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Simian immunodeficiency virus (SIV) and human immunodeficiency virus
(HIV) gp160s obtained from the brain are often genetically distinct from those
isolated from other organs, suggesting the presence of brain-specific selective
pressures or founder effects that result in the compartmentalization of viral
quasispecies. Whereas HIV has also been found to compartmentalize within
different regions of the brain, the extent of brain-regional compartmentaliza-
tion of SIV in rhesus macaques has not been characterized. Furthermore, much
is still unknown about whether phenotypic differences exist in envelopes from
different brain regions. To address these questions, env DNA sequences were
amplified from four STVmac239-infected macaques and subjected to phyloge-
netic and phenetic analysis. The authors demonstrated that sequences from dif-
ferent areas of the brain form distinct clades, and that the long-term progress-
ing macaques demonstrated a greater degree of regional compartmentalization
compared to the rapidly progressing macaques. In addition, regional compart-
mentalization occurred regardless of the presence of giant-cell encephalitis.
Nucleotide substitution rates at synonymous and nonsynonymous sites (ds:dn
rates) indicated that positive selection varied among envelopes from different
brain regions. In one macaque, envelopes from some but not all brain regions
acquired changes in a conserved CD4-binding motif GGGDPE at amino acids
382 to 387. Furthermore, gp160s with the mutation G383E were able to medi-
ate cell-to-cell fusion in a CD4-independent manner and were more suscepti-
ble to fusion inhibition by pooled plasma from infected macaques. Reversion
of this mutation by site-directed mutagenesis resulted in reduction of CD4-
independence and resistance to fusion inhibition in cell fusion assays. These
studies demonstrate that SIV evolution within the brain results in a hetero-
geneous viral population with different phenotypes among different regions.
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Introduction

Human immunodeficiency virus (HIV) and simian
immunodeficiency virus (SIV) infections are charac-
terized by the generation of numerous viral variants
due to the massive turnover of viral particles within
the host (Coffin, 1995; Perelson et al, 1996). With
progression of infection there may be development
of specific signature sequences, presumably because
of selective constraints imposed by the immune sys-
tem, or through preferential tropism for target cells,
or due to other selection pressures imposed such as
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drug-resistance (Crandall et al, 1999; Kimata et al,
1999; Kodama et al, 1993; Wolinsky et al, 1996). In the
setting of a chronic infection, viral variants can form
distinct quasispecies limited to a particular tissue
compartment (Campbell and Hirsch, 1994; Fulcher
et al, 2004; Poss et al, 1998; Wang et al, 2001; Zhang
et al, 2002). The nature of HIV/SIV evolution in the
brain is of specific interest because, unlike most non-
neuronal tissues that support infection, the brain is
a somewhat immunologically privileged site and the
level of viral replication in the brain is low compared
to compartments where there are more CD4+ T cells
(Gendelman et al, 1994; Glass et al, 1995; Price et al,
1988; Vazeux et al, 1992). Hence, the diversification,
compartmentalization, and adaptation of virus in the
brain may be independent from that occurring in lym-
phoid tissues that are exposed to immune pressures
and where virus replication is more robust.

Understanding the evolution and adaptation of
HIV/SIV in the brain will help determine the viral
factors that contribute to retrovirus-associated neu-
rological disease. Before the advent of highly active
antiretroviral therapy (HAART), HIV-associated de-
mentia (HAD) affected 15% of those infected whereas
another 15% experienced a less severe form of cog-
nitive impairment called minor cognitive motor dis-
order (MCMD) (McArthur et al, 1999). Although the
incidence of HAD has dropped significantly since the
widespread use of HAART, the prevalence of less se-
vere cognitive disorders is still high (Sacktor et al,
2001a, 2002). Furthermore, some antiretroviral drugs
do not penetrate the central nervous system (CNS);
even with viral suppression, the brain harbors la-
tently infected cells that may be a potential source
of virus after the withdrawal of therapy (Clements
etal,2002; Ryzhova et al, 2002b; Sacktor et al, 2001b).
This problematic feature of a latent infection in the
midst of nonsterilizing therapy reinforces the need
to understand viral features that are responsible for
pathology in the brain.

Several groups have shown that viral envelopes
with genotypes that support viral replication in the
brain are linked to the development of the neu-
ropathological hallmarks of HIV/SIV encephalitis or
HAD (Anderson et al, 1993; Babas et al, 2003; Peters
et al, 2004; Power et al, 1994; Zink et al, 1997).
Envelope gp160s that are macrophage-tropic as de-
termined either by direct analysis or indirectly by
sequence signatures have been isolated from the
brains of individuals and macaques with and without
giant-cell encephalitis. This suggests that infection of
brain macrophages and microglia is necessary but not
sufficient for the development of giant-cell encephali-
tis (Gorry et al, 2001; Kodama et al, 1993; Korber et al,
1994; Mankowski et al, 1997). One potential envelope
feature that promotes infection in the brain may be
the ability to mediate fusion on the target cells that
express low levels of the receptor CD4. This could
be an adaptive feature, because microglia and brain

macrophages express lower levels of CD4 on their sur-
face in comparison with CD4+ T cells (Wang et al,
2002). Envelopes with reduced dependence on CD4
may evolve in the CNS where there is diminished
humoral immunity, because these envelopes tend to
have exposed coreceptor binding sites and are there-
fore easier to neutralize (Bhattacharya et al, 2003;
Kolchinsky et al, 2001; Martin et al, 2001). In the
absence of this humoral immunity-mediated selec-
tive pressure in the brain and in rapidly progress-
ing macaques that fail to mount an effective anti-
body response, mutations resulting in reduced CD4
dependence may be more likely to be fixed and hence
predominate (Dehghani et al, 2003; Ryzhova et al,
2002a).

