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ABSTRACT

Human immunodeficiency virus type 1 (HIV-1) infection in the central nervous system (CNS) is characterized by replication in
macrophages or brain microglia that express low levels of the CD4 receptor and is the cause of HIV-associated dementia and
related cognitive and motor disorders that affect 20 to 30% of treatment-naive patients with AIDS. Independent viral envelope
evolution in the brain has been reported, with the need for robust replication in resident CD4'" cells, as well as CD4-negative
cells, such as astrocytes, proposed as a major selective pressure. We previously reported giant-cell encephalitis in subtype B and
C R5 simian-human immunodeficiency virus (SHIV)-infected macaques (SHIV-induced encephalitis [SHIVE]) that experienced
very high chronic viral loads and progressed rapidly to AIDS, with varying degrees of macrophage or microglia infection and
activation of these immune cells, as well as astrocytes, in the CNS. In this study, we characterized envelopes (Env) amplified from
the brains of subtype B and C R5 SHIVE macaques. We obtained data in support of an association between severe neuropatho-
logical changes, robust macrophage and microglia infection, and evolution to CD4 independence. Moreover, the degree of Env
CD4 independence appeared to correlate with the extent of astrocyte infection in vivo. These findings further our knowledge of
the CNS viral population phenotypes that are associated with the severity of HIV/SHIV-induced neurological injury and im-
prove our understanding of the mechanism of HIV-1 cellular tropism and persistence in the brain.

IMPORTANCE

Human immunodeficiency virus type 1 (HIV-1) infection of astrocytes in the brain has been suggested to be important in HIV
persistence and neuropathogenesis but has not been definitively demonstrated in an animal model of HIV-induced encephalitis
(HIVE). Here, we describe a new nonhuman primate (NHP) model of R5 simian-human immunodeficiency virus (SHIV)-in-
duced encephalitis (SHIVE) with several classical HIVE features that include astrocyte infection. We further show an association
between severe neuropathological changes, robust resident microglia infection, and evolution to CD4 independence of viruses in
the central nervous system (CNS), with expansion to infection of truly CD4-negative cells in vivo. These findings support the use
of the R5 SHIVE models to study the contribution of the HIV envelope and viral clades to neurovirulence and residual virus rep-
lication in the CNS, providing information that should guide efforts to eradicate HIV from the body.

H uman immunodeficiency virus type 1 (HIV-1)-associated de-
mentia (HAD) and related cognitive and motor disorders
affect 20 to 30% of treatment-naive patients with advanced im-
munosuppression or AIDS. Although combination antiretroviral
therapy (cART) has markedly diminished the incidence of overt
HAD, a milder-to-moderate form of neurocognitive impairment
known collectively as HIV-1-associated neurocognitive disorders
(HAND) developed in an estimated 50% of treated patients (1-3).
Lentiviral neuroinvasion involves the recruitment of infected
monocytes/macrophages and/or T cells to the central nervous sys-
tem (CNS) from circulation, with activation and productive in-
fection of resident microglia and a more restricted/latent infection
of astrocytes (4-9). HIV-1 infection of mononuclear phagocytes
in the CNS has been suggested to be the critical driving force of
HIV-induced encephalitis (HIVE), as well as HAND (10, 11). In-
fected cells in the brain release neurotoxic viral and host inflam-
matory proteins that result in neuronal injury and death (6, 12).
Identification of the viral and host factors that are associated with
neuroinvasion, CNS persistence, and related injury is important,
not only for our understanding of HIV-associated neuropatho-
genesis, but for advancing the design of treatment regimens and
knowledge of therapeutic responses.
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In this regard, HIV neurotropism is primarily determined by
the viral envelope gene (13-16), and compartmentalization of a
genetically distinct envelope (Env) population in the CNS from
that in the systemic circulation (17-20), as a result of either a
founder effect or independent viral adaptive evolution in the brain
with long-term HIV infection, has been described (21, 22). More-
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over, different env genotypes have been reported in different CNS
regions of HIV-1-infected individuals and simian immunodefi-
ciency virus (SIV)-infected macaques (23-26), despite the use of a
“clonal” inoculum in the latter (23, 24), suggesting discordant
regional virus evolution in this anatomical compartment, as well.
The specific pressures that drive the tissue, as well as regional CNS
env genetic divergence, remain unclear. Emergence of highly mac-
rophage-tropic viral strains that engage the CD4 and CCR5 recep-
tors differently or have alower CD4 dependence for entry has been
reported in HIV and SIV infection of the brain (27-32). The need
for robust replication in macrophages and infection of CNS-resi-
dent cells, such as microglia and astrocytes, that express CCR5 but
little or no CD4 (33-35), therefore, could be a major selective
pressure for independent envelope evolution in the brain that
contributes to neurological injury.

Because perivascular macrophages, microglia, and astrocytes
in the brain are long lived (36, 37) and many current antiretrovi-
rals fail to reach effective therapeutic levels in the brain (38-42),
the CNS is a viral reservoir and a site for drug-resistant viruses to
evolve. Appropriate animal models of CNS infection in AIDS,
therefore, are critically needed to evaluate the effectiveness of var-
ious treatment regimens in crossing the blood brain barrier (BBB)
to suppress virus replication and for testing strategies aimed at
eradicating viral sanctuaries in the brains of cART-treated HIV-1-
infected patients (43). Although studies in macaques infected with
neurovirulent SIV strains have led to the critical realization that
the brain is a very early target in acute viral infection (44, 45), as
well as an important viral reservoir despite antiretroviral therapy
(8, 46, 47), the envelope is SIV and not HIV. Moreover, the SIV-
induced encephalitis (SIVE) models often require coinoculation
of two viruses and/or immune modulation, such as CD8* T cell
depletion, to accelerate neurological disease development (48—
53), and infected parenchymal microglia, a key component of HIV
neuropathogenesis, is not a consistent feature. Furthermore, while
rapid progression to AIDS and development of neurological dis-
ease in the SIV-infected macaques is often accompanied by the
selection of highly macrophage-tropic, CD4-independent viruses
(54, 55), infection of truly CD4-negative cells has not been docu-
mented in the brains of these animals.

