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ABSTRACT

Although nonhuman primate models of neuro-AIDS have made tremendous contributions to our understanding of disease pro-
gression in the central nervous system (CNS) of human immunodeficiency virus type 1 (HIV-1)-infected individuals, each model
holds advantages and limitations. In this study, in vivo passage of SIVsmE543 was conducted to obtain a viral isolate that can
induce neuropathology in rhesus macaques. After a series of four in vivo passages in rhesus macaques, we have successfully iso-
lated STVsm804E. SIVsm804E shows efficient replication in peripheral blood mononuclear cells (PBMCs) and monocyte-derived
macrophages (MDMs) in vitro and induces neuro-AIDS in high frequencies in vivo. Analysis of the acute phase of infection re-
vealed that SIVsm804E establishes infection in the CNS during the early phase of the infection, which was not observed in the
animals infected with the parental SIVsmE543-3. Comprehensive analysis of disease progression in the animals used in the study
suggested that host major histocompatibility complex class I (MHC-I) and TRIM5a genotypes influence the disease progression
in the CNS. Taken together, our findings show that we have successfully isolated a new strain of simian immunodeficiency virus
(SIV) that is capable of establishing infection in the CNS at early stage of infection and causes neuropathology in infected rhesus
macaques at a high frequency (83%) using a single inoculum, when animals with restrictive MHC-I or TRIM5« genotypes are
excluded. SIVsm804E has the potential to augment some of the limitations of existing nonhuman primate neuro-AIDS models.

IMPORTANCE

Human immunodeficiency virus (HIV) is associated with a high frequency of neurologic complications due to infection of the
central nervous system (CNS). Although the use of antiviral treatment has reduced the incidence of severe complications, milder
disease of the CNS continues to be a significant problem. Animal models to study development of neurologic disease are needed.
This article describes the development of a novel virus isolate that induces neurologic disease in a high proportion of rhesus ma-
caques infected without the need for prior immunomodulation as is required for some other models.

significant proportion of untreated individuals infected with

human immunodeficiency virus type 1 (HIV-1) progress to
HIV-1-associated dementia (HAD) or HIV encephalopathy
(HIVE) (1-4). HAD is accompanied by motor and cognitive im-
pairments, and in most severe cases, patients progress to a mute
and vegetative state and death. The development and implemen-
tation of highly active antiretroviral therapy (HAART) in HIV-1-
infected individuals has decreased the incidence of HAD/HIVE
dramatically. However, despite effective suppression of systemic
viral replication and a significant decrease in HAD, neurocogni-
tive disorders persist in HIV-infected individuals. These disor-
ders, designated HIV-1 associated neurocognitive disorders
(HAND) or minor cognitive and motor disorder (MCMD) (5),
progress more gradually than HAD, and symptoms are milder,
making it difficult to differentiate from non-HIV-related cogni-
tive and motor symptoms (6). Thus, HIV-associated neuropa-
thology continues to be a significant problem, and it is not clear
whether this is due to persistent replication of HIV in the central
nervous system (CNS) or secondary effects of systemic infection.
Although significant effort has been invested in understanding the
mechanisms of HIV-1 pathogenesis in the CNS, many questions
remain unanswered or controversial. One unanswered issue is the
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mechanism underlying the increase in patients with MCMD, de-
spite successful suppression of plasma and cerebrospinal fluid
(CSF) viral RNA load by HAART (7, 8). Elucidating mechanisms
of disease progression in the CNS for intervention in the develop-
ment of MCMD during therapy is one of the major challenges in
the field and will require appropriate nonhuman primate (NHP)
models. Additionally, the mechanism of viral entry into the CNS
(9, 10) is also an important unresolved issue. Information on the
precise timing and mechanism of viral entry to the brain may
provide novel interventions to prevent the development of HIV-
associated neurologic disease.

One reason for difficulty in the study of HIV-1 entry and
pathogenesis in the CNS is the limitations of conducting studies
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with human patients. CSF and postmortem brain samples are the
most accessible samples from HIV-1-infected individuals. How-
ever, as we have previously reported, the viral population in the
CSF in simian immunodeficiency virus (SIV)-infected macaques
does not always reflect the viral populations in the brain paren-
chyma, presumably the site of direct neuropathology (11, 12). In
addition, analysis of the human brain is restricted to postmortem
samples and thus only gives cross-sectional information at the
terminal stages of infection, which is not informative in address-
ing events in the acute or chronic phase of infection (13). Al-
though brain biopsy samples are feasible, they are difficult to jus-
tify on asymptomatic infected individuals due to the risk of
unintended complications.