SIV-infected rhesus macaques have a disease
course with neuropathology similar to humans in-
fected with HIV (Fox et al, 1997; Lackner et al, 1991;
Prospero-Garcia et al, 1996). Whereas regional com-
partmentalization of HIV gp160 in human brains
has been previously documented, no studies to date
have characterized the degree of SIV env compart-
mentalization with regard to neuropathology or dis-
ease progression in the CNS of macaques (Liu et al,
2000; Salemi et al, 2005; Shapshak et al, 1999;
Smit et al, 2001). Characterization of virus evolu-
tion in macaques is important because macaque stud-
ies can differ from human studies in the use of a
defined molecularly cloned virus inoculum. Hence,
the compartmentalization seen in human studies,
which may partly result from the selective migra-
tion to specific anatomical sites by different vari-
ants acquired at transmission, may be different in
macaques intravenously inoculated with a clonal
virus. Furthermore, knowledge of the precise length
of infection in macaque studies allows us to corre-
late the extent of compartmentalization with disease
progression.

To characterize SIV env evolution in the macaque
CNS, we analyzed gp160s cloned from genomic DNA,
which provides a “history” of the infection of various
brain regions. Using archived tissue from macaques
infected with a molecularly cloned SIVmac239 with
different disease progressions (two rapid versus two
long-term), we addressed the question of whether
chronicity of infection is required for gp160 compart-
mentalization in the brain. Within each type of dis-
ease progression, we also compared whether gp160
compartmentalizes in the brain differently with re-
spect to presence of giant-cell encephalitis. To de-
termine whether certain viral genotypes would be
favored in the brain, we calculated rates of synony-
mous and nonsynonymous change for an indication
of positive selection. Furthermore, we looked for
amino acid mutations in key functional regions of
gp160 that result in advantageous phenotypes. These
studies provide additional insight into SIV variation
in the CNS and genotypes and phenotypes that may
arise in brain and potentially contribute to pathology.



Results

Phylogenetic tree construction of envelopes cloned
from CNS and non-CNS tissue of SIVmac239-
infected macaques

Four SIVmac239-inoculated macaques were selected
on the basis of their systemic progression and their
neuropathological findings (Table 1). The entire env
sequence was cloned from the genomic DNA of sev-
eral CNS regions and from available extra-CNS tis-
sues (spleen for macaque 362, mesenteric lymph
node for macaques 190 and 264, inguinal lymph
node for macaque 247, lung for macaque 190, colon
for macaques 247, 264, 362). Four to eight clones
from each tissue region were directly sequenced,
aligned, and subjected to phylogenetic analysis using
both distance-based (neighbor-joining) and character-
based (maximum parsimony and maximum likeli-
hood) methods. Same-tree topologies and similar
bootstrap values were derived for all three methods
for each macaque, and the maximum likelihood trees
are shown as representative trees in Figure 1. Because
all of the macaques were inoculated with the SIV-
mac239 clone, the trees were rooted to this sequence.

Trees of the long-term progressing macaques with
or without giant-cell encephalitis (macaque 247,
Figure 1A; macaque 190, Figure 1B, respectively)
demonstrated robust regional compartmentalization
of gp160 as seen in the formation of tissue-based
monophyletic clades with strong bootstrap sup-
port (values >50 at nodes). Exceptions were the
gp160s from the spinal cord of macaque 247 (which
formed two distinct clades), the periventricular brain
tissue of the same animal, which formed a distinct
clade that was not supported by a high bootstrap
value, and clones from the lung of macaque 190,
which were spread throughout the macaque 190
tree.

Furthermore, gp160s from the CNS compartments
of these two long-term progressing macaques shared
their most recent common ancestors with clades from
different non-CNS tissues. This finding supports the
hypothesis that there are multiple independent en-
try events into the CNS (Figure 1A, B). For example,
the clade formed by the cerebrum of macaque 247
shared a most recent common ancestor with the su-

Table 1 Summary of clinical and necropsy data
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perclade formed by multiple sister clades from the
cerebellum, colon, spinal cord and inguinal lymph
node (Figure 1A). In comparison, the clade from its
cerebellum shared a most recent common ancestor
with the envelopes amplified from the colon, indi-
cating an entry event into the cerebellum that is dis-
tinct from that in the cerebrum. The phylogenetic
tree of macaque 190 also supported multiple neu-
roinvasion events (Figure 1B); the brain clades from
this macaque shared their most recent common an-
cestors with non-neuronal clades rather than form-
ing one superclade consisting of brain envelopes
only.

In comparison, although the tree of the rapidly
progressing macaque with giant-cell encephalitis
showed compartmentalization (macaque 264, Fig-
ure 1C), as exemplified by the clades formed by cere-
brum, colon, and periventricular brain tissue, the
monophyletic clusters were not supported by signif-
icant bootstrap values with the exception of the cere-
bral clade. In the rapidly progressing macaque with-
out giant-cell encephalitis (362, Figure 1D), the extent
of gp160 compartmentalization in the CNS was even
less defined. Sequences from the periventricular area
and the brainstem were dispersed throughout the
tree indicating more gene flow in the brain of this
macaque potentially due to increased trafficking of
virus into the brain. The pattern and bootstrap sup-
port of compartmentalization shown in the phyloge-
netic trees indicate that the duration of the infection,
rather than the manifestation of giant-cell encephali-
tis contributed to the emergence of regionally distinct
viral quasispecies in the CNS.