We recently reported multifocal giant-cell encephalitis in rhe-
sus macaques infected with subtype B and C R5 simian-human
immunodeficiency viruses (SHIVs) via intravenous, intrarectal,
orintravaginal inoculation in the absence of immune modulation.
The neuropathology observed in the SHIV-induced encephalitis
(SHIVE) models mirrored that of HIVE in infected patients, with
several unique and classical HIVE features that are not commonly
seen in other SIVE models, including microglial infection (56, 57).
Here, we characterize HIV-1 variants within the brains of R5
SHIVE macaques with varying degrees of neuropathological
changes to determine the envelope phenotypes associated with
HIV-associated CNS infection and injury. We further explore the
relationship between robust macrophage/microglia infection,
evolution to CD4 independence (CD4i), and infection of truly
CD4-negative cells of viral populations in the brains of the subtype
B and C R5 SHIVE animals.

MATERIALS AND METHODS

Cells. 293T, RC49, JC53, and HeLa TZM-bl cells expressing CD4, CCR5,
and CXCR4 and containing integrated reporter genes for firefly luciferase
and B-galactosidase under the control of the HIV-1 long terminal repeat
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(LTR) were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal calf serum (FCS), 100 U/ml pen-
icillin, 100 pg/ml streptomycin, and 2 mM L-glutamine (complete me-
dium). The Cf2Th canine thymocyte line engineered to express CCR5
without (C£2Th.CCR5) or with (Cf2Th.CD4".CCR5) high levels of the
CD4 receptor (58) was maintained in complete medium containing 0.4
mg/ml G418 (for CCR5 selection; Gibco, Life Technology Corporation,
Grand Island, NY) and 0.15 mg/ml hygromycin (for CD4 selection; Invit-
rogen, Carlsbad, CA). Human peripheral blood mononuclear cells
(PBMC:s) were prepared by Ficoll gradient centrifugation and stimulated
with phytohemagglutinin (PHA) (3 pg/ml; Sigma, St. Louis, MO) in
RPMI medium containing 10% FCS, penicillin, streptomycin, L-glu-
tamine, and 20 U/ml interleukin-2 (Norvatis, Emeryville, CA). Mono-
cytes were enriched by centrifugation of PBMCs through a 40% Percoll
(GE Healthcare Biosciences, Uppsala, Sweden) cushion, followed by plas-
tic adherence, and cultured in RPMI 1640 medium supplemented with
10% FCS, 5% human AB serum, and 25 ng/ml recombinant granulocyte-
macrophage colony-stimulating factor (GM-CSF) (Invitrogen) for 5 to 7
days to allow differentiation into macrophages.

Detection of antiviral humoral response. SHIV-specific antibodies in
serum samples were measured by enzyme-linked immunosorbent assay
(ELISA) according to the manufacturer’s instructions (GS HIV-1/HIV-2
Plus O EIA; Bio-Rad, Redmond, WA). Optical density values at a 1:10
serum dilution that were three times above the cutoff value were consid-
ered positive.

Plasmid constructs and pseudotype virus production. For expres-
sion of envelope glycoproteins (Env), viral RNA was prepared from 300 to
500 pl plasma using a commercially available RNA extraction kit (Qiagen,
Chatsworth, CA), followed by reverse transcription (RT) with Superscript
III reverse transcriptase (Invitrogen) and random hexamer primers (Am-
ersham Pharmacia, Piscataway, NJ). Full-length gp160 coding sequences
were amplified from cDNA by single-genome amplification (SGA) or by
conventional PCR, since recent studies suggest that bulk sequencing cap-
tures a measure of population diversity similar to that determined by SGA
(59, 60). For SGA, cDNA was titrated by endpoint dilution, and a single
copy was obtained in a two-step nested-PCR procedure using Platinum
Taq High Fidelity polymerase (Invitrogen). The primers SH50 (5'-TAGA
GCCCTGGAAGCATCCAGGAAGTCAGCCTA-3") and SH51 (5'-TCC
AGTCCCCCCTTTTCTTTTATAAAA-3"), and SH43 (5'-AAGACAGAA
TTCATGAGAGTGAAGGGGATCAGGAAG-3") and SH44 (5'-AGAGA
GGGATCCTTATAGCAAAGCCCTTTCAAAGCCCT-3") were used for
the first and second rounds of PCR, respectively, of the subtype B SHIVE
macaques, while the primers SH50 and SH51, and WR40 (5'-AAGACAG
AATTCATGAGAGTGAAGGAGAAATATC-3") and WR41 (5'-AGAGA
GGGATCCTCACAAGAGAGTGAGCTCGAGC-3") were used for nested
PCR of the subtype C SHIVE macaque GC98. For conventional PCR,
primers SH43 and SH44 were used for the subtype B SHIV-infected ani-
mals, with primers WR40 and WR41 in reactions for both subtype C-in-
fected monkeys. Amplicons were subcloned into the pPCAGGS vector and
sequenced as previously described (61). To generate luciferase reporter
viruses capable of only a single round of replication, an envelope trans-
complementation assay was used. Briefly, an Env expression plasmid and
the NL4.3LucE-R+ vector were cotransfected with polyethylenimine
(PEI) (Polyscience, Warrington, PA) into 293T cells. The cell culture su-
pernatants were harvested 72 h later, filtered through 0.45-pm filters,
quantified for p24 Gag content (Beckman Coulter, Fullerton, CA), and
stored at —80°C.

Phylogenetic analysis of viral env sequences. Envelope DNA se-
quences were aligned by Clustal W (62) using the parental subtype B
HIV-1SF162 or subtype C ZM109F.PB4 strain as a reference. A codon-
based alignment was also performed in order to remove sequencing er-
rors, gaps, and homopolymeric regions. Neighbor-joining phylogenetic
trees were generated by PhyML 3.0 (63) using the Jukes-Cantor model of
evolution (64), with a gamma distribution of site-to-site rate variation, as
estimated by the FindModel tool from the Los Alamos National Labora-
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TABLE 1 Characteristics of subtype B R5 SHIV g ¢,p3n-> subtype C SHIVC109P3-, and SHIVC109P3N-infected macaques with SHIVE?

