible for CD4 independence (46,
47). These observations suggest that those gp41 truncations may
play important roles in the pathogenesis of SIV in the CNS. The
viral replication kinetics of envelope chimeras in PBMC and
MDMs revealed that the viral isolates with truncated gp41 were
replication competent, and the truncations did not appear to in-
fluence macrophage tropism. Although we could not identify any
significance of truncations relative to replication efficiency or cell
tropism, further analyses are needed to fully understand their bi-
ological significance.
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Based upon the present study, we have clearly shown that men-
ingitis and encephalitis in conventional progressors with SIVE are
associated with two distinct viral populations. It is not clear if
these viral populations diverged from one another through the
course of infection or whether they were initially established by
distinct virus populations. CSF populations in at least one of the
animals we examined were most closely related to the population
in the meninges. CSF is the most easily accessible CNS sample
from HIV-1-infected patients. Although our model may not di-
rectly reflect HIV-1 infection in the human CNS due to its more
rapid course, our results suggest that viral populations in the CSF
may not necessarily be representative of the populations in the
brain parenchyma, where most of the damage to motor and mem-
ory functions occurs.
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