Phylogenetic and phenetic evaluation of tissue
compartmentalization

Because the monophyletic clades from the rapidly
progressing macaques were not supported by the
bootstrap analysis, the inference of tissue compart-
mentalization based on the topology of the phyloge-
netic trees could be inaccurate. To clarify this, both
cladistic (phylogenetic) and distance-based (phe-
netic) methods were used; these test for the presence
of compartmentalization without the need for an ac-
curate evolutionary history and also allow for a quan-
tification of the degree of compartmentalization. The

Animal Survival (days,

(necropsy) no. post inoculation) Disease progression® SAIDS? Neuropathological® findings

247 320 Long-term + Giant cell encephalitis

190 416 Long-term + Mild encephalitis without giant cells
264 176 Rapid + Giant cell encephalitis

362 93 Rapid + Mild encephalitis without giant cells

“Long-term progression defined as survival >200 days, rapid progression <200 days, according to Westmoreland (1998).

bSAIDS = simian acquired immunodeficiency syndrome.

“For macaques 190 and 362, characterized as having mild encephalitis without giant cells, the extent of the inflammatory changes were
mild as determined by pathologists at the New England Regional Primate Research Center.
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Figure 1 Compartmentalization of gp160s isolated from various tissues of SIVmac239-infected rhesus macaques. Env genes were cloned
from the genomic DNA of long-term progressing macaques 247 (A) and 190 (B) and rapidly progressing macaques 264 (C) and 362 (D) from
the following tissues: A (cerebrum for macaques 247, 190, and 264, caudate for macaque 362), ® (cerebellum for macaques 247, 190, and
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maximum likelihood analysis; those determined by parsimony and distance analysis were similar. Bootstrap values were performed on
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cladistic method is the Slatkin-Maddison test, mod-
ified to account for phylogenetic uncertainty (Poss
et al, 1998; Slatkin and Maddison, 1990). Gp160 se-
quences from all four macaques demonstrated sta-
tistically significant tissue compartmentalization by
the Slatkin-Maddison test, as the number of mi-
gration steps from complete compartmental struc-
ture (no migration) was less for the bootstrap trees
in comparison with the random trees. This signifi-
cance in difference is indicated by ratios of bootstrap
steps to random tree steps of less than 1 (ratio of
0.30 % 0.03 for macaque 247, 0.35 =+ 0.04 for macaque
190, 0.38 + 0.08 for macaque 264, and 0.68 + 0.07
for macaque 362). Although the sequences from the
four macaques demonstrated compartmentalization,
in the rapidly progressing macaque without giant-cell
encephalitis, macaque 362, this evidence was less ro-
bust than in the other three macaques (P < .001, t
test).

Mantel’s test was performed on envelope se-
quences from all four macaques to determine whether
sequences from the same tissue or brain region
demonstrate compartmental structure based on ge-
netic identity (Mantel, 1967). Evidence of compart-
mentalization using Mantel’s test is signified with a
sample Pearson’s correlation coefficient that is greater
than the correlation coefficients of randomizations of
the same data set. A compartment structure was sup-
ported by Mantel’s test for all four macaques (P <
.001; Table 2). Furthermore, the larger Pearson’s cor-
relation coefficient (r) of the two long-term progress-
ing macaques, 247 and 190 (r = .573 and .709, respec-
tively), compared with the two rapidly progressing
macaques, 264 and 362 (r = .276, .182, respectively),
also supports the conclusion of robust compartment
structure developing with a longer duration of infec-
tion. There was no association between giant-cell en-
cephalitis and compartmentalization of gp160 in the
phenetic analysis.

Synonymous and nonsynonymous nucleotide
substitution rates

Tissue-specific compartmentalization can result from
selection of a genotype by the specific environment of
that compartment, or by a “founder” effect due to the
isolated replication of a few genotypes. One way to

Table 2 Phenetic evaluation by Mantel’s test of env compartmen-
talization

Animal Pearson’s Pearson’s correlation
(necropsy) correlation coefficient of null

no. coefficient distribution® P value
247 .573 .002 £ .045 <.001
190 .709 —.0061 + .060 <.001
264 276 .002 £ .025 <.001
362 .182 —.003 +.021 <.001

?Average correlation coefficient 1 standard deviation of 1000 per-
mutations of the compartment matrix.
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begin to distinguish between these two possibilities
is to determine the relative rates of nucleotide substi-
tution at synonymous and nonsynonymous sites (ds
and dn) because a greater dn compared to ds indi-
cates the presence of positive selection (Sharp, 1997).
Using the SIVmac239 sequence as the origin, the nu-
cleotide substitutions (excluding insertions and dele-
tions) in each gp160 sequence were counted, and the
average ds and dn were then determined for each tis-
sue or region (Figure 2A, B).