SIV infection of nonhuman primates provides animal models
to circumvent the limitations of HIV-1 pathogenesis studies in
humans. Infection of macaques with certain strains of SIV can
result in SIV encephalitis (SIVE), with neuropathologic findings
reminiscent of HIV encephalitis in humans, including the pres-
ence of characteristic multinucleated giant cells. Critically, in-
fection of rhesus macaques with SIV allows access to samples of
any part of the brain throughout all stages of disease progres-
sion under controlled conditions. A number of nonhuman pri-
mate models have been developed to facilitate the study of the
mechanisms and pathogenesis of neuro-AIDS, with an empha-
sis on reproducibility in outcome. These include the use of
immunomodulation by depletion of either CD8 T cells (14) or,
more recently, CD4™ T cells (15) prior to inoculation with
strains of SIV that otherwise are inconsistent in inducing SIVE
(i.e., STVmac251/239). When CD8" T lymphocytes are de-
pleted from rhesus macaques prior to SIV inoculation, disease
progression is rapid, causing AIDS accompanied by a high
prevalence of SIVE within 3 to 6 months after infection (10, 16,
17). The advantage of this neuro-AIDS model is that the exper-
imental period is short and highly reproducible. However,
since the host immune system is modified, it may not directly
reflect the pathogenesis of CNS disorders in HIV-1-infected
individuals. Another model uses intravenous coinoculation of
an immunosuppressive viral swarm (SIVsmB670) and a neu-
rovirulent viral clone (SIVmacl7E-Fr) into pig-tailed ma-
caques (18-22). As in the CD8 depletion model, pig-tailed ma-
caques coinoculated with these two different strains of virus
reproducibly show rapid disease progression with accompany-
ing CNS disorders. However, coinoculation of two different
strains of viruses results in difficulty in dissecting the relative
importance of the components of the complex viral popula-
tions in these infected animals. In addition, the prevalence of
CNS disease in rhesus macaques inoculated with this virus
cocktail is relatively low, requiring the use of pig-tailed ma-
caques that are limited in number for large-scale experiments.

In this study, we sequentially passaged SIVsmE543-3, a strain
of SIV that was not inherently associated with neurovirulence
through rhesus macaques. Rhesus macaques are a species that is
more readily available than pig-tailed macaques and which is
widely used in NHP AIDS research. By using intravenous inocu-
lation of virus isolated from the brains of donors with SIVE, we
obtained a strain of SIV that induces SIV neuropathology in a high
proportion of infected rhesus macaques without any prior modi-
fication of the host immune system.
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MATERIALS AND METHODS

In vivo passages. The details of the serial passage of SIVsmE543-3 to
develop a strain that was neurovirulent for rhesus macaques are shown in
Fig. 1. All rhesus macaques used in this study were of Indian origin and
seronegative for SIV, simian retrovirus (SRV), and simian T-lymphotro-
pic virus, type 1 (STLV-1). For the first passage, 2,000 50% tissue culture
infective doses (TCID5,) of the SIVsmE543-3 molecular clone were inoc-
ulated intravenously into H445. This animal progressed rapidly to AIDS,
developing severe SIV encephalitis (SIVE; presence of SIV positive multi-
nucleated giant cells and infiltration of lymphocytes at the site of lesion)
by the time of necropsy at 16 weeks postinfection (p.i.) (23). Virus was
isolated from the mesenteric lymph nodes of H445 (SIVsmH445) at the
time of necropsy by coculture with naive rhesus macaque peripheral
blood mononuclear cells (PBMCs) and was used to inoculate six naive
rhesus macaques (H631, H632, H633, H634, H635, and H636). Three of
these macaques developed SIVE, one after a very rapid disease course and
two after an extended asymptomatic period. Clinically, SIVE manifested
as tremor, head tilt, motor difficulties such as problems perching, and
lethargy. One of these last two animals, H631, was sacrificed at 116 weeks
postinfection, and virus was isolated from the brain (SIVsmH631Br) by
coculture with PBMCs from a naive pigtailed macaque (12). Four naive
rhesus macaques (H761, H780, H782, and H783) were inoculated intra-
venously with 500 TCIDs, of SIVsm631Br. One of the animals, H783,
developed neurologic disease by 43 weeks postinfection, due to severe SIV
meningoencephalitis. STVsmH783Br was isolated by coculture of super-
natant of homogenized brain tissue with PBMCs collected from naive
rhesus macaques, and 500 TCID,, of viral stock were inoculated intrave-
nously into an additional six naive rhesus macaques (H801, H802, H803,
H804, DBTG, and DBTN) (24). One of the SIVsmH783Br-infected ani-
mals, H804, developed neurologic disease with SIVE at 43 weeks after
infection, and virus was isolated from single brain cell suspension cul-
tured with PBMCs from a naive rhesus macaque donor that had a permis-
sive TRIM5Y'< genotype. As detailed below (see Table 2), six rhesus ma-
caques were inoculated with 500 TCID, of SIVsm804E intravenously. An
additional two rhesus macaques with permissive TRIM5%? genotype
were inoculated intravenously with the same virus stock as part of a sep-
arate neuroimaging study; these animals developed neurologic disease
very early after infection and were treated with 30 mg/kg of tenofovir
administered subcutaneously once daily for several months. All animals
were housed in accordance with the American Association for Accredita-
tion of Laboratory Animal Care standards. The investigators adhered to
the Guide for the Care and Use of Laboratory Animals (25) and to NIAID
Animal Care and Use Committee-approved protocols.

Phylogenetic analysis of viral isolates. For characterization of the
SIVsmH445, SIVsmH631Br, and STVsmH783Br stocks, the envelope gene
was amplified by the single-genome amplification method as previously
described (26). For characterization of the STVsm804E stock, the envelope
fragment was amplified and sequenced as previously described, with
modifications (11). Briefly, RNA was extracted from the viral stock using
a viral RNA minikit (Qiagen), followed by reverse transcription using the
Thermoscript reverse transcriptase (RT) PCR system (Invitrogen) with
primer 9341-R (CATCATCCACATCATCCATG). The envelope DNA
fragment was amplified by PCR with Platinum Taq DNA polymerase
(Invitrogen) using primers 6463-F (GGTGTTGCTATCATTGTCAGC)
and 9341-R and then subcloned into pCR4-TOPO vector by use of a
TOPO TA cloning kit (Invitrogen) for sequencing. Phylogenetic analysis
was performed as previously described (27). Briefly, envelope sequences
from viral stocks are aligned with their parental strain, SIVsmE543, using
ClustalX software (http://www.clustal.org/clustal2/). A maximum likelihood
phylogenetic tree was constructed by PhyML (http://www.hiv.lanl.gov
/content/sequence/PHYML/interface.html) with parental SIVsmE543-3
sequence as a root.