Mamu allele®

Dose Time to Coreceptor switch (X4 V3 SHIV binding

Virus Animal  Age (yr) A*01 B*08 B*17 Route (TCID,,)¢ AIDS (wk) sequence)® antibody
SHIV¢r 62p3n DE86 5.69 - - - Lv. 3,000 124 Yes (GHI insertion) Transient

T799 9.90 - — - Lv. 3,000 224 Yes (S11 K/R) High, persistent

DG07  6.71 - - - Lr. 10,000 74 No Transient

DGO08 6.98 — - — Lr. 10,000 204 Yes (HI/HR insertion, AATGD)  Not detected

DN57  5.84 - - - Lr. 10,000 304 No Weak, persistent

ET94 6.50 — — — Lr. 10,000 39 Yes (HR insertion) Weak, persistent

DG17 8.55 - - - Lvg. 1,000 224 No Not detected
SHIVC109P3 GC98 7.21 + - - Lr. 5,000 204 No Not detected
SHIVC109P3N  FI08 7.62 — — — Lr. 5,000 104 Yes (AIGDI) Not detected

“ The age at the time of virus challenge, status of restrictive MHC class I genotype, inoculation route, dose of the virus inoculum and time to AIDS of the SHIVE macaques are
shown. Presence of coreceptor switch, V3 sequence dictating the switch to CXCR4 usage, and status of SHIV binding antibody in the animals are also indicated.

b — absent; +, present.

€ TCIDs, 50% tissue culture infectious dose.
4 Rapid progressor.
¢ A denotes deletion in the V3 loop.

tory (LANL) HIV Database (http://hiv.lanl.gov). Compartmentalization
of viral sequences was assessed visually using the Highlighter tool at the
LANL HIV Database, as well as by quantitative evaluation using the para-
metric bootstrapping Slatkin-Maddison approach.

Envelope characterization. For assessment of Env entry efficiency
and CD4 dependency, 7 X 10°> RC49, JC53, Cf2Th.CD4".CCRS5, and
Cf2Th.CCRS5 cells were seeded in 96-well plates 24 h before use and in-
fected in duplicate with the indicated pseudotype viruses. The infected
cells were cultured for 72 h at 37°C, at which time the cells were harvested,
lysed, and processed for luciferase activity according to the manufactur-
er’s instructions (luciferase assay system; Promega, Madison, WI). Entry,
as quantified by luciferase activity, was measured with an MLX microtiter
plate luminometer (Dynex Technologies, Inc., Chantilly, VA). For infec-
tion of primary cells, 10° and 10° human PBMCs and monocyte-derived
macrophages (MDM:s), respectively, were infected and processed 72 h
later for luciferase activity. To control for differences in Env entry efficien-
cies, infectivity in MDMs was expressed as a ratio of the infectivity for
these cells compared to the infectivity in PBMCs from the same donor.
Similarly, infectivity in RC49 and Cf2Th.CCR5 cells was expressed as a
percentage of that achieved in JC53 and Cf2Th.CD4™.CCRS5 cells, respec-
tively.

Immunophenotyping of SHIV-infected cells. Identification of
SHIV-infected and activated cells in the CNS was accomplished by immu-
nohistochemical staining for SIVgag (1:400) (SIVp27, clone 183-H12-5C;
NIH AIDS Reagent Program), Iba-1 (1:1,000) (polyclonal, 019-19741;
Wako Chemicals, Richmond, VA), CD68 (1:410) (clone KP-1; Dako,
Carpinteria, CA), CD163 (1:100) (clone 10D6; ThermoScientific, Wal-
tham, MA), MRP14 (clone Mac387, IgG1;ThermoScientific, Waltham,
MA), and glial fibrillary acidic protein (GFAP) (1:340) (polyclonal;
Dako). Double-label in situ hybridization (ISH) for SIVmac and immu-
nohistochemistry (IHC) for CD68, the endothelial marker CD31 (1:50)
(clone JC70A; Dako), and GFAP (polyclonal; Dako) were also performed.
SIV ISH was performed on Ventana Medical Systems’ (Tucson, AZ) Dis-
covery Ultra platform. Briefly, the tissue sections were pretreated with
reagents from the RiboMap kit (Ventana Medical Systems) and digested
with protease 3 (Ventana Medical Systems) for 4 min at 37°C. Tissue
sections were prehybridized with RiboHyb (Ventana Medical Systems)
and hybridized with digoxigenin (Dig)-labeled probe for 6 h at 55°C.
Stringency washes were done using 1.0X SSC (1X SSC is 0.15 M NaCl
plus 0.015 M sodium citrate) (Ventana Medical Systems) at 60°C. The
bound probe was detected with rabbit anti-Dig (1:20,000; Sigma-Aldrich,
St. Louis, MO) and UMap anti-rabbit alkaline phosphatase conjugate
(Ventana Medical Systems). On the bench, the sections were then blocked
for endogenous peroxidase activity with 3% H,O, in phosphate-buffered
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saline (PBS). No pretreatment was necessary for GFAP, with pretreatment
for CD31 involving a 5-min incubation with proteinase K (Dako). The
sections were then blocked for endogenous biotin with an avidin-biotin
block, followed by incubation with the primary antibody and the second-
ary antibody biotinylated horse anti-mouse (CD31; Vector Laboratories)
or secondary antibody biotinylated goat anti-rabbit (GFAP; Vector Lab-
oratories). Sections were detected using a standard avidin-biotin peroxi-
dase complex technique (Vectastain ABC Elite; Vector Laboratories) and
DAB chromogen (Dako) and counterstained with Nuclear Fast Red (Vec-
tor Laboratories). Full-length SIVmac ISH probe was used for maximum
sensitivity in detecting viral RNA and DNA. Isotype-matched irrelevant
controls were included for all runs.