With the exception of the spinal cord of animal 247,
the cerebrum and cerebellum of macaque 190, and
the macaque 264 periventricular area, the dn rates
were lower than the ds rates for all compartments,
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Figure 2 Rate of substitution at synonymous and nonsynony-
mous sites. Gp160 nucleotide sequences isolated from different
tissues of long-term progressing macaques (A) or rapidly progress-
ing macaques (B) were compared to the sequence of the starting
molecular clone of SIVmac239 virus. The numbers of nucleotide
changes leading to synonymous and nonsynonymous mutations
were tallied using MEGA. *dn of macaque 247 cerebellum and
spinal cord less than dn of macaque 247 cerebrum and 3rd ventri-
cle, P < .01, Mann-Whitney U. *dn of macaque 264 lateral ventri-
cle less than macaque 264 cerebellum, P < .05, Mann-Whitney U.
#ds:dn <1, hence significant for positive selection, P < .05, t test.
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suggesting that positive selection was not the pre-
dominant force driving the evolution of these en-
velopes. Envelopes from the macaque 247 spinal
cord, the macaque 190 cerebrum and cerebellum, and
the macaque 264 periventricular region had dn rates
greater than ds rates. However, this was only statisti-
cally significant for envelopes of macaque 190 cere-
brum (P < .05, t test). Interestingly, all five envelopes
cloned from the macaque 190 cerebrum contained
a 6—amino acid deletion in V4, a region that is an
important antibody recognition site (415-NTANQK-
420; Figure 3A) (Kinsey et al, 1996). This deletion
was not present in any of the other regions, and only
in 1/9 extra-CNS envelopes isolated. However, all of
the other envelopes from this macaque contained a
different change in this same V4 region, all of them
with a potential new glycosylation site. In addition,
macaque 190 cerebrum envelopes were the only brain
envelopes from this macaque to retain a potential N-
glycosylation site at amino acid 370, which was lost
in all other brain envelopes. The pattern of sequence
changes in the V4 region in addition to a ds and dn
rates significant for positive selection suggests that

A

escape from immune response may have shaped the
evolution of envelopes isolated from the brain of this
macaque.

Although very few of the ds and dn rates signify
the overt presence of positive selection, differences
in relative rates of ds and dn were noted in different
brain regions of the same macaque, suggesting that
some envelopes acquired different mutations that
might correlate to some functional difference. For ex-
ample, although all four brain regions of long-term
progressing encephalitic macaque 247 had similar ds
rates (0.0081 to 0.0095), the dn rates for the spinal
cord and cerebellum (respectively, 0.0087 £+ 0.0009
and 0.0082 £ 0.0010) were greater than those of the
cerebrum and periventricular brain region (Figure 2;
0.0052 + 0.0011 and 0.0044 + 0.0004; P < .01 for
all comparisons by Mann-Whitney’s U test). Like-
wise, differences with dn were also found in differ-
ent brain compartments of the rapidly progressing,
encephalitic macaque 264 (dn = 0.0063 + 0.0020 for
periventricle, 0.0039 £ 0.0015 for cerebrum, signifi-
cantly greater than dn = 0.0017 + 0.0008 for cerebel-
lum; P < .05 Mann-Whitney’s U test).
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Figure 3 Amino acid changes in key functional regions compared to SIVmac239 gp160 sequence. Regional differences were observed
in (A) V4 loop and (B) V1/V2 loops and (C) V3 and CD4-binding domains. Dots indicate no change from the SIVmac239 sequence;
dash indicates deletion of the amino acid codon, a letter indicates the amino acid change has occurred; X indicate a nucleotide deletion
resulting in a frameshift; A box indicates gain or loss of a potential N-glycosylation site. LP = long-term progressor; RP = rapid progressor;
E+/E— = encephalitic/nonencephalitic; latvent = lateral ventricle; mesln = mesenteric lymph node. (Continued)
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Genotypic analysis

To determine whether envelopes with greater dn rates
from the two encephalitic macaques may have ac-
quired adaptive mutations, we examined the enve-
lope gp120 sequences for conserved mutations from
the initial STVmac239 sequence. Surprisingly, there
were few amino acid changes in V1/V2 (Figure 3B
and data not shown), a region that has been previ-
ously demonstrated to acquire the most mutations
during the course of SIV infection (Hirsch et al, 1998;
Overbaugh et al, 1991). In macaque 247, although
CNS envelopes acquired changes in V1/V2 at K125,
T133,S135,A138,Q162,1166,M172,and A190, these
mutations were not conserved in all of the envelopes
from one region nor did they occur in a majority of the
envelopes from various regions. Mutations in the V3
loop were found at N336 in 7/7 cerebellum envelopes
from macaque 247 (Figure 3C). Mutations also oc-
curred at amino acids 323 and 328 for spinal cord
envelopes, although none of these mutations result-
ing in gain or loss of a potential N-glycosylation site
nor were they present in a majority of the envelopes.
In macaque 264 there were changes in V1/V2 that af-
fected potential N-glycosylation sites (Figure 3B and
data not shown). Mutation T186I resulted in the loss
of a potential site at 184 in a cerebellum envelope.
Likewise a cerebrum envelope lost a potential glyco-
sylation site at position 202, and 3/5 envelopes from
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the periventricle brain region lost a glycosylation site
at amino acid 198 due to T200A. No amino acid mu-
tations were found in the V3 loop sequences in the
brain envelopes of macaque 264 (Figure 3C). Over-
all, the lack of shared mutations in the V1/V2 and
V3 loops of the two encephalitic macaques suggests
that the mutations acquired in these regions were not
likely to have been adaptive mutations.

Despite no conservation of mutations in the V1/V2
and V3 loops of macaques 247 and 264, a notable
pattern of mutations was observed in the GGGDPE
motif at positions 382 to 388, which forms a part of
the CD4 binding domain (Figure 3C). This motif has
been previously predicted to line a cavity of gp120
involved with CD4 binding and specifically, the as-
partic acid D385 forms key contacts with amino acid
residues of CD4 in previous crystallography studies
of HIV and SIV gp120 (Chen et al, 2005; Kwong et al,
1998). Envelopes from three of the four macaques in
this study acquired a mutation in this motif. Of in-
terest, in two of these macaques, mutations in this
region were acquired by envelopes from brain regions
with the higher dn rates, signifying a greater degree
of positive selection. In macaque 247 the cerebellar
envelopes acquired a G — E change at amino acid
383. A 383G — R change was also present in 3/5
spinal cord envelopes, the other two acquired a P —
S mutation at 386. The cerebrum envelopes from this



macaque did not have mutations in this region, and
only 1/6 periventricle envelopes acquired a mutation
at 384 (G — E). In contrast to macaque 247, which had
giant-cell encephalitis, macaque 190 without giant-
cell encephalitis did not have any changes in this
CD4-binding region.

