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The basis for the switch from CCRS5 to CXCR4 coreceptor usage seen in ~50% of human immunodeficiency
virus type 1 (HIV-1) subtype B-infected individuals as disease advances is not well understood. Among the
reasons proposed are target cell limitation and better immune recognition of the CXCR4 (X4)-tropic compared
to the CCRS5 (R5)-tropic virus. We document here X4 virus emergence in a rhesus macaque (RM) infected with
R5-tropic simian/human immunodeficiency virus, demonstrating that coreceptor switch can happen in a
nonhuman primate model of HIV/AIDS. The switch to CXCR4 usage in RM requires envelope sequence
changes in the V3 loop that are similar to those found in humans, suggesting that the R5-to-X4 evolution
pathways in the two hosts overlap. Interestingly, compared to the inoculating R5 virus, the emerging CXCR4-
using virus is highly neutralization sensitive. This finding, coupled with the observation of X4 evolution and
appearance in an animal with undetectable circulating virus-specific antibody and low cellular immune
responses, lends further support to an inhibitory role of antiviral immunity in HIV-1 coreceptor switch.

The human immunodeficiency virus (HIV) enters target
cells via interaction of the viral glycoprotein with the cellular
receptor CD4 and two principal coreceptors, CCR5 (RS vi-
ruses) and CXCR4 (X4 viruses) (2). Most HIV type 1 (HIV-1)
transmission results in a predominantly RS virus infection.
With time, X4 variants arise and coexist with RS virus variants
in ~50% of subtype B-infected individuals, and this event is
associated with rapid CD4™" T-cell loss and disease progression
(22, 37). The determinant(s) of phenotypic change from R5 to
X4 maps largely to the V3 loop of the envelope gp120 (6, 18,
39) and can be inferred by analysis of the amino acid sequence
of this region (11). Although the underlying basis for virus
coreceptor switch late in infection remains ill defined, several
hypotheses that include changes in target cell populations dur-
ing the course of infection and/or differential immune recog-
nition of X4 and RS viruses have been proposed (31, 34).
Furthermore, it is unclear whether X4 viruses evolve during
the course of infection or are transmitted but selected against
early in infection.

We have used infection of rhesus macaques (RM) with sim-
ian/human immunodeficiency viruses (SHIV) expressing the
envelopes of X4 and R5 HIV-1 isolates to study the impact of
coreceptor usage in virus transmission and pathogenesis. We
previously reported that both X4 and R5 SHIVs can be trans-
mitted intravenously or intravaginally but showed that the basis
for the immunodeficiencies caused by these viruses is different.
Whereas primary infection with X4 SHIV caused severe and
sustained peripheral blood and secondary lymphoid tissue
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CD4™" T-cell loss, infection with R5 SHIV resulted in transient
loss of CD4* T cells at these sites (15, 17). Thus, infection with
SHIVs of different coreceptor usage recapitulates the different
stages of HIV infection in humans: R5 SHIV provides a model
of early infection with gradual peripheral CD4™ T cell effects,
while X4 SHIV infection reproduces the precipitous CD4*
T-cell decline observed in late-stage disease concomitant with
the emergence of X4 virus. The R5 SHIV used in these studies,
designated SHIVgp 6p3, Was generated through successive
rapid transfer in RM of the molecular clone SHIVgg,q,, re-
covered from passage 3 macaque T353 after 20 weeks of in-
fection (14). Although SHIV g 4,p5 can replicate to high titers
and induce simian AIDS (SAIDS) in ~50% of infected RM by
intravenous or intravaginal inoculations (reference 13 and un-
published data), no expansion or switch to CXCR4 usage has
been observed with progression to disease. In the present
work, we hypothesized that infection with an isolate recovered
at a later stage of infection in macaque T353 may provide a
greater chance of observing coreceptor switch. We reasoned
this late isolate would be more diverse and divergent, allowing
for rapid evolution of the viral population which may lead to a
change in coreceptor preference. We tested this hypothesis by
infection of RM with SHIV g 4-p3n, an RS isolate recovered at
the time of euthanasia of T353 after 66 weeks of infection.