RESULTS

Characteristics of R5 SHIV-infected macaques with encephali-
tis. In a previous study, we documented progression to AIDS in
64% (26/43) of Indian rhesus monkeys (Macaca mulatta) infected
with the late-stage subtype B R5 SHIV g 6,p3n Dy the intravenous
(i.v.) (n =9), intrarectal (i.r.) (n = 17), or intravaginal (i.vg.) (n =
17) route (65) (see Table S1 in the supplemental material). Of the
26 immunodeficient animals, 27% (7/26) developed SHIVE at
terminal disease (57). Three of 13 macaques (23%) infected in-
trarectally with the lineage-related subtype C R5 SHIVC109P3
(n=7) and SHIVC109P3N (n = 6) also progressed to AIDS (see
Table S1 in the supplemental material), with severe SHIVE docu-
mented in two of the three animals with advanced immunodefi-
ciency (56). Table 1 shows the age, MHC class I genotype, route,
dose, time to clinical immunodeficiency, coreceptor switch, and
development of SHIV binding antibody in the seven subtype B
and the two subtype C SHIV-infected rhesus macaques with neu-
rological disease. The SHIVE macaques ranged from 6 to 10 years
of age at the time of virus exposure and were infected via various
routes and inoculum doses. With the exception of macaque GC98,
which tested positive for Mamu-A*01, none expressed this as well
as the class I Mamu-B*08 and Manu-B*17 alleles reported to be
associated with spontaneous virologic control of pathogenic
SIVmac239 replication (66—68). Consistent with studies showing that
rapid disease progression is the best correlate of the development
of SIV encephalitis (69), a rapid-progressor (RP) phenotype char-
acterized by high levels of virus replication and weak or undetect-
able antiviral antibody response was evident in 77.8% (7/9) of the
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FIG 1 Types of neuropathologic lesions in the brains of subtype B R5 SHIV gy, ¢,p3n-infected macaques. Shown are SIV™ cells as revealed by in situ hybridization
in cortical perivascular histolytic lesions with MNGCs (1), thalamic expansive lesions with white matter damage (2), and vacuolated chronic burnt-out lesions
(3). Subsets of CD163 ", Mac387*, and CD68 " macrophages are demonstrated by IHC in the insets, with SIV (green), CD68 (red), and glut-1 (blue) shown in

the confocal inset.

AIDS-defining animals with SHIVE, with a switch to CXCR4 pref-
erence dictated by amino acid changes in the V3 loop documented
in 55.5% (5/9) of the animals with neurological disease.

As reported recently (57), CNS lesions in the subtype B R5
SHIV i 6,p3n-infected SHIVE monkeys could be divided into
three main histopathological patterns that are consistent with de-
scriptions of HIVE in humans in the pre-cART era (5, 70-72). The
first type (type I) represents classical perivascular lesions com-
prised of CD68" CD163" SHIV-infected macrophages and
multinucleated giant cells (MNGCs) (Fig. 1). The second type
(typeII) is characterized by very large, expansive lesions extending
deep into the gray and white matter parenchyma, with marked
activation of surrounding microglia and astroglia. The third type
of lesion (type III) is comprised of chronic “burnt-out” lesions
centered on vessels surrounded by large numbers of vacuolated
macrophages/microglia that contain little virus. All three types of
lesions were detected in macaques ET94 and DG17, with varying
degrees of type I and I lesions seen in DN57, DG08, and DE86 and
only mild type I lesions observed in T799 and DGO07 (Table 2).
Furthermore, immunohistochemistry staining of brain tissues for
SIVp27 and the CD68/CD163 and the GFAP markers for macro-
phage/microglia and astroglial activation, respectively, indicated a
difference among the seven subtype B SHIVE animals in CNS viral
burdens, cellular targets, and neuropathological changes, as well.
Staining for SIVp27 and reactivity with CD68/CD163 and GFAP

TABLE 2 Histopathologic lesions and staining characteristics in the
brains of subtype B R5 SHIV gy 6,p5n-infected macaques with SHIVE

Immunohistochemical staining”

Time to

AIDS  Histopathologic CDe68/
Animal (wk) lesion type(s)®  SIVp27 (morphology) CD163 GFAP
DGo07 7 1 +/—= +/—= ND
T799 224 1 + (Mdb) ++ ++
DES6 12 L1 ++ (Md) ++ +
DG0S 20 LII +++ (M) +4++  +
DN57 30 LI +++ (M) +4+4+ o+
ET94 39 I, 1L, III ++++ (Md; microglia) +++  ++
DG17 22 LI IIT ++++ (Md; microglia) ++++ ++

“ Three main types of lesions were observed: type I, perivascular histolytic with
MNGC:s; type 11, severe parenchymal with white matter damage; type III, chronic burnt
out.

b Subjective semiquantitative scoring (from —, indicating no change over control brain
sections, to + + + +, indicating most severe) for the presence of SIVp27 and reactivity
with the macrophage/microglia (CD68/CD163) and GFAP astrocyte marker by
immunohistochemistry. M, macrophage; ND, not performed.
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were strongest for ET94 and DG17, with mild to moderate stain-
ing and reactivity for the SIV gag antigen and the three activation
markers demonstrable in DN57 and DGO8. Further decreases in
staining for SIVp27 and the macrophage/microglia and astrocyte
markers were noted in DE86 and T799, with DGO07 displaying little
or no reactivity. Moreover, two patterns of SIVp27 antigen-stain-
ing cells were observed in ET94 and DG17 (57). One is in macro-
phage nodules, as seen in DE86, DN57, DGO08, and T799, and the
other is a pattern of scattered cells distant from the perivascular
lesion center with the appearance of microglia. Robust microglia
or macrophage infection and activation were also documented in
both subtype C SHIVE macaques (56), with more vacuolar leuko-
encephalopathy in white matter tracts but fewer observed multi-
nucleated giant cells in the two subtype C- than in the subtype
B-infected macaques with severe SHIVE.