The other encephalitic macaque, the rapid-
progressing macaque 264 also had changes in the
CD4-binding region. The brain compartment with the
highest dnrate in this macaque, the periventricle, had
a G — Rmutation at amino acid 382 in 5/5 envelopes.
A mutation in this motif was not present in any of
the cerebrum envelopes and only 1/5 cerebellum en-
velopes had a mutation (P — S) at amino acid 386.

The rapidly progressing nonencephalitic macaque
362 also acquired changes in this CD4-binding
region. The predominant mutation in this macaque
was a change D385 — N occurring in 32 out of 35
brain envelopes sampled across four brain regions
(data not shown). Of these 32, 12 had an accompa-
nying mutation at amino acid 383 also present in all
four brain compartments sampled. The same D385N
mutations in this CD4-binding region were previ-
ously identified in rapidly progressing macaques and
shown to result in a decreased binding affinity for
CD4 (Ryzhova et al, 2002a).

CD4-independent and neutralization-sensitive
cell-to-cell fusion mediated by envelopes from
cerebellum of long-term progressing encephalitic
macaque 247
The occurrence of convergent evolution in this CD4-
binding motif in addition to higher dn rates sugges-
tive of positive selection lead us to hypothesize that
the brain envelopes from the spinal cord and cere-
bellum of the encephalitic macaque 247 may have
adaptive features such as the ability to function inde-
pendently of CD4. The macaque 247 cerebellum en-
velopes were chosen for further study because all 7/7
envelopes isolated had acquired a mutation at amino
acid 383. Envelopes from the macaque 247 cerebel-
lum were examined in cell-cell fusion assays, a com-
monly used assay for probing receptor usage by HIV
and SIV envelopes (Edinger, 1999; Puffer et al, 2004).
Four of seven cerebellar envelopes were functional
in a cell-to-cell fusion assay using rhesus CCR5 and
rhesus CD4 (data not shown). These functional en-
velopes were then tested for their ability to mediate
fusion in the absence of CD4 with the two envelopes
representing the two extremes of the range of CD4-
independence, shown in Figure 4A. Cerebellar en-
velopes were able to mediate CD4-independent cell
fusion similar or better to a control envelope SIV316
that was previously shown to be able to mediate CD4-
independent cell-cell fusion (Puffer et al, 2004).
Envelopes that are able to mediate CD4-
independent cell fusion often demonstrate enhanced
neutralization sensitivity to serum of SIV/HIV-
infected subjects, suggestive of an envelope confor-
mation that has an exposed and intact coreceptor
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binding site (Kolchinsky et al, 2001; Lin et al, 2003;
Puffer et al, 2002). To determine whether these CD4-
independent envelopes were more neutralization
sensitive, cell-to-cell fusion assays were performed
in the presence of increasing concentrations of
pooled plasma from SIVmac239-infected macaques
(Figure 4B). CD4-independent envelopes from the
cerebellum of macaque 247 were neutralized with
low concentrations of plasma (plasma dilutions of
1:5000 and 1:500), unlike the parental envelope
SIVmac239 and a brain (cerebrum) envelope from
the same macaque 247 that does not have the G383E
mutation. The latter were minimally neutralized at a
dilution of 1:50 of the pooled plasma.

Mutagenesis of E383 back to parental glycine (G)

of SIVmac239 and testing of CD4-independence
and neutralization sensitivity of reversion envelopes
To determine whether the G383E mutation found in
the macaque 247 cerebellar envelopes contributed
to the CD4-independent phenotype, this position
was mutated back to the glycine present in parental
SIVmac239 sequence using a cerebellum envelope
that acquired the fewest number of amino acid
changes (cerebellum 3) and cell-to-cell fusion assays
were performed (Figure 5A). CD4-independent fu-
sion of the wild-type cerebellum 3 envelope was
more than 400% that of the reversion envelope
(247cerebellum3-E383G), suggesting that the E383
contributes significantly to the ability of the 247cere-
bellum3 envelope to mediate fusion in the absence
of CD4. To determine whether the G383E mutation
was also responsible for the neutralization-sensitive
phenotype, cell-to-cell fusion assays were again
performed in the presence of neutralizing plasma
(Figure 5B). The reversion envelope 247cerebellum3-
E383G demonstrated more fusion in the presence
of neutralizing plasma compared to the wild-type
247cerebellum3 envelope, indicating that the re-
version envelope was more resistant to neutral-
ization in comparison with the original cerebellar
envelope.