MATERIALS AND METHODS

Cells. Human and rhesus peripheral blood mononuclear cells (PBMC) were
obtained by Ficoll-Hypaque gradient purification followed by stimulation with 3
pg/ml of phytohemagglutinin A (PHA; Sigma-Aldrich, St. Louis, MO) for human
PBMC (huPBMC) and 5 pg/ml staphylococcus enterotoxin B (SEB; Sigma-
Aldrich) for rhesus PBMC (thPBMC) in RPMI 1640 medium supplemented with
10% fetal bovine serum (FBS), 2 mM glutamine, 100 U/ml penicillin, 100 p.g/ml
streptomycin, and 20 U/ml of interleukin-2 (Novartis, Emeryville, CA). 293T
cells and TZM-bl cells expressing CD4, CCRS5, and CXCR4 (41) and containing
integrated reporter genes for firefly luciferase and B-galactosidase under control
of the HIV-1 long terminal repeat were maintained in Dulbecco’s modified
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Eagle’s medium supplemented with 10% FBS, penicillin, streptomycin, and L-
glutamine. U87.CD4 cells stably expressing CD4 and one of the chemokine
receptors (10) were maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 10% FBS, antibiotics, 1 pg/ml puromycin (Sigma-Aldrich), and 300
png/ml G418 (Geneticin; Invitrogen, Carlsbad, CA).

Virus isolation. SHIV g, ,p3n Was recovered by coculturing of week 66 PBMC
from macaque T353 with PHA-stimulated huPBMC as previously described (26).
The amplified virus was propagated in huPBMC, and the titer was determined in
SEB-stimulated rhPBMC. SHIV g,y Was recovered by culturing of PHA-stim-
ulated huPBMC with week 28 plasma from macaque BR24. Recovered virus as
well as the control X4 SHIVgg334 and R5 SHIVgg4,p3 viruses were amplified
and titers were determined in SEB-stimulated thPBMCs.

Animal infection. All infections were carried out in adult RM (Macaca mu-
latta) individually housed at the Tulane National Primate Research Center in
compliance with its Guide for the Care and Use of Laboratory Animals. Animals
were confirmed to be serologically negative for simian type D retrovirus, SIV,
and simian T-cell lymphotropic virus prior to infection. Intravenous inoculations
were carried out with 2.4 X 10% and 4.2 X 10 50% tissue culture infectious doses
of SHIVggi62p3n and SHIVgroun, respectively. Whole blood was sampled at
designated time intervals. Plasma viremia was quantified by branched DNA
analysis (Siemens Medical Solutions Diagnostic Clinical Lab, Emeryville, CA),
and absolute CD4" and CD8" cell counts were monitored by TruCount (BD
Biosciences, Palo Alto, CA). Animals with clinical signs of SAIDS were eutha-
nized by intravenous administration of ketamine-HClI followed by an overdose of
sodium pentobarbital. Tissue samples were obtained by surgery or at the time of
necropsy. The percentages of CD4* T cells in the tissue samples were analyzed
by flow cytometry (FACScalibur) using CD3-fluorescein isothiocyanate, CD4-
phycoerythrin, and CD8-peridinin chlorophyll protein antibodies. Further phe-
notyping of peripheral CD4* T cells was performed by using CD28-allophyco-
cyanin and CD95-phycoerythrin. Except for CD3-fluorescein isothiocyanate
(BioSource, Camarillo, CA), all antibodies were obtained from BD Biosciences.

Determination of coreceptor usage. Blocking experiments in thPBMC and
TZM-bl cells were performed to determine coreceptor usage of replication-
competent SHIVs. For thPBMC, 1 X 10° SEB-stimulated cells were infected
with 3 ng p27%“¢ antigen equivalent of the indicated SHIV in the absence or
presence of 1 uM of the CXCR4 inhibitor AMD3100 or CCRS inhibitor TAK-
779. After incubation for 3 h at 37°C, cells were washed and cultured in 200 pl
interleukin-2 and appropriate inhibitor-supplemented RPMI medium in 96-well
plates. Culture supernatants were collected over time, and p275“¢ antigen content
was quantified according to the manufacturer’s instructions (Coulter Corp., Mi-
ami, FL). Percentage blocking at day 7 to 10 postinfection was determined by
calculating the amount of p275“¢ production in the presence relative to that in the
absence of inhibitor. For TZM-bl cells, 7 X 103 cells per well of a 96-well plate
were inoculated, in triplicate, with 1 ng p275“¢ antigen equivalent of the indicated
SHIV in the absence or presence of inhibitors. The cells were lysed after 72 h of
incubation at 37°C and processed for B-galactosidase activity according to the
manufacturer’s instructions (Applied Biosystems, Foster City, CA). The percent-
age of blocking was then determined. For assessment of coreceptor usage of
reporter viruses, 7 X 103 U87.CD4.CCRS or U87.CD4.CXCR4 cells were seeded
in 96-well plates 24 h before use and infected, in triplicate, with 10 ng p245“¢
equivalent of the indicated pseudotyped viruses, followed by incubation for 72 h
at 37°C. At the end of the incubation period, cells were harvested, lysed, and
processed according to the manufacturer’s instructions (Promega, Madison, WI).
Entry, as quantified by luciferase activity, was measured with an MLX microtiter
plate luminometer (Dynex Technologies, Inc., Chantilly, VA). Infection of co-
receptor-bearing cells with NL4-3 virus generated in the absence of Env served
as a negative control.