Anatomical and regional env compartmentalization in the
brains of subtype B R5 SHIVE macaques. Compartmentalization
of viral variants in the cerebrospinal fluid (CSF) can be detected in
the course of HIV and SIV infections, the degree of which had
been reported to be a strong indicator of HIV neuropathogenesis
(18, 73, 74). CSF and plasma samples were available from five
(ET94, DN57, DG08, DE86, and DG07) of the seven subtype B R5
SHIVE macaques at terminal disease, allowing us to examine
whether there was compartmentalization of viral genomes. Se-
quence analysis of CSF env variants showed the absence of signa-
ture CXCR4-determining V3 sequences in ET94, DGOS, and
DES86 (data not shown), even though these animals had X4 viruses
in the blood and in at least one peripheral lymph node (LN) at the
time of necropsy (75, 76). Phylogenetic analysis of the env V3-
to-V5 region (660 bp) showed clustering of Envs from the CSF in
alineage that is separated from the plasma in macaques DG08 and
DE86. CSF and plasma compartmentalization in these two ani-
mals was confirmed by Slatkin-Maddison analysis, consistent with
local virus expansion and adaptation to the CNS (Fig. 2). In con-
trast, env V3-to-V5 sequences from the CSF and plasma of ET94,
DN57, and DG07 were well equilibrated, with low genetic diver-
sity in DGO7 that was confirmed by tree analysis of full-length
gp120s from the plasma and CSF of the animal (data not shown).
ET94 and DN57 were infected for longer periods (39 and 30
weeks, respectively) than DG08 and DE86 (20 and 12 weeks, re-
spectively), with the shortest infection (7 weeks) in DG07. Addi-
tionally, as shown in Table 2, CNS lesions and degrees of macro-
phage or microglia infection and activation were more robust in
ET94 and DN57 than in the other macaques. Thus, it is tempting
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FIG 2 Phylogenetic tree analysis of CSF and blood env sequences in subtype B R5 SHIVE macaques. Neighbor-joining phylogenetic trees of env V3-to-V5
sequences from the CSF and blood plasma rooted to HIV-1SF162 are shown, with bootstrap values of >70% indicated at the appropriate nodes. Genetic-distance
scales representing the number of nucleotide substitutions per site between env sequences (0.005) are shown at the bottom of each tree. *, sequence obtained by

conventional PCR.

to speculate that, similar to reports in HIV-infected patients and
SIV-infected monkeys (21, 22, 50), compartmentalization in
SHIV-infected macaques requires a period of time for variants to
adapt within the CNS (Table 3) but may dissipate with increased
time of infection and continuous or repeated viral invasion of the
CNS that drives neuronal damage and dysfunction of the blood
brain barrier.

In addition to anatomical compartmentalization, regional
compartmentalization of env genotypes in the brains of HIV-in-
fected individuals and SIV-infected macaques has also been re-
ported (23-26). For most of the SHIVE macaques (DN57, DGO8,
DES86, and DG07), only tissues from the gray and white matter of
the brain were collected at the time of necropsy, with no specific

TABLE 3 Relationship between the duration of infection, CNS
histopathological lesions, viral burden, cellular targets, and anatomical
compartmentalization in subtype B SHIVE macaques”

Time

to Histopathologic ~ SIVp27 staining Plasma and CSF
Animal AIDS lesion type(s) (morphology)  compartmentalization
DGo07 7 1 +/— No
DES6 12 LI ++ (M) Yes
DGO08 20 L II +++ (Md) Yes
DN57 30 LI +++ (Md) No
ET94 39 I, 11, I1I ++++ (Md; No

microglia)

@ The three main types of lesions and quantitative scoring for the presence of SIVp27 in
macrophages (M¢) and microglia are shown in Fig. 1 and described in Tables 1 and 2.
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indication of the regions of the brain being sampled. In contrast,
tissues from different parts of the brain of ET94 were collected,
providing an opportunity to investigate whether they harbored
different Env populations. SGA of the full-length env gene was
performed with cDNA templates from the CSF, the cerebellum,
and the occipital and temporal regions of the brain of the animal.
A total of 42 env V1-to-V5 sequences (1,047 bp) were analyzed,
with an average of 10 (range, 8 to 12) from each regional compart-
ment. Phylogenetic and Highlighter plot analyses showed that the
cerebellum viral population was not uniformly equilibrated with
the CSF, occipital, or temporal subpopulation (Fig. 3A), and this
was confirmed by performing the Slatkin-Maddison test. To de-
termine if there are phenotypic properties associated with the re-
gional genotypic differences, single-round replication-incompe-
tent luciferase reporter viruses were generated with Envs from the
CSF and brain tissues of ET94 and examined for their sensitivity to
CD4-IgG2, a tetrameric soluble-CD4 (sCD4) construct based on
IgG, with this measurement serving as a surrogate marker for CD4
utilization efficiency. The abilities of the reporter viruses to infect
CD4"" cells, such as primary macrophages and RC49 cells, were
also determined, since emergence of highly macrophage-tropic
viral strains has been reported in HIV and SIV infection of the
brain. The results showed that Env variants in the cerebellum (n =
3) were more resistant to neutralization with sCD4 than those in
the occipital (n = 5), temporal (n = 5), and CSF (n = 3) compart-
ments, with the last being the most sensitive (Fig. 3B). Moreover,
compared to Envs from the other regions, those from the cerebel-
lum infected primary macrophages and the CD4'*" RC49 cells less
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experiments.

efficiently, consistent with reports that efficient infection of mac-
rophages in vitro correlates with the capacity to use low CD4 levels
and with increased sensitivity to sCD4 (29, 32, 77-79).

Variability in sCD4 neutralization and infection of macro-
phages suggests that the viruses in different brain regions of ET94
evolve with different CD4 requirements that may expand tropism.
Indeed, microglia in the brain of ET94 were infected (Table 2)
(57), and these CNS-resident cells expressed little or no CD4 (33—
35). We therefore investigated the abilities of the Envs originating
from different brain compartments and the CSF of ET94 to me-
diate entry independently of CD4. The results showed that only
one of the three Env clones from the CSF compartment tested
(clone 20) mediated entry into the Cf2Th canine cells that ex-
pressed CCR5, but not CD4, with close to 30% efficiency of the
signal seen in cells expressing both CD4 and CCR5 (Fig. 3C).
Clone 20 was more efficient at infecting primary macrophages and
CD4"°Y cells than the other two CSF clones analyzed (Fig. 3D),
supporting the evolution of highly macrophage-tropic viruses to
CD4 independence, which may have contributed to the severe
neuropathological changes seen in ET94.