Discussion

The identification of brain-specific HIV and SIV en-
velopes has led many investigators to hypothesize
that adaptation of envelopes for the CNS environ-
ment may result in viruses with an enhanced ability
to replicate in the CNS and/or mediate neuropathol-
ogy (Anderson et al, 1993; Kodama et al, 1993; Peters
et al, 2004; Power et al, 1994; Zink et al, 1997).
However, the study of evolution of virus in the CNS
may be further complicated by isolated microenvi-
ronments within the CNS with various genotypes and
phenotypic profiles (Liu et al, 2000; Shapshak et al,
1999; Smit et al, 2001). Furthermore, the existence
of discrete subpopulations argues that the evolution
of virus in the CNS may not occur by a selective



SIV envelope compartmentalization
82 MF Chen et al

A

160%
i 140%
&
O 120%
Z L
¥ 100% 1L
a
£ 80
e {*]
Y=
S 60%
o
©n
2 40%
8
20% .
0o, | — B |
) ©
e A
Ny <
2 S
4&(
-
v
140%
m
E 120%
"
m
=
g 100%
W
&
S 80%
"
-4
+
g 60%
[¥]
1
o
c  40%
S
3
;; 20%
0%
No plasma 1:5000

Plasma dilution

1:500

O RhCD4
BRhCCRS
ORRCD4+ RhCCRS

—— S5IV239

—m-5IV3ie

—&— 247cerebellum2
247cerebellum3

—¥— 247cerebrum10

1:50

Figure 4 Cell-cell fusion assays of brain gp160s from long-term progressing encephalitic macaque 247. QT6 cells transiently expressing
gp160s with mutation G383E (A) were overlayed onto target cells expressing either rhesus CCR5 alone or rhesus GCR5 and rhesus CD4,
to determine whether envelopes are able to mediate CD4-independent cell-cell fusion. SIVmac239 and SIV316 gp160s were included as
CD4-dependent and CD4-independent controls respectively. *“RhCCRS fusion levels of 247cerebellum2 gp160 and 247cerebellum3 gp160
greater than RhCCRS fusion levels of SIV316, the positive control gp160 for a CD4-independent envelope, P < .01. In (B), the experiments
were performed with an additional incubation step. The gp160-expressing cells were exposed for 1 h, at 4°C with the indicated dilutions
of heat-inactivated pooled plasma from SIVmac239-infected macaques to test for neutralization sensitivity. 247cerebrum10 gp160 was
included as an envelope from the brain of the same encephalitic macaque that did not have the G383E mutation. Values are denoted as
percentage of fusion activity in cells expressing rhesus CD4 and rhesus CCR5 when no plasma was present.

process, because the effective population size of a sin-
gle site may be at a low level; circumstances where
random genetic drift is favored over adaptive pro-
cesses (Brown, 1997; Shriner et al, 2004).

This study was undertaken to address issues
of regional evolution in the CNS of SIV-infected
macaques, because macaques are common models
for neuro-AIDS (acquired immunodeficiency syn-
drome), and because to date no studies have reported
discrete neuroanatomical localization in macaques.

The genetic variation seen in the human CNS may not
be present in situations such as macaque infections
where the inoculum is a molecular clone. Should the
compartmentalized effect seen in human infection be
a consequence of selective migration to distinct sites
by certain variants, compartmentalization of virus in
macaques could be different, because the inoculated
virus is molecularly homogeneous. Similar to previ-
ous studies of HIV gp160 evolutionary diversity, we
utilized viral DNA, thus providing a history of the
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envelopes tested. (B) These reversion envelopes were also tested for their sensitivity to neutralization by pooled plasma as described in

Figure 4B.

infection (Korber et al, 1994; Ohagen et al, 2003;
Salemi et al, 2005; Shapshak et al, 1999). As such,
the genotypes isolated are those that were present at
some point in the history of the infection and may
not necessarily include the genotype(s) of the actively
replicating pool.

The variation and compartmentalization of SIV en-
velopes was examined in four rhesus macaques that
were infected with the clonal SIVmac239. Consistent

with previous reports, there was evidence of com-
partmentalization of SIV envelope sequences in the
CNS of all macaques (Shapshak et al, 1999; Smit
et al, 2001, 2004). The degree of compartmentaliza-
tion was more robust in the two long-term progress-
ing macaques than in the two rapidly progressing
macaques. This relationship suggests that the com-
partmentalization results from the isolated replica-
tion of virus within a particular region, rather than
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from the preferential movement of a certain variants
to a particular locale. However, entry of virus into
different regions could be inferred to occur indepen-
dently as discrete events, and not from a spreading
infection, leading to the segregation of regional brain
clades from one another as exemplified by the phy-
logenetic tree of macaque 247.

A recent publication proposed viral flow between
different brain regions of a single patient with HAD
(Salemi et al, 2005); our findings suggest that in this
experimental macaque infection this is not the case.
The paucity of viral exchange among brain compart-
ments in this study was apparent even in macaque
362, which demonstrated the least amount of com-
partmental structure, even among anatomically close
areas such as the the caudate and the area surround-
ing the lateral ventricle. Anatomically the head of the
caudate nucleus forms part of the floor of the ante-
rior horn of the lateral ventricle, whereas the body of
the caudate form the lateral wall of the lateral ven-
tricle and the tail of the caudate borders the inferior
horn of the lateral ventricle. Nevertheless, the phys-
ical continuity of the caudate and the lateral ven-
tricle did not translate into phylogenetic proximity.
Instead, the caudate sequences related to sequences
from the spleen and colon, indicating that the source
of the virus in the caudate was most likely a circulat-
ing virus that also entered into the spleen and colon.
This pattern of unrelated regional brain clades was
also seen in the phylogenetic trees of the other three
macaques, where several brain regions shared a most
common recent ancestor with nonbrain regions. Ex-
amples included the cerebellum and spinal cord of
macaque 247, the cerebrum, cerebellum, and the lat-
eral ventricle of macaque 190, and the lateral ventri-
cle of macaque 264.