Viral replication in PBMCs and MDMs. Virus replication of the iso-
lates was evaluated in rhesus macaque PBMCs and monocyte-derived
macrophages (MDM:s) as described elsewhere (23, 24). PBMCs from SIV-

Journal of Virology


http://www.clustal.org/clustal2/
http://www.hiv.lanl.gov/content/sequence/PHYML/interface.html
http://www.hiv.lanl.gov/content/sequence/PHYML/interface.html
http://jvi.asm.org

Rhesus Neuro-AIDS Model

(SIVsmH445
—— SIVsmH445

—— SIVsmH445

——SIVsmH445
-SIVsmH631Br

—— ——SIVsmH631Br

SIVsmH631Br

-SIVsmH631Br
SIVsmH631Br

SIVsmH631Br

SIVsmH631Br
-SIVsm804E
SIV: 4E
SIV 4E
SIVsmH783Br
SIVsmH783Br
-SIVsmH783Br
SIVsmH783Br
SIVsmH783Br
-SIVsmH783
-Br SIVsmH783Br
-SIVsmH783Br
. ——————SIVsmH783Br
SIVsmH783Br
SIVsmH783Br
——SIVsmH783Br
-SIV: E
SIVsm804E
1——51 Vsm804E

[—SI Vsm804E

SIV

—— 0.001

FIG 1 Phylogenetic analysis of envelope sequences amplified from virus stocks used in the in vivo passage, SIVsmH445, SIVsmH631Br, SIVsmH783Br, and
SIVsmH804E. Shown is a phylogenetic analysis of envelope nucleotide sequences. The black letters indicates the original SIVsmE543-3, purple indicates the
SIVsmH445 variants, green indicates the SIVsm631Br isolate, red indicates the SIVsm783Br isolate, and blue indicates the final isolate, SIVsm804E.
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TABLE 1 Summary of the animals used in in vivo passages

Survival period MHC-I TRIM5a
Passage Inoculum Animal ID* (wks) genotype genotype Viral isolate
1 SIVsmES543-3 H445 16 Q/Q SIVsmH445
2 SIVsmH445 H631 116 Q/Cyp SIVsmH631Br
H632 66 TFP/Q
H633 81 TFP/TFP
H634 56 TFP/Q
H635 9 Q/Q
H636 80 Q/Cyp
3 SIVsmH631Br H761 A01 TFP/Q
H780 A01 TFP/Q
H782 70 Cyp/Cyp
H783 43 Q/Cyp SIVsmH783Br
4 SIVsmH783Br H801 54 Q/Q
H802 18 Q/Cyp
H803 24 TFP/TFP
H804 43 TFP/Q SIVsm804E
DBTG 101 TFP/Q
DBTN 13 TFP/Q

@ Shaded animal identification (ID) indicates animals with SIVE. H761 and H780 were euthanized at the conclusion of the experiment.

naive, healthy rhesus macaques were separated from whole blood, stimu-
lated with 5 g of phytohemagglutinin (PHA) per ml and 10% interleu-
kin-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 ma-
caque PBMCs as previously described (11). Briefly, fresh PBMCs were
incubated with anti-nonhuman-primate CD14 magnetic beads (Miltenyi
Biotec, Auburn, CA) and positively selected with magnetically activated
cell sorting (MACS) separation columns (Miltenyi Biotec). A total of 3 X
10 cells per well of CD14-positive cells were cultured in a 48-well plastic
plate for 4 days in RPMI 1640 medium 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. PBMCs (5 X 10°/well) were
dispensed into a 48-well plastic plate and then inoculated with each virus
at a multiplicity of infection (MOI) of 0.01. 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 RT activity of the culture
supernatant was monitored periodically (23).

Flow cytometric analysis. Absolute CD4™ T cell or memory CD4* T
cell counts in the blood were monitored using a BD-LSR Fortessa with
DiVa software (v6.0). PBMCs were stained with CD3 (557917; BD Phar-
mingen), CD8 (558207; BD Pharmingen), CD4 (35004873; eBioscience),
Ki67 (556026; BD Pharmigen), CD95 (559773; BD Pharmingen), CD14
(IM2580U; Beckman Coulter), CD28 (6607111; Beckman Coulter),
CD20 (25020973; eBioscience), CCR5 (550632; BD Pharmingen), and
Aqua Live/Dead (L34957; Invitrogen). Briefly, cells were labeled with the
antibodies and then washed with phosphate-buffered saline (PBS), fol-
lowed by fixation with 0.5% paraformaldehyde and analysis using a
Fortessa fluorescence-activated cell sorter (FACS). Absolute memory
CD4" T cells were determined using CD28 and CD95 as markers, as
described previously (11). Data analysis was performed using Flowjo
(v9.3; TreeStar, San Carlos, CA).