Evolution of CNS viruses to CD4 independence is associated
with increased neuropathology in subtype B R5 SHIVE ma-
caques. To further examine the association between evolution to
CD4i and the severity of SHIV-induced encephalitis, we charac-
terized Env populations from the brains and the CSF compart-
ments of DN57, DG08, DE86, and DGO7 for the ability to mediate
infection of CD4-negative cells, expanding the panel of variants
obtained from the CSF and brain tissues of ET94 for comparison
(Fig. 4). As described above and shown in Table 2, there is a de-
fined gradation of CNS lesion severity, perivascular macrophage
infection, and resident cell activation among these five subtype B
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R5 SHIVE macaques, in the ascending rank order of DG07, DE86,
DGO08, DN57, and ET94. Furthermore, microglia infection was
detected only in ET94. Full-length gp160s were amplified from the
CSF and gray and white matter of the brains of DN57, DGOS,
DE86, and DGO07 and from the CSF compartment and different
regions of the brain of ET94. The results confirmed that Envs from
the cerebellum (n = 11) of ET94 were largely CD4 dependent, but
several Envs in the occipital (n = 11) and temporal (n = 12)
regions of the brain of this rhesus monkey mediated CD4-inde-
pendent entry (Fig. 4). Entry into CD4-negative cells, however,
was generally low, with =10% of the efficiency seen when CD4
and CCR5 are coexpressed. The exception was clone 16 from the
occipital region, which mediated infection of cells expressing
CCRS5 alone at 60% of the signal observed when both CD4 and
CCRS5 are present. In comparison, a greater proportion of Envs
amplified from the CSF of ET94 (n = 16) mediated CD4-indepen-
dent entry with varying efficiencies, with one (clone 6a) reaching
the same level as clone 16 from the occipital region. However,
these highly CD4i Envs are attenuated, mediating entry into cells
expressing both CD4 and CCR5 at 1- to 2-log-unit-lower effi-
ciency than those that are more CD4 dependent (e.g., clones 10,
17, and 20 from the CSF and clone 1b from the occipital region)
(Fig. 4, inset). CD4-independent Envs were also found in the
brains and CSF compartments of DN57 and DGO08, but not in
DES86 or DGO7. Entry into CD4-negative cells mediated by Envs
from DN57 was negligible, with <<5% efficiency compared to en-
try when CD4 was present. In contrast, CD4-independent entry
appeared to be more robust for Envs from DG08, with clone 12
from the CSF mediating CCR5-dependent, CD4-independent en-
try as efficiently as when CD4 was present. However, similar to
findings in ET94, this highly CD4-independent Env in DG08 was
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defective (Fig. 4, inset). Acquisition of high CD4 independence
(=50% efficiency) by subtype B R5 SHIV g 4,p3n, therefore, ap-
pears to come at a cost to viral fitness. Nonetheless, our finding
that fully functional Envs that displayed a moderate degree
(=20%) of CD4-independent entry efficiency were detected only
in the brain of ET94, but not in DN57, DG08, DE86, and DGO07,
suggests an association between emergence of CNS viruses with
reduced CD4 affinity, microglia infection in vivo, and severity of
neuropathological changes.

Emergence of CD4-independent Envs in the brains of sub-
type C R5 SHIVE macaques. To further investigate the relation-
ship between emergence of CD4-independent viruses, macro-
phage or microglia infection in vivo, and SHIVE severity, we
determined the abilities of Envs recovered from the brains and the
CSF compartments of the two subtype C R5 SHIVE macaques to
mediate entry in the absence of CD4. Severe neuropathological
changes with robust macrophage or microglia infection were pre-
viously documented in the brains of both macaques (56). Phylo-
genetic tree analyses and Slatkin-Maddison tests of the env V3-
to-V5 sequences of GC98 and FI08 showed plasma and CSF
compartmentalization, more so in FI08 than in GC98, where the
CSF Envs were not uniformly compartmentalized (Fig. 5). Dis-
tinct clustering of sequences from the cerebellum region of the
brain in both animals was also observed, consistent with findings
in the subtype B SHIVE macaque ET94. Furthermore, similar to
the subtype B SHIVE animals with expansion to CXCR4 use, V3
signature sequence associated with the coreceptor switch in FI08
was not detected in the brain (data not shown), even though X4
viruses could be found in the blood and peripheral LNs of the
animal at end-stage disease (56). When CD4-independent infec-
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tion was assessed using pseudovirions expressing Envs from
GC98, a good proportion of Envs (9 of 40 clones tested) were
found to mediate =20% entry into CD4-negative cells, with two
clones from the parietal region achieving close to 50% of the CD4-
independent infection efficiency seen in the presence of CD4 (Fig.
6). Furthermore, in contrast to the findings for the subtype B
SHIVE macaques, the highly CD4i Envs are fully functional (Fig.
6, inset). Similar observations were made in FI08, with a higher
proportion of Envs (12 of 37 clones tested), particularly those
from the CSF and parietal region, mediating entry into CD4-neg-
ative cells at 20 to 30% of the efficiency of the signal seen in cells
coexpressing CD4 and CCR5. None, however, achieved the high
degree of CD4 independence seen in the two GC98 parietal Env
clones, perhaps reflecting the shorter period of virus infection and
replication in this macaque (10 weeks compared to 20 weeks for
GC98). However, in agreement with findings in GC98, the CD4i
Envs are fully functional. The differences in the frequency, func-
tionality, and efficiency of CD4i Envs in the subtype B and subtype
C R5 SHIVE animals cannot be explained by differences in the
viral burdens (data not shown), suggesting that the barrier to sub-
type B R5 SHIVSg, 6,psn acquiring CD4 independence is greater
than that of the two lineage-related SHIVC109 viruses.