In this regard, Korber and colleagues demonstrated
that envelopes sampled from the brain of an HIV-
infected individual at a second time point were phy-
logenetically more related to sequences from the
blood sampled at a first time point taken 6 weeks
earlier than to sequences isolated from the brain at
the first time point (Korber et al, 1994). This suggests
that viruses from circulation enter into the brain at
multiple times throughout infection. Although lon-
gitudinal sampling of macaque brains is not exper-
imentally feasible for practical and ethical reasons,
the use of a known clonal inoculum allows for infer-
ence of times of origin of the isolated CNS envelopes.
With a known starting sequence and using the most
recent common ancestor (MRCA) for a regional clade
as the founding virus for its neuroanatomical locale
of origin, the relative times of viral entry into dif-
ferent regions could be inferred from the horizon-
tal distance of the MRCAs from the initial parental
SIVmac239 on the phylogenetic trees. As exempli-
fied in the tree of macaque 247 (Figure 1A), phylo-
genetic inference of the distance of regional MRCAs
from SIVmac239 suggests that entry into the cerebel-
lum and spinal cord occurred later than entry into

the cerebrum and the region surrounding the third
ventricle.

Interestingly, the cerebellum and spinal cord of
this macaque were also the two compartments
from which envelopes containing mutations in the
GGGDPE motif that forms part of the CD4-binding site
were isolated. We demonstrated in cell-cell fusion
assays that for the cerebellar envelopes, the G383E
mutation can contribute to a CD4-independent and
neutralization sensitive phenotype, consistent with
previous reports indicating that mutations in this
region may affect CD4 utilization (Dehghani et al,
2003; Kodama et al, 1993; Ryzhova et al, 2002a).
Although it is tempting to hypothesize that the ac-
quisition of CD4-independence is an adaptive trait
for the environment of low CD4 expression in the
brain, the dn to ds test of selection did not indicate
overt positive selection of these envelopes (Figure 2).
An alternative hypothesis—because these envelopes
were inferred to have entered later into the CNS—
is that the acquisition of a CD4-independent pheno-
type serves as a marker for a failing immune response
where neutralizing antibodies are no longer gener-
ated. Unfortunately, longitudinal blood samples from
this macaque were not available to determine the
presence of CD4-independent viruses or neutralizing
antibodies relative to disease progression. Nonethe-
less, this may be a plausible hypothesis, because
CD4-independent envelopes are often isolated from
rapidly progressing macaques where there is a weak
SIV-specific antibody response, and during the late
stages of chronic infection where the immune system
is failing (Bhattacharya et al, 2003; Dehghani et al,
2003; Ryzhova et al, 2002a; Vodros et al, 2003). Al-
ternatively, CD4-independence may be an adaptive
feature but not be acquired because the viral popula-
tion dynamics within the CNS are not conducive for
favorable traits to be fixed in the population. Such a
scenario would arise in a setting where the effective
size of the population is below the threshold required
for deterministic evolution to occur and instead, evo-
lution occurs by random genetic drift (Brown, 1997;
Coffin, 1996; Frost et al, 2001). The existence of sev-
eral smaller and independent populations within the
brain as evidenced by regional clades in the phylo-
genetic trees would present a setting where the evo-
lutionary dynamics would favor a stochastic process
and hence favorable traits such as CD4-independence
may not be acquired.

One important limitation of this study is the num-
ber of sequences sampled for each region. Due to the
difficulty of phylogenetic computations with long se-
quences and large numbers of sequences, we were
limited in the number of sequences sampled for each
region. Because of this limitation, the sequences iso-
lated may not have been representative of the pre-
dominant species present in the DNA and the method
of polymerase chain reaction (PCR) amplification
may favor amplification of certain genotypes over
others. Despite this potential bias, PCR amplification



is currently used in other labs to study phylogenetic
relationships and diversity of genotypes (Ohagen
et al, 2003; Salemi et al, 2005). Furthermore, in
this study, additional PCR amplifications for at least
one brain region for each macaque resulted in simi-
lar phylogenetic relationships. These additional se-
quences were not included in Figure 1 for clarity of
representing the phylogenetic relationships. Current
work is in progress with other macaques to address
whether these phylogenetic relationships are repro-
ducible with greater sampling.

In summary, we have analyzed DNA sequences
from tissues of four SIVmac239-infected rhesus
macaques and examined regional differences among
the env genes. We demonstrate that similar to HIV
infection in humans, SIV also demonstrates regional
CNS compartmentalization despite the use of a
controlled, homogenous inoculum. The degree of
compartmentalization strengthened with increased
disease progression and occurred regardless of the
presence or absence of pathological presence of giant-
cell encephalitis. Using one discrete group of en-
velopes from the cerebellum of one animal as illus-
trated, we have also shown that there are potential
region-specific phenotypes of neutralization escape
and receptor utilization. These studies highlight the
importance of analyzing multiple regions of an organ
in studies designed to characterize viral genotypes of
specific organs.

Materials and methods

Tissue collection and processing

Tissue specimens were obtained from the archived
collection of rhesus macaque tissues housed at the
New England Regional Primate Research Center
(Southborough, MA), generous gifts of Drs. Ronald
Desrosiers and Keith Mansfield. Briefly, all macaques
were intravenously inoculated with the molecular-
cloned virus, SIVmac239 at a dose of 50 ng p27/kg.
At necropsy, brain tissues were collected and fixed in
10% neutral buffered formalin, embedded in paraf-
fin, sectioned at 6 uM and stained with hematoxylin
and eosin by routine techniques for determination
of presence of inflammatory changes and giant cells
in the CNS. An expert pathologist examined suffi-
cient slides to determine the extent of the pathology
for the classification of giant cell encephalitis. Adja-
cent blocks of fresh tissue were snap frozen in opti-
mum cutting temperature compound (O.C.T.; Miles,
Elkhart, IN) by immersion in 2-methylbutane cooled
in dry ice.