Quantitative PCR of the viral DNA in the brain. Three groups of two
Indian-origin rhesus macaques with a moderately susceptible TRIM5a
genotype (TRIM™™/Q) were inoculated intravenously with either
SIVsmE543-3, STVmac239, or SIVsm804E and euthanized at peak viremia
(2 weeks p.i.). Following saline perfusion of the animals, fresh brain tis-
sues was collected from the frontal, parietal, and temporal lobes, the cer-
ebellum, and the midbrain during necropsy. Multiple pieces of brain tis-
sue from each region were homogenized and pooled to obtain a cell
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suspension representative of the whole brain, and genomic DNA was iso-
lated using a DNeasy blood and tissue kit (Qiagen). Quantitative PCR was
performed in duplicate to measure copies of viral DNA per cell as previ-
ously reported (28).

Nucleotide sequence accession numbers. The nucleotide sequences
generated in this study have been deposited in GenBank under accession
numbers KM 196125 to KM196132 (SIVsmH631Br stock), KM 196133 to
KM196144 (SIVsmH783Br stock), KM 196145 to KM 196164 (SIVsm804E
stock), and KM 196165 to KM196171 (SIVsmH445).

RESULTS

In vivo passage of SIV isolated from the brain in rhesus ma-
caques. Our ultimate goal was to produce a rhesus macaque
model using systemic inoculation of a single strain of SIV that
would result in a high incidence of SIVE without other immuno-
modulation prior to infection. We conducted a sequential in vivo
passage of SIVsmE543-3 as detailed in Table 1. Rather than direct
inoculation into the CNS, we chose to use intravenous inoculation
to ensure that the virus was capable of the early steps of virus
amplification and dissemination. Four serial passages were per-
formed through rhesus macaques. At each passage, we specifically
selected donors that developed SIVE in >6 months postinocula-
tion in an attempt to avoid selection for a rapid disease model, and
virus isolated from the brain was inoculated intravenously into
naive rhesus macaques. As summarized in Table 1, these passages
resulted in an increased frequency of SIVE, although none of the
viruses resulted in uniform development of neuropathology in all
of the inoculated animals. The most striking increase in incidence
of SIVE occurred between the parental SIVsmE543-3 (a historical
incidence of SIVE in only 1/43 animals; unpublished data) and the
first passage, SIVsmH445. Of the six macaques inoculated with
SIVsmH445, one macaque developed SIVE associated with rapid
disease (H635), whereas two others progressed after a more pro-
longed asymptomatic period (H631 and H636). SIVsmH631Br
was chosen for the next passage since H636 died suddenly and
therefore brain could not be collected for virus isolation. The sec-
ond passage virus, SIVsmH631Br, induced SIVE in only one of
four rhesus macaques (H783); however, two of macaques that did
not develop SIVE showed prompt control of systemic viremia
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FIG 2 Replication kinetics of the final isolate, SIVsm804E, in macaque PBMCs and MDMs. (A) Replication kinetics of SIVsm804E on PBMC. (B) Replication
kinetics of SIVsm804E on MDMs. Results shown are representative of four independent experiments.

following primary infection (H761 and H780). Virus isolated
from the brain of this one animal with SIVE (SIVsmH783Br) re-
sulted in SIVE in four of six macaques. The viral swarm charac-
terized in this study, SIVsm804E, was then isolated from the brain
of one of those four animals in the final passage (H804).

Evolution of brain isolates during passage in macaques. As
shown in Fig. 1, phylogenetic analysis of the envelope genes of
sequential brain isolates revealed evolution and diversification
of the isolates over serial passages. SIVsmH445 had a low level of
divergence from the parental STVsmE543-3 (less than 0.1% differ-
ence in consensus sequence), probably since it was isolated after
only 16 weeks following infection with a molecularly cloned virus.
The second-passage virus, SIVsmH631Br, had gained further mu-
tations through 116 weeks of replication in vivo (1.2% difference
in consensus from SIVsmE543-3). The third-passage virus,
SIVsmH783Br, had acquired further mutations and formed a dis-
tinct cluster after 43 weeks of in vivo replication (1.7% difference
in consensus from SIVsmE543-3). Interestingly, we observed less
divergence of SIVsm804E acquired in the final passage, although
the virus had been replicating in vivo for 64 weeks (1.7% difference
in consensus with SIVsmE543-3). Note that divergence of viral
isolates within each viral stock was less than 1%.

In vitro replication of SIVsm804E. Evaluation of intermediate
isolates in the passage history of SIVsm804E in prior studies dem-
onstrated that these viruses had gained the ability to infect rhesus
monocyte-derived macrophages (MDMs) without losing the abil-
ity to infect CD4™ T cells (10). Indeed, STVsmH631Br replicated
more efficiently in MDMs than in PBMCs, whereas an isolate
from plasma of the same animal showed better replication in
PBMC:s (12). To investigate the replication capacity and cell tro-
pism of SIVsm804E, we infected PBMCs and MDMs isolated from
naive rhesus macaques and compared replication to those of
SIVmac239 and SIVsmE543-3. All three viruses replicated effi-
ciently in PBMCs, with SIVmac239 reaching peak levels by 9 days
postinfection and SIVsm804E and its parent, SIVsmE543-3, peak-
ing slightly later, by 12 days postinfection. Among the three virus
strains, STVsm804E showed the highest RT activity in the super-
natant. In contrast with its replication in PBMCs, SIVmac239
showed no signs of infection in MDMs, which is consistent to
previous observations that this virus is primarily T-tropic in vitro.
SIVsmES543-3 showed a very low level of replication in MDM:s by
21 days postinfection, consistent with our prior experience with
this virus (23). In contrast, SIVsm804E showed robust replication
in MDMs, reaching peak RT values at 12 days postinfection. These
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observations indicated that SIVsm804E was capable of efficient
replication in both PBMCs and MDMs. In addition, in vivo adap-
tations conferred more efficient replication in MDMs than for the
parent strain, SIVsmE543-3 (Fig. 2).