Amino acid changes in gp120 V1/V2, V3, C2, C3, and V4/C4,
as well as an altered cytoplasmic tail, have been reported to be
sufficient to render HIV-1 (58, 80-85) and SIV (32, 54, 55, 86)
CD4 independent. Comparison of the gpl20 amino acid se-
quences of the CD4-dependent clone 2 and the CD4-independent
clone 20 from the CSF of subtype B SHIVE macaque ET94 (Fig. 2)
showed changes in the V1/V2 loop structure, as well as in V4/C4,
with the change in V4 resulting in the loss of an N-linked glyco-
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sylation site (Fig. 7A). For the subtype C SHIVE macaque GC98
(Fig. 7B), comparison of the V1-to-V5 gp120 region of the CD4-
dependent clone 4 and the CD4-independent clone 20 CSF Envs
revealed no changes in the V1/V2 or V4 region but differences in
the C2, V3/C3, and C5 domains. Similar lack of amino acid
changes in V1/V2 and V4 was also observed between the CD4-
dependent clone 6 and the CD4-independent clone 7 from the
CSF of the other subtype C SHIVE macaque, FI08 (Fig. 7C). The
differences were mainly in the V5 and C5 structures, with one of
the changes in the former involving the addition of an N-linked
glycosylation site. Further genetic sequence analyses of gp120, as
well as gp41, combined with mutagenesis studies on these and
additional CD4-dependent and CD4-independent Env clones
from the subtype B and C SHIVE macaques will be required to
delineate whether the determinants of and barriers to CD4 inde-
pendence differed between the two subtype R5 SHIVs.

Reduced CD4 affinity correlates with expanded tropism for
truly CD4-negative cells in the brain. To determine if the reduced
CD4 dependence of the fully functional subtype C R5 SHIVE Envs
correlates with expanded tropism for truly CD4-negative cells in
vivo, double-label in situ hybridization for SIVmac RNA and DNA
and immunohistochemistry for the endothelial cell marker CD31
or the astrocyte marker GFAP were conducted on brain tissues
from GC98 and FI08, with tissues from the subtype B SHIVE
macaque ET94 examined as well for comparison. The results
showed that, in contrast to ET94, SIV™ cells that also stained for
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GFAP but not CD31 could be detected in brain tissues of GC98
(Fig. 8A) and FI08 (Fig. 8B), supporting infection of astrocytes
and not endothelial cells in the CNS of the subtype C SHIV-in-
fected animals. The SIV signal in astrocytes appeared to be stron-
ger in GCI8 than FI08, consistent with an overall more efficient
CD4-negative cell infection mediated by Envs in the brain of the
former than the latter in vitro.

DISCUSSION

The CNS and long-lived resident cells, such as perivascular mac-
rophages, microglia, and astrocytes, are tissue and cellular reser-
voirs that can sequester replication-competent HIV-1, constitut-
ing a site for viral persistence and for drug-resident viruses to
evolve, since many antiviral drugs access the brain poorly (87).
Studies in relevant nonhuman primate models of CNS infection
could help to further delineate the viral mechanisms that maintain
HIV persistence in the brain and to identify the nature of the
reservoir in the brain in the presence of cART and upon its re-
moval, as well as to develop and test therapeutic agents to elimi-
nate latently infected cells in the brain. In this study, we used the
R5 SHIV model of HIV/AIDS, which recapitulates the features of
HIVE and accounts for the role of the HIV-1 envelope in neuro-
pathogenesis, to identify viral phenotypes that alter the spectrum
of infected CNS-resident cells and impact CNS disease severity.
In a cross-sectional study of five subtype B R5 SHIV-infected
macaques with neurological AIDS, we show that the severity of
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neuropathological changes is associated with the duration of the
infection and robust macrophage/microglia infection in the CNS
(Table 2), consistent with a model of neuropathogenesis in which
enhanced infection and activation of resident phagocytic cells lead
to increased release of neurotoxic viral and inflammatory proteins
and neuronal damage. The degree of env genetic compartmental-
ization in the CSF and blood also appeared to be related to the
infection time and extent of neurological damage (Fig. 2 and Table
3). For example, CSF compartmentalization in DE86 and DGO08,
the two macaques infected for 12 and 20 weeks, respectively, but
not in DGO07, which was infected for only 7 weeks, is consistent
with the notion that the short period of infection in the last animal
did not provide sufficient time for env evolution and adaptation to
the CNS. Discordant viral evolution in the brain was also clearly
evident in the two subtype C SHIVE macaques that were infected
for 10 and 20 weeks (Fig. 5). Conversely, the equilibration of CSF
and plasma sequences in ET94 and DN57, the two macaques in-
fected for the longest time and with more severe CNS pathology,
could be the consequence of dysfunction of BBB integrity. In most
cases, the envelope sequences analyzed were obtained by SGA,
including those from the plasma and CSF of DG07, which showed
low genetic diversity and lack of anatomical compartmentaliza-
tion (Fig. 2). The sequence homogeneity observed in this animal,
therefore, is likely the consequence of the outgrowth of a domi-
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nant variant during the short infection time (7 weeks) and in the
absence of antiviral immunity. Sets of identical sequences were
also frequently seen in macaques DG08, DE86, FI08, and GC98
(Fig. 2 and 5), all of which were infected for 20 weeks or less in the
absence of persistent seroconversion. Moreover, identical se-
quences were present in SGA, as well as conventional PCR V3-
to-V5 amplicons of DG08, DE86, and GC98. For FI08, however
(Fig. 5), because the sequences were all obtained by conventional
PCR, the possibility that the discordant CSF/plasma viral evolu-
tion and frequent occurrence of identical sequences in what are
expected to be variable and informative regions of gp120 are the
result of potential artifacts, such as preferential amplification
and/or template resampling associated with conventional PCR,
cannot be excluded.