Neutralization assay and antibodies. Virus neutralization was assessed using
TZM-bl cells in 96-well plates. Briefly, an equal volume (50 pl) of SHIV (1 ng
p27%?8 equivalent) and serial dilutions of heat-inactivated macaque serum or
monoclonal antibodies (MAbs) was incubated for 1 h at 37°C and then added to
cells, in triplicate wells, for an additional 2 h at 37°C. A 100-pl aliquot of medium
was then added to each well, and the virus-serum cultures were maintained for
72 h. Control cultures received virus in the absence of antibodies. At the end of
the culture period, the cells were lysed and processed for B-galactosidase activity.
A neutralization curve was generated by plotting the percentage of neutralization
versus serum or MAb dilution. Results shown are representative of two inde-
pendent experiments. The human MAb immunoglobulin G1b12 (IgG1b12) was
obtained from D. Burton (Scripps Research Institute, La Jolla, CA), and CD4-
1gG2 (PRO 542) was generously provided by Progenics Pharmaceuticals (Tar-
rytown, NY).

Plasmid constructs and pseudotype virus production. For expression of en-
velope glycoproteins, full-length gp160 coding sequences of SHIVgg 6,p3n and
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SHIVggro4n Were subcloned into the pCAGGS expression plasmid to generate
EnvP3N and EnvBR24N, respectively. Briefly, viral RNA was prepared from
500 pl virus supernatant using a commercially available RNA extraction kit
(QIAGEN, Chatsworth, CA) and reverse transcribed with SuperScript III reverse
transcriptase (Invitrogen) and random hexamer primers (Amersham Pharmacia,
Piscataway, NJ). Full-length gp160 was amplified from cDNA of SHIVgg¢pan
by primers SH43 (5'-AAGACAGAATTCATGAGAGTGAAGGGGATCAGG
AAG-3") and SH44 (5'-AGAGAGGGATCCTTATAGCAAAGCCCTTTCAA
AGCCCT-3") and from SHIVgg,,n With primers SH52 (5'-TAGATCGAATT
CTAGAGCCCTGGAAGCATCCAGGAAGTCAGCCTA-3") and SH53 (5'-A
GAGAGGGATCCTCCAGTCCCCCCTTTTCTTTTAAAAA-3'). PCR-based
overlapping extension methodology was then employed to replace the V3 loop of
EnvP3N with that of BR24N to generate the PAN(V3) Env expression plasmid.
With EnvP3N serving as template for PCR amplification, the outer primers used
were SH43 and SH44 and the inner primers were SH56 (5'-TATAATATAAG
AAAAAGTATACGTATACATAGAGGACCGGGGAGAGCATTTTATGC-
3") and SH57 (5'-TCTATGTATACGTATACTTTTTCTTATATTATAGTTA
GGTCTTGTACAATTAATTTCTAC-3"), which encompassed the amino acid
changes found in the V3 loop of EnvBR24N (underlined) flanked by adjacent
sequence. The resulting amplified fragment was verified by sequencing and
subcloned back into pCAGGS. To generate luciferase reporter viruses capable of
only a single round of replication, an envelope trans-complementation assay was
used as previously described (7). P3N, BR24N, or P3N(V3) Env expression
plasmid and the NL4.3LucE-R- vector were cotransfected with polyethylenimine
(Polyscience, Warrington, PA) into 2.5 X 10° 293T cells plated in a 100-mm
plate. Cell culture supernatants were harvested 72 h later, filtered through
0.45-pm filters, and stored at —70°C in 1-ml aliquots. Pseudotype viruses were
quantified for p245“¢ content (Beckman Coulter, Fullerton, CA).