Cloning and sequencing of envelope gp160

Genomic DNA was isolated from frozen tissue
using the DNeasy Tissue Kit (Qiagen Inc.). Ge-
nomic DNA, 50 to 150 ng, was used in nested
PCR reactions for amplification of the entire en-
velope gp160 using a high fidelity polymerase
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(rTth DNA polymerase XL; Applied Biosystems)
with the following primers: outer, 239env6808 (5'-
GAACTCCGAAAAAGGCTAAGGC-3') (bases 6808
to 6829 of SIVmac239 genome) and 239env9541 (5'-
CTCTCTCTTCAGCTGGGTTTCTCC-3') (bases 9541
to 9564); and inner, SIVenvXBA (5-GCTCTAGAAT
GGGATGTCTTGGGAATCAGCTGC-3') (bases 6860-
6884, Xbal restriction site incorporated into
primer is underlined), SIVenvKPN (5-CCGGTACC
TCACAAGAGAGTGAGCTCAAGCCC-3' (bases 9476
to 9498, Kpnl restriction site incorporated into
primer is underlined). PCR products were cloned
into pcDNA3.1 (Invitrogen) using the Xbal and Kpnl
restriction sites, clones with gp160 were selected,
and nucleotide sequencing was performed at the
DNA sequencing facility operated by the Department
of Genetics, University of Pennsylvania.

Sequence and phylogenetic analysis

Sequences were aligned using MacVector 7.2.2. Phy-
logenies were constructed under parsimony and
maximum likelihood criteria using PAUP* v4.0b10
(Swofford, 2002). Neighbor-joining trees were con-
structed using MacVector 7.2.2. For all three phy-
logenetic methods, SIVmac239 gp160 sequence was
the out-group to which the trees are rooted. Par-
simony analysis was performed by tree-bisection-
reconnection (TBR) branch swapping on 100 random
stepwise addition trees. Bootstrap support was es-
tablished from searches on 100 pseudoreplicate data
sets. For maximum likelihood analysis, the best-fit
model was determined for each data set using Mod-
elTest v3.06 (Posada, 2001). Maximum likelihood
heuristic tree searches with TBR branch-swapping
were conducted on 10 stepwise addition trees with
random taxon addition. Bootstrap support for each
clade was established from 100 replicate analysis.

Nucleotide distance analysis

Pairwise nucleotide distances, synonymous and non-
synonymous substitutions and sites were calculated
using the Kimura two-parameter model on MEGA3
(Kumar et al, 2004). For each sequence, ds and dn
were determined from the pairwise distance between
each envelope sequence and the starting SIVmac239
sequence. Statistics were performed by the software
program XLSTAT-Pro using ¢ test for ds:dn compar-
isons within a tissue region and the Mann-Whitney
U test for comparisons between different tissues and
for unpaired samples.

Phylogenetic compartmental structure analysis

A phylogenetic evaluation of the presence of tissue
compartmentalization of SIV gp160 was performed
using a modified Slatkin-Maddison test (Poss et al,
1998; Slatkin and Maddison, 1990). Briefly, a new n-
state character was created for each macaque sample
where n = the number of tissues sampled. For ex-
ample, for macaque 247, 6 different tissue/brain re-
gions were sampled and hence a new 6-state character
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was created for macaque 247. Each sequence was as-
signed a state for this new character based on the tis-
sue/brain region from which it was isolated. As an
example, for macaque 247, cerebrum = 1, cerebel-
lum = 2, periventricle = 3, spinal cord = 4, colon =
5, and MesLN = 6. The fewest number of evolution-
ary steps (s) required to fit the tissue-compartment
character on the phylogenetic tree was performed us-
ing MacClade 4.06 (Maddison and Maddison, 2003).
For a phylogenetic tree with complete compartmen-
tal structure, the number of evolutionary steps (s) is
the number of compartments (n) minus 1. Should
a sequence from a brain region/tissue sample not
cluster with all of the other sequences from that re-
gion/tissue, a migration event is said to have occurred
and the number of evolutionary steps required to fit
the tissue-compartment character on the tree will in-
crease an additional step. Calculation of the number
of steps (s) was performed for 100 bootstrap trees and
the average and variance of s were determined. The
test for compartmentalization was performed on the
sample distribution of bootstrap s compared to the
null distribution of s from 100 random trees with no
compartment structure generated by MacClade 4.06
using the random joining/splitting option. If there is
compartmental structure, the bootstrap s should be
significantly less than s from random trees. Hence
the null hypothesis of no compartmental structure is
rejected if the ratio of bootstrap s to random s is less
than 1.

Phenetic compartmental structure analysis

Mantel’s test was performed as previously described
to determine if the sequences from any compartment
share more genetic identity with each other than with
sequences in other compartments (Mantel, 1967; Poss
et al, 1998). Briefly, for each macaque, a distance
matrix consisting of pairwise Kimura two-parameter
distances of all sequences from that macaque was
generated by MEGA3. A second matrix was gener-
ated such that M(i,j) = 0 if the sequence i is from
the same compartment as sequence j, 1 if the se-
quence i is from a different compartment as sequence
j. The test statistic is the Pearson correlation coef-
ficient, r, computed for all pairs of the elements of
both matrices, except for the diagonal. The null dis-
tribution was constructed by permuting the compart-
ment matrix 1000 times and calculating r for each
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