Regional env compartmentalization was documented in ET94
(Fig. 3), with viral populations in the cerebellum of ET94 being
genotypically distinct from those present in the CSF compartment
and the occipital and temporal regions of the brain and less able to
infect target cells, such as primary macrophages that express low
levels of CD4. Interestingly, genotypically distinct env viral vari-
ants were also seen in the cerebella of the two subtype CR5 SHIVE
macaques (Fig. 5), suggestive of differential selective constraints
within the brain. Since ET94, GC98, and FI08 all failed to mount
or sustain a strong anti-SHIV antibody response and the brain is a
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largely immunologically privileged site, the development of spe-
cific Env populations in the cerebellum is unlikely to be driven by
the immune system. Anatomically, the cerebellum has the appear-
ance of a separate structure attached to the bottom of the brain
and is a region that plays an important role in motor control and
contains more neurons than the rest of the brain. This, together
with the finding that Env variants in the cerebellum of ET94 are
less able to infect CD4'°" cells, suggests that the reduced availabil-
ity of resident microglia, as well as the apparent physical separa-
tion of the cerebellum, which hinders virus trafficking from other
regions of the brain, could be selective factors. Further studies are
needed to address these possibilities, as well as to determine if the
engagement of the envelope gp120 with both CD4 and CCR5 is
altered for the cerebellum Env variants compared to those from
other regions of the brain.

Notably, an association between the severity of neuropatho-
logical changes, robust microglia infection, evolution to CD4 in-
depedence, and expanded tropism for truly CD4-negative cells in
vivo was observed. Envs with =20% CD4i entry efficiency were
more readily detected in ET94 than in the other subtype B R5
SHIVE macaques with less severe CNS lesions, and microglia in-
fection was documented only in this macaque, as well as in the two
subtype C R5 SHIVE macaques with emergence of CD4i Envs.
Moreover, the degree of CD4 independence is higher and func-
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tionality is greater for the subtype C than the subtype B Envs, and
astrocyte infection could be detected in the brains of the subtype
C, but not the subtype B, SHIVE monkeys. Collectively, the data
support virus evolution over time in the brain to require less CD4,
expanding its tropism to targets, such as microglia and astrocytes,
that express little or no CD4. Activated microglia trigger brain
inflammation, and recent studies have revealed that, in addition to
their phagocytic function, these immune cells are also required for
the healthy production of myelin and in shoring up the junctions
between neurons (88). Similarly, astrocytes perform vital func-
tions to regulate myelination and maintain brain homeostasis,
releasing gliotransmitters to modify neuronal functions (89). As-
trocytes are the most abundant cell type in the brain, and inte-
grated viral DNA has been detected within postmortem brain as-
trocytes of HIV-1-infected individuals with encephalitis (8, 90).
Thus, akin to HIVE, infection and activation of microglia and
astrocytes are likely to play pivotal roles in SHIV-induced neuro-
pathogenesis.

Neurological disorders appear late in HIV/SIV infection, in
association with immunosuppression. Furthermore, isolates from
the brain have been shown to be sensitive to neutralizing antibod-
ies (91, 92), and highly neutralization-sensitive CD4-independent
envelopes are found primarily in SIV-infected macaques with
weak virus-specific antibody responses (32, 54, 55), suggesting
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sections were carried out (SIV ISH and THC for GFAP).

that the evolution to a low CD4 requirement or CD4 indepen-
dence is only possible in the absence of a neutralizing antibody
response, in immunologically privileged sites such as the brain, or
when the immune constraints decline toward end-stage disease.
Our finding that five of the seven subtype B and both subtype C
SHIVE animals are rapid progressors that failed to mount or sus-
tain an anti-SHIV antibody response supports this requirement
and is in agreement with reports of a correlation between the
presence of SIV-induced encephalitis and rapid disease progres-
sion (69, 93). Examination of the CD4 independence of envelope
clones derived from the plasma of ET94, GC98, and FI08, how-
ever, indicated the presence of CD4i envelope variants only in the
periphery of the latter (data not shown). Since both subtype C
SHIVE macaques (FI08 and GC98) failed to mount plasma anti-
body responses, the finding of CD4i Envs in the plasma of FI08,
but not GC98, implies that while the absence of antiviral antibod-
ies is required for CD4i evolution, it is by itself insufficient to favor
CD4i presence in the periphery.

The absence of antibody selective pressure is also conducive to
switching or expansion to CXCR4 usage in the R5 SHIV models
(56, 61). Indeed, coreceptor switching was documented in three of
the five subtype B, as well as in one of the two subtype C, SHIVE
macaques studied here, with X4 viruses readily detected by clonal
sequence analysis in blood and several lymphoid organs at termi-
nal disease. This contrasts with our findings in this study, where
only Envs bearing CCR5-using wild-type sequences could be am-
plified in the CNS. Because PCRs that distinguish between wild-
type and CXCR4 signature V3 sequences had been developed for
ET94, DGO08, and DE86 (75), we employed these assays, which
have a detection sensitivity of 1 X4 variant copy among 10* to 10°
R5 targets, to probe the CNS. However, CXCR4-using variants
remained undetectable (data not shown). X4 viruses are generally
less macrophage tropic than R5 viruses, which may impose con-
straints on their ability to invade and establish infection in the
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brain. Because longitudinal CSF and brain tissues were not
sampled for the animals with a coreceptor switch, the possibil-
ity that X4 virus did penetrate the CNS during the disease
course to activate resident cells and contributed to the devel-
opment and/or severity of the neurological disorder cannot be
excluded. Nonetheless, the finding that encephalitis developed
in macaques with and without a coreceptor switch, with vary-
ing degrees of lesion severity seen in those that harbored X4
viruses, indicates that switching from CCR5 to CXCR4 does
not invariably exacerbate the immune activation and patho-
genesis of neuroAIDS.

In summary, the SHIVE models on which we based our work
are established by infection with two different subtypes of R5
SHIVs via biologically relevant routes (e.g., intrarectal and intra-
vaginal); do not require immunologic manipulations, like CD8 or
CD4 depletion; and result in coreceptor switching. Moreover, be-
cause there is infection of microglia as well as astrocytes, CNS-
resident cells that are less often infected by SIV and that are likely
important for viral persistence and neuropathogenesis, these
models hold promise for studying the contributions of the HIV
envelope and viral clades to neurovirulence and residual virus
replication in the CNS, providing information that should guide
efforts toward eradicating HIV from the body.
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