DNA, RNA extraction, sequencing, and analysis. Proviral DNA was extracted
from 1 X 10° to 3 X 10° PBMC with a DNA extraction kit (QIAGEN), and viral
RNA was prepared from 500 pl plasma or virus supernatant as described above.
The V1-to-V5 region of gpl120 was amplified from the reverse transcription
products by using Tag DNA polymerase (QIAGEN) with primers ED5 and
ED12 or ES7 and ES8 as previously described (9). PCR products were cloned
with the TOPO TA cloning kit (Invitrogen) per the manufacturer’s instructions
followed by direct automated sequencing of cloned gp120 amplicons (SeqWright,
Fisher Scientific, Houston, TX). Nucleotide sequences were aligned using the
CLUSTALX 1.81 program and further adjusted manually (19). Pair-wise
genetic distances were calculated using Kimura’s two-parameter model of
molecular evolution (20). A phylogenetic tree was constructed using the
maximum likelihood method, and bootstrap values were generated with 1,000
repetitions.

Sequence-specific PCR for HR insertion. Proviral and cDNA products from
various time points postinfection were subjected to PCR using 7ag DNA poly-
merase and primers ES7/ES8 as described elsewhere (9). Detection of HR
sequence in amplified ES7/ES8 products was achieved by using primers V3-S
(5'-CTGTTAAATGGCAGTCTAGC-3") and SH30 (5'-GCTCTCCCCGGTCC
TCTATG-3") in PCRs. The cycling profile was 95°C for 15 min followed by 40
cycles of 95°C for 15 s and 72°C for 70 s. Amplified products were visualized by
electrophoresis in ethidium bromide-stained 2% agarose gels. Appropriate mix-
ing and titration experiments with RS and X4 variant target sequences that differ
in the HR region were performed. The sensitivity of the detection assay was
shown to be one X4 variant copy in 10° R5 targets.

RESULTS

High levels of virus replication in macaques infected with
the late isolate SHIVgy 6p3n. We hypothesized that a late-
stage SAIDS-associated CCRS-tropic SHIV isolate, being
more diverse and divergent, replicates better and evolves more
rapidly than an earlier isolate, providing a greater chance of
observing coreceptor switch. To test this hypothesis, we first
determined the genetic composition of SHIVgg 4:p3n, an RS
isolate recovered after the onset of SAIDS (week 66), and
compared it to the parental clone, SHIVgg 4., as well as the
earlier isolate, SHIV g 4,p3- Sequence analysis revealed that
SHIV g 62p3n 1S indeed more divergent from the parental
clone than is the week 20 SHIVgp,4,p5 Virus (Fig. 1A) and is
more diverse (Fig. 1B). The average genetic distances among
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FIG. 1. Divergence and diversity of the late week 66 isolate SHIV g 6p3n. (A) Viral divergence from the founder clone SHIVgg 4, (162) of
SHIVgg6op3 (P3) and SHIVgg 6opan (P3N). The V1-VS Env gp120 sequence for 20 and 41 clones of P3 and P3N, respectively, was determined.
Nucleotide sequences were aligned and the means and standard deviations for all pair-wise comparisons between the sequences of the two isolates
and the molecular clone 162 were then calculated using Kimura’s two-parameter model of molecular evolution (20). (B) Viral population diversity
of P3 and P3N. Genetic distances between all possible pairs of Env nucleotide sequences for viral RNA in the two virus inocula are shown. Bars
indicate median values. The P value is from an unpaired ¢ test.