In vivo replication of SIVsm804E. To assess in vivo replication
capacity and neurovirulence of SIVsm804E, six naive Indian-ori-
gin rhesus macaques (H813, H814, H816, H817, H819, and H820)
were intravenously infected with 500 TCIDs, of SIVsm804E
(Table 2). As shown in Fig. 3A, all infected animals showed com-
parable peak viremia at 2 weeks postinfection (1 X 10°to 5 X 107
copies/ml). Five of the infected animals showed a stable setpoint
viral RNA load between 5 X 10* and 2 X 10°. Interestingly, one
animal, H820, that expressed a known restrictive major histocom-
patibility complex class I (MHC-I) allele, controlled viral replica-
tion after peak viremia. The other animal with a restrictive MHC-I
allele, H819, showed levels of peak viremia and setpoint viral RNA
load comparable to those of animals without restrictive MHC-I
alleles. All animals showed peak CSF viral RNA load at 2 weeks
postinfection (3 X 10* to 3 X 10° copies/ml), except for one ani-
mal, H816, for which CSF viral RNA load continued to increase
until 12 weeks postinfection (7 X 10° copies/ml). Unlike plasma
viral load, which was reproducible between animals, CSF viral
RNA load was highly variable.

Three of the six animals (H814, H816, and H817) inoculated
with SIVsm804E developed characteristic CNS pathology similar
to that observed in the previous passages (11, 12, 24), including
glial nodules, perivascular cuffing with lymphocytes and macro-
phages, and the presence of multinucleated giant cells that ex-

TABLE 2 Summary of the animals inoculated with SIVsm804E

Survival period MHC-I TRIMS5a
Animal ID* (wks) genotype® genotype
H813 79 TFP/Q
H814 15 TFP/Q
H816 16 TFP/Q
H817 47 TFP/Q
H819 119 A01 TFP/Q
H820 ND* B17 TFP/Q
Jiv 62 Q/Q
JK7 66 Q/Q

“ Shaded animal identification (ID) indicates animals with SIVE. JiV and JK7 were
transiently treated.

b “A” indicates that the animal tested negative for known restrictive MHC alleles.
“ND, not determined since H820 was euthanized due to lack of viremia.
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pressed SIV RNA by in situ hybridization. Two animals, H814 and
H816, rapidly developed neurologic signs at 15 and 16 weeks
postinfection, respectively (tremors, motor difficulties, etc.), with
CNS pathology characteristic of SIVE (data not shown). These
two animals showed high CSF viral RNA loads at the time of eu-
thanasia (>107 copies/ml). Interestingly, H813, which showed a
CSF viral RNA load at the early stages of infection (up to 12 weeks)
comparable to those of these two macaques, showed significant
post-acute-phase control of virus replication in the CSF, reaching
a nadir of 9 X 10> by 44 weeks postinfection. The CSF viral RNA
load then eventually increased to 1 X 10 at the time of necropsy.
Although this is above the threshold of 10" copies/ml we have
reported previously as being associated with SIVE, this animal did
not exhibit neurologic signs or neuropathology at time of eutha-
nasia (24). Two animals, H817 and H819, showed decreasing CSF
viral RNA loads after peak viremia (8 X 10 and 2 X 10* copies/ml,
respectively). The CSF viral RNA load for H817 gradually in-
creased t0 9.6 X 10° copies/ml by 47 weeks postinfection, and this
animal was euthanized due to development of AIDS-like disease
with SIVE. H819, with a restrictive MHC-I genotype, on the other
hand, progressed to AIDS-like disease 119 weeks after infection
without obvious neurologic signs or pathology, although it
showed a CSF viral RNA load higher than the threshold at several
time points. The CSF viral RNA load of H820, with a restrictive
MHC-I allele, went down to undetectable levels at 8 weeks postin-
fection and was never detectable up to and including the time of
euthanasia (Fig. 3B).

Analysis of lymphocyte subsets in the circulation revealed re-
duction of absolute CD4™ T cell counts in all infected animals
(Fig. 4) during the acute phase of infection. The degree of reduc-
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tion was more obvious in the memory subset of CD4" T cells. By
terminal time points, memory CD4" T cells were depleted in all
five animals (H813, H814, H816, H817, and H819) that were sac-
rificed due to neurologic and/or AIDS-like disease. Consistent
with plasma and CSF viral loads, reduction of CD4™ T cell in H820
(restrictive MHC-I genotype) was transient (Fig. 4) and returned
to the normal range after the acute phase of infection. We chose to
euthanize this animal during the asymptomatic phase since it was
unlikely to progress in a reasonable time frame.

Influence of host factors that affect disease progression in the
CNS. We have previously reported that certain host TRIM5a ge-
notypes restrict replication of SIVsmE543-3 replication in vivo
(29, 30). Rhesus TRIM5 genotypes can be characterized based on
polymorphisms at position 339 to 341 as permissive (TRIMY?),
moderately susceptible (TRIM™™/Q and TRIMY<"P4), or re-
strictive (TRIM™™/TF? TRIM™FP/OPA and TRIMOPA/CYPA) for
SIVsmE543-3. As shown in Table 1 and Table 2, animals used in
the in vivo passage had variable TRIM5a genotypes. In addition to
the six macaques inoculated with STVsm804E that we studied, two
naive rhesus macaques (JiV and JK7) with permissive TRIM ge-
notypes (TRIMYQ) were inoculated as part of a CNS imaging
study (Table 2). These animals developed neurologic signs within
the first 3 months of infection that required treatment with the
antiretroviral PMPA. Both animals progressed to AIDS including
SIVE soon after termination of the treatment (data not shown)
and were included in our analysis of the association between SIVE
and TRIM genotype.