the Env clones sequenced are greater for the week 66 isolate (17), accompanied peak infection but recovered close to pre-
than the week 20 isolate (P < 0.0001). Three RM were then infection values by 8 wpi. With the rise in viremia at 10 wpi,
inoculated intravenously with SHIV g 4,p3n. Infection was es- progressive CD4" T-cell decline followed, which was less pro-
tablished in all three macaques, with peak plasma viremia of tracted in CD80 than T799. Both macaques seroconverted by 6
10° to 107 RNA copies/ml by 2 weeks postinfection (wpi) (Fig. wpi (Table 1), and peripheral SIV Gag-specific gamma inter-
2A). Viral replication declined thereafter in two macaques feron-secreting CD8™ T cells could be detected by intracellular
(CD80 and T799) but rebounded by 10 wpi, reaching set points cytokine staining (data not shown). CD80 developed clinical
of 10° to 10° RNA copies/ml plasma. A transient drop in signs consistent with SAIDS and was euthanized at 66 wpi. At
peripheral CD4™ T cells, characteristic of R5 SHIV infection the time of death, CD80 had viral loads of >10° RNA cop-
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FIG. 2. Virologic and immunologic measurements in R5 SHIV g, 6,p3n-infected RM CD80, T799, and BR24. (A) Viral load and absolute CD4™*
T-cell counts. (B) Percentages of CD4" T cells in the inguinal (Ing), iliac (Ili), mesenteric (Mes), and colonic (Col) lymph nodes and LPLs from
the jejunum during peak (week 2) and chronic (week 20) stages of infection and at time of necropsy. Baseline values generated from three
uninfected macaques are shown for reference. +, death due to euthanasia. Surgery was not performed on BR24 at week 20 due to the development
of clinical signs consistent with SAIDS.
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TABLE 1. Humoral immune response in
SHIVp¢op3n-infected macaques

Antibody response at wpi”:

RM Protein
0 6 12 28
BR24 gpl120 - - - -
il - - - -
p31 - - - -
p27 - - - -
CD80 gp120 - ++++ ++++ ++++
gp4l - +t4+ +4++ +++
p31 - - ++ ++
p27 - +t4+ +4++ +++
T799 gp120 - +t4+ +4++ o+t
gp4l - ++++ ++++ +++
p31 - + ++4 ++
p27 - ++++ ++++ ++

“ SHIV-specific antibody responses were detected using the strip immunoblot
assay in accordance with the manufacturer’s instructions (Novartis, Emeryville,
CA). Macaque sera reactivity was determined by comparison with two internal
IgG strip controls. Scoring relative to level I and II control bands was as follows:
—, an absent band; *, intensity lower than the level I band; +, intensity equal to
the level I band; ++, intensity greater than the level I but less than the level 11
band; +++, intensity equal to the level II band; +++ +, intensity greater than
the level II band.

ies/ml of plasma and a CD4" T-cell count of 19 cells/pl of
blood. Histopathological findings included multifocal, lym-
phoid hyperplasia of peripheral and iliac lymph nodes, thymic
atrophy, and multiple opportunistic infections (Cryptospo-
ridium, Helicobacter pylori, and Microsporidia).

The third infected RM, BR24, demonstrated a rapid pro-
gressor phenotype. This macaque had sustained viremia that
was 2 logs higher (~107 RNA copies/ml plasma) and failed to
develop strong antiviral immune responses. Circulating virus-
specific antibody was undetectable (Table 1), and the response
of peripheral CD8" T cells to stimulation with SIV Gag pep-
tides was low and intermittent (data not shown). After a period
of transient acute loss, peripheral CD4* T-cell counts in BR24
also recovered to within the normal range up to 16 wpi but
dropped precipitously thereafter. Concomitant with the onset
of rapid CD4 " T-cell loss was a spike in viremia to >10° RNA
copies/ml of plasma at 20 wpi. BR24 was euthanized at week 28
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with clinical signs of SAIDS. At necropsy, BR24 showed his-
topathological lesions that included severe lymphoid depletion
of peripheral and alimentary lymph nodes along with general-
ized inflammation, thymic dysinvolution, and opportunistic in-
fections (Crytosporidium and Pneumocystis carinii). The circu-
lating CD4™ T-cell count in this animal at the time of death
was 1 cell/ul of blood.

Analyses of the percentages of CD4™ T cells in tissue com-
partments during peak (2 wpi) and chronic (20 wpi) infection
in CD80 and T799 revealed moderate CD4" T-cell loss
(<30%) in peripheral lymph nodes (LN) but close to a 90%
drop in CD4" T lymphocytes at effector sites such as the
lamina propria (LP) of the gut by 20 wpi (Fig. 2B). At nec-
ropsy, >99% of CD4"* T lymphocytes in the gut of CD80 were
depleted, but with preservation of 15 to 40% CD4" T cells in
all secondary lymphoid tissues examined. A similar pattern of
peak CD4" T cells loss was observed in macaque BR24, with
depletion only in the gut at 2 wpi (Fig. 2B). At necropsy,
however, there was massive depletion of LN CD4™ T cells as
well as LP lymphocytes (LPL). This pattern of severe CD4™"
T-cell loss differs from CD80 and is reminiscent of that seen in
X4 SHIV-infected macaques (17), raising the possibility of X4
emergence in BR24. To investigate this possibility, virus was
recovered from BR24 plasma obtained at necropsy. The core-
ceptor usage of the recovered virus, designated SHIV3gouns
was then determined.