Analysis of TRIM genotype revealed a potential role for TRIM
in disease development in the CNS. As shown in Table 3, five of
five animals with the permissive TRIM5a genotype (TRIMY?)
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FIG 4 Circulating CD4 T cells (A) and circulating memory CD4 T cells (B) of SIVsm804E-infected animals.
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TABLE 3 Summary of the relationships between the host genotypes and
disease progression in the CNS

% of SIVE

No. of animals excluding animals

TRIM5a Total no. % of with restrictive with restrictive
genotype of animals SIVE MHC-I MHC-I

Q/Q 5 100 0 100

Q/Cyp 4 100 0 100

TFP/Q 13 38 4 56

TFP/TFP 2 0 0 0

Cyp/Cyp 1 0 0 0

progressed to SIVE. In contrast, two animals with the restrictive
TRIM5a genotype (TRIM™™T*F) did not show neurologic signs,
nor did they develop SIVE. Five of the 13 macaques with a mod-
erately susceptible TRIM5a genotype (TRIM'™/Q) developed
SIVE. Interestingly, four animals with the TRIMYP* genotype,
which was found to be moderately susceptible in studies with
SIVsmES543-3, all developed SIVE. When Gag capsid sequences
from SIVsm804E were compared with the parental SIVsmE543-3,
we observed two amino acid substitutions in the cyclophilin A
binding loop (L89I and A91P). These two substitutions are at the
tip of the loop, which is known to be important for resistance to
the host TRIM“ allele (30). Analysis of gag sequences of histor-
ical viral stocks revealed that these two amino acid substitutions
were already present in SIVsmH631Br, and they were conserved in
following passages (datanot shown). Indeed, STVsmH631 was iso-
lated from a TRIM?'“YP* animal that developed SIVE. This SIV
isolate induced SIVE in two animals with the TRIMY“P* geno-
type (H783 and H802), although one animal (H782) with the
TRIM®PA9PA genotype did not progress to SIVE. Therefore,
these capsid mutations may have conferred resistance to TRIM®P4,
resulting in high proportion of animals progressing to SIVE in
animals with TRIMY*? genotype. Neither of the two capsid sub-
stitutions (P37S and R98S) that are associated with escape from
TRIM™? in SIVsmE543-3 (30) were observed in any of the capsid
sequences from the various isolates in the present study. This is
entirely consistent with the lack of SIVE development in animals
of the TRIM™™/ T haplotype. Although our study did not include
sufficient numbers of animals with the restrictive TRIM /TP
haplotype to make statistically significant conclusions, the ab-
sence of SIVE in these two animals suggests that expression of TFP
allele may have a negative influence on disease progression in the
CNS when using SIVsm804E as an inoculum.

In addition to TRIM5 genotypes, it is widely known that cer-
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tain MHC-I alleles are associated with control of SIVmac239 virus
replication in vivo (31-33). As shown in Table 1 and Table 2, our
study animals included four animals that expressed MHC-I alleles
known to be restrictive for SIVmac239 (H761, H780, and H819
with Mamu-A*01; H820 with MamuB*17). Despite the fact that
all four of these animals expressed the moderately susceptible
TRIM5a genotype (TRIM™™/Q), none of these animals developed
SIVE. Three animals (H761, H780, and H820) showed effective
control of viral replication by 12 weeks postinfection. The remain-
ing animal (H819) had a plasma viral RNA load comparable to
that of animals without restrictive MHC-1 alleles but showed pro-
longed survival, to 119 weeks postinfection, without development
of any neuropathology. Although our observation lacks statistical
significance, these data suggest that the expression of restrictive
MHC genotypes influenced the rate of disease progression and the
development of SIVE in this model (Table 2).

Invivo replication of SIVsm804E at acute phase of infection.
To assess viral replication in the CNS during the acute phase of
infection, we intravenously inoculated 6 naive Indian-origin rhe-
sus macaques with either nonneuropathogenic (SIVmac239 and
SIVsmE543-3) or neuropathogenic (SIVsm804E) strains of vi-
ruses. Plasma and CSF viral RNA loads were monitored during the
acute phase of infection, and the brain tissue was collected at 2
weeks postinfection. Plasma viral RNA loads did not differ signif-
icantly among animals inoculated with these 3 strains of virus.
Peak viral RNA load ranged between 10° and 10° copies/ml, with
the exception of one animal, H823, infected with SIVsmE543-3; in
this animal, viremia peaked slightly earlier than in others (10 days
postinfection). Interestingly, CSF viral RNA loads of animals in-
fected with neuropathogenic and nonneuropathogenic strains of
viruses were not statistically different. All infected animals showed
peak CSF viral RNA loads at 2 weeks postinfection, ranging be-
tween 10° and 10° copies/ml. In fact, three animals inoculated
with nonneuropathogenic strains (H839 inoculated with STVmac239;
H823 and H837 inoculated with SIVsmE543-3) showed an earlier
detection of viral RNA load in CSF than those inoculated with
SIVsm804E (Fig. 5). We used in situ hybridization for SIV RNA to
assess virus replication in the CNS of these animals during the
acute stage of infection. Although viral RNA expression was read-
ily detected terminally in the brains of macaques with SIVE, such
as H804, and in lymphoid tissues of all the acutely infected ani-
mals, SIV RNA was not detectable in the brains of any of these
latter study animals (data not shown). Therefore, we utilized DNA
PCR to assess levels of viral DNA in the brain (Fig. 6A). Extremely
high levels of viral DNA were detected in the terminal brain of
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FIG 5 Plasma (A) and CSF (B) viral RNA loads of animals infected with STVmac239, SIVsmE543-3, and STVsm804E.
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FIG 6 Viral DNA copies per 1,000 brain cells (A) and CSF viral RNA loads (B) of animals infected with SIVmac239, SIVsmE543-3, and SIVsm804E. The solid
black bar indicates H804, the samples collected from terminal phase of the animal with SIVE infected with SIVsmH783Br. Open bars indicate SIVsm804E-
infected animals, striped bars indicate SIVsmE543-3-infected animals, and stippled bars indicate SIVmac239-infected animals.

H804 with SIVE, consistent with a high level of viral RNA in the
CSF of this animal. Despite similar peak virus RNA levels in CSF in
the acutely infected animals (Fig. 6B), viral DNA was reliably de-
tectable only in the brains of animals inoculated with SIVsm804E
(Fig. 6A). Viral DNA levels in the brains of SIVsm804E-infected
animals were significantly lower than in the brains of the macaque
with SIVE (H804), consistent with lower levels of CSF viral RNA.
However, viral DNA levels were 10- to 20-fold higher at a mini-
mum than in the animals inoculated with either SIVsmE543-3 or
SIVmac239 (Fig. 6A). Viral DNA was undetectable in the brains of
three of these four animals (H823, H836, and H839) inoculated
with either SIVsmE543-3 or SIVmac239. The remaining animal,
H837, had extremely low levels of viral DNA detectable. These
results indicate that SIVsm804E appears to have evolved the abil-
ity to establish efficient infection in the brain parenchyma at the
early stage of infection.

DISCUSSION

Despite the fact that existing nonhuman primate/SIV neuro-AIDS
models contribute significantly to understanding disease progres-
sion in the CNS of HIV-1-infected individuals, there are inherent
drawbacks to all existing models. Limitations that include the re-
quirement for (i) modification of host immune systems (14), (ii)
coinoculation of an immunosuppressive SIV strain (21, 22), or
(iii) use of a species of nonhuman primate, such as the pig-tailed
macaque, that is not readily available (19) make it more difficult to
elucidate the precise mechanisms of disease progression in the
CNS. In order to augment the limitations of existing neuro-AIDS
models, we have successfully isolated a new strain of SIV,
SIVsm804E, which is capable of inducing neuropathology in in-
fected rhesus macaques at high frequencies.

The viral swarm, SIVsm804E, had acquired mutations through
sequential passages over time that contributed to this neuroviru-
lence. When viral envelope sequences of SIVsm804E and its an-
cestral STVsmE543-3, SIVsm631Br, and SIVsm783Br were com-
pared, sequential divergence was observed through each passage,
presumably leading to adaptation to the microenvironment in the
CNS. Indeed, as the passage continued, there was an increase in
the frequency of the animals with the neuropathology (12, 24).
However, the degree of acquisition of mutations did not always
correlate with the duration of virus replication in vivo. For in-
stance, although virus had been replicating in the H804 for 43

13208 jvi.asm.org

weeks, there was no major advance in terms of accumulation of
mutations between SIVsm783Br and SIVsm804E (0.6% differ-
ence in consensus env sequence), as opposed to the difference
between SIVsm631Br and SIVsm783Br (1.7% difference in
consensus env sequence). This observation is supported by
similar kinetics of virus replication in vivo and proportions of
animals that developed SIV-associated neurologic disease be-
tween SIVsmH783Br- and SIVsm804E-infected groups. Hence,
these observations suggest adaptation of virus at saturation in
terms of adaptation to the CNS after three passages. For this rea-
son, we chose to focus on more fully characterizing the last virus
isolate, SIVsm804E. We were unable to identify a unique signature
common to all the brain viruses as opposed to virus in plasma.
This is presumably since there was such a high level of background
mutations as a result of other selective factors such as immune
pressure, particularly evident in the high diversity of plasma vi-
ruses (11).

It has been previously reported that a nonneurovirulent strain
of SIV acquired the ability to efficiently infect macrophages and
induced neuropathology by sequential in vivo passage through the
brain (18, 20, 34). This is consistent with our present study in that
SIVsm804E replicated more efficiently in macrophages and in-
duced neuropathology at high frequencies compared with that of
parental SIVsmE543-3 after serial in vivo passages through the
brain. Although astrocytes can be infected by HIV-1/SIV, viral
replications in astrocytes are restricted intracellularly, and they do
not contribute to active production of virus in the CNS (35-38).
On the other hand, perivascular macrophages and microglia can
be infected and actively produce virus (12, 24). Indeed, in situ
hybridization results from our previous study suggest that macro-
phages actively produce viral RNA in the brains of animals in-
fected with SIVsm783Br (24), suggesting that the adaptation to
replicate more efficiently in macrophages is one of the most im-
portant factors for the virus to induce neuropathology. It is also
conceivable that efficient systemic immunosuppression is also re-
quired for induction of neuropathology. For example, some
neuro-AIDS models require direct modification of the host im-
mune system by depletion of CD8™ T cells (14), whereas another
model requires coinoculation of immunosuppressive SIV in com-
bination with the neuropathogenic clone in order to cause neuro-
pathology (21, 22). Although further analysis may be required to
elucidate the characteristics of viral variants within the popula-
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tion, SIVsm804E, consistent with other models reported, induced
immunosuppression resulting in eventual depletion of circulating
CD4™ T cells.

Clearly, both virus and host factors contribute to neuropatho-
genesis. In this study, we examined the roles of MHC-I and
TRIM5a. We have previously reported that certain host TRIM5a
genotypes restrict SIVsmE543-3 replication. The situation ap-
pears to be more complex for SIVsmE543-3 derivatives, since they
have spontaneously escaped from TRIM“P* through the accu-
mulation of mutations at position 87 to 91 in the cyclophilin A
binding loop of capsid, probably as a consequence of passage in
macaques of a TRIM5Y P4 genotype. As predicted from this se-
quence information, all of the animals expressing the TRIM /<P
andTRIMY'Q haplotypes developed neuropathology, whereas
none of the animals with the restrictive TRIM™™™ genotype
developed SIVE. Induction of neuropathology was more incon-
sistent in animals that were heterozygous for a restrictive and per-
missive allele (TRIM™™/<). This clearly indicates that disease pro-
gression in the CNS is influenced by TRIM5a genotype, and
introduction of TRIM escape mutations such as observed in
SIVsmE543-3-infected rhesus macaques (39) may improve the
reproducibility of CNS disease with this model. In addition, it has
been previously reported that macaques expressing certain
MHC-I genotypes (Mamu A*01 and B17) control viral replication
more effectively than others (31-33) and that expression of these
alleles is associated with a slower disease course following
SIVmac239 infection. Little has been published on the effects of
these restrictive MHC-I genotypes upon viruses of the SIVsmE543-3
lineage, but many of the epitopes recognized are conserved be-
tween SIVsmE543 and STVmac239 (39). This study included only
four animals with restrictive MHC-I genotypes; all shared moder-
ately susceptible TRIM5a genotype. Interestingly, however, none
of these animals developed SIVE, consistent with a role for MHC
in the development of neuropathology. This is consistent with
results in the pig-tailed macaque model using SIVmac17E-Fr and
SIVsmB670 where expression of Mane-A*10 was associated with a
reduced incidence of SIVE (40). Three of these four animals
showed effective post-acute-phase control of viral replication by
12 weeks postinfection, consistent with a role for MHC in systemic
virus replication. These alleles may reduce the incidence of SIVE,
possibly indirectly through effective control of systemic viral rep-
lication that is likely essential for the eventual development of
SIVE. Taken together, our results show that animals with restric-
tive TRIM5a and MHC-I genotype should be excluded from fu-
ture studies using STVsm804E as a neuro-AIDS model.

Finally, in this study, we compared the early infection of the
CNS by neuropathogenic SIVsm804E and nonneuropathogenic
SIVsmE543-3, which share an origin, as well as the nonneuro-
pathogenic SIVmac239. Consistent with other reports, viral DNA
was detectable in the brains of animals infected with neuropatho-
genic SIVsm804E at 2 weeks postinfection (41). However, viral
DNA was not detectable in animals infected with either of the
nonneuropathogenic strains, SIVsmE543-3 and SIVmac239. This
result suggests that SIVsmE543-3 acquired mutations necessary
for efficient establishment of infection in the CNS at the early stage
of infection by serial passages, and this ability could contribute to
the development of neurologic pathology in the future. It is note-
worthy that the plasma and CSF viral loads in all three SIV strains
were comparable to each other regardless of neurovirulence. Al-
though SIVsmE543-3 and SIVmac239 could not establish efficient
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infection in the brain at the acute phase, they show comparable
CSF viral RNA loads with STVsm804E. In situ hybridization of the
brain revealed that there were no infected cells actively producing
the viral RNA in all animals, at least at a level that is detectable by
in situ hybridization (data not shown). These observations suggest
that virus can enter the CNS compartment regardless of neurot-
ropism and the source of viral production may not be the menin-
ges or the brain parenchyma (42, 43). Thus, although further anal-
ysis on the origin/ of virus in the CSF is required, our results in the
present study suggest that the viral population in the CSF may not
be indicative of viral replication in the brain parenchyma at the
early stage of infection. Furthermore, early establishment of viral
infection in the CNS but not entry may be an important factor
required for progression to neurologic disorders in later stages of
infection.

In summary, we have isolated a neuropathogenic strain,
SIVsm804E, by in vivo passage of a well-characterized molecular
clone, SIVsmE543-3. SIVsm804E efficiently replicated in macro-
phages as well as in PBMCs and suppressed the host immune
system, leading to the development of neurologic diseases in rhe-
sus macaques in high frequencies (83% when animals with restric-
tive MHC-I alleles and TRIM5a genotypes were excluded from
the panel). Establishment of a viral reservoir in the brain during
the acute phase of infection may correlate with the development of
neurologic diseases in the later stage, regardless of CSF viral RNA
load. Although further analysis may be required, SIVsm804E can
induce neurologic diseases in rhesus macaques at high frequencies
by a single inoculum without any modification of the host im-
mune system. Thus, SIVsm804E has the potential to be a new
neuro-AIDS model that can augment existing NHP models.
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