Emergence of a CXCR4-using and neutralization-sensitive
variant in macaque BR24. We confirmed CCRS usage of
SHIVgp62p3 and SHIVgg spsn by demonstrating that the
CCRS inhibitor TAK-779 and not the CXCR4 inhibitor
AMD3100 blocked replication of these viruses in thPBMC
(Fig. 3A). In contrast, replication of SHIV gr,4n, Similar to the
X4 SHIVggs;4 virus, was not inhibited by TAK-779 but was
completely blocked by AMD3100. Similar results were ob-
tained using TZM-bl cells (Fig. 3B), showing that SHIVggoan
uses CXCR4 for entry in vitro. Because a recent report indi-
cated that increased neutralization sensitivity of CXCR4-using
HIV-1 strains emerged during the transition from CCRS to
CXCR4 usage (4), the susceptibility of SHIV gz, to antibody
neutralization was also examined. Compared to the inoculating
RS SHIVgg gopsn Virus, we found that the X4 SHIVppoan
isolate is highly sensitive to neutralization with sera from ma-
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FIG. 3. Coreceptor usage of SHIVgg,4n. CXCR4 and CCRS usage of the inoculating virus SHIVgg;¢2p3n (P3N) and SHIV g, (BR24N), the
virus recovered from BR24 at end-stage disease, was determined by blocking entry into thPBMC (A) and TZM-bl (B) cells with 1 uM
CXCR4-specific (AMD3100) or CCR5-specific (TAK-779) inhibitor. X4 SHIVgp33, (33A) and R5 SHIVgg4p3 (P3) served as controls. For
TZM-bl cells, error bars indicate standard errors of data in triplicate wells. Results shown are representative of at least two independent
experiments, and for thPBMC cells from two different animals were used.
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FIG. 4. Neutralization sensitivity of SHIVgg;6.p3n @and SHIVgr,,. The neutralization susceptibilities of the inoculating RS SHIVgg6op3n (O)
and emerging X4 SHIVyy,, (@) viruses to antibodies in sera from macaques CD80 and T799 (A) and CD4 binding site MAbs CD4-1gG2 and
IgG1b12 (B) were determined as described in Materials and Methods. Data shown are representative of at least two independent neutralization

experiments.

caques CD80 and T799 (Fig. 4A). A 90% neutralization of
SHIVgo4n Was achieved at dilutions of 1:160 and 1:1,280 of
CD80 and T799 sera, respectively. In contrast, the RS
SHIV g 62p3n inNOculating virus was resistant to neutralization
with serum from macaque CD80, while a similar degree of
neutralization (90%) with T799 serum required a 32-fold-
higher titer (1:40). SHIVggoun is also more sensitive than
SHIV g 62p3n t0 neutralization with the broadly cross-reactive
CD4 binding site monoclonal antibodies CD4-IgG2 and IgG1b12
(Fig. 4B). CD4-1gG2 potently neutralized SHIV g,y at concen-
trations of 2 pg/ml, while IgG1b12 achieved 70% neutralization at
the highest concentration tested (10 pg/ml). These CD4 binding
site MAbs, however, were unable to neutralize SHIVgg gopan-
Collectively, the data showed emergence of a neutralization-sen-
sitive CXCRA4-utilizing variant in macaque BR24.

Sequence of the SHIVyg,,n variant envelope gp120. We
sequenced and compared the envelope gp120 V1-to-V5 region
of the inoculating RS SHIVgp ¢psn Virus and the X4
SHIVRoun Variant to understand their relationship (Fig. SA).
All SHIVggo4n Env clones sequenced (22 in total) harbored
the same nine unique amino acid changes compared to the
inoculating strain. Two of the changes are in the V2 region and
two are in the C4 region, with five clustering in the V3 domain.
The nonsynonymous serine-to-arginine change in V2 as well
as the asparagine-to-tyrosine and threonine-to-isoleucine
changes in V3 are predicted to result in loss of potential N-
linked glycosylation sites in these regions of the SHIVggroan
envelope gpl120. Furthermore, insertion of two positively
charged amino acids, histidine and arginine immediately up-
stream of the GPGR crown V3 loop sequence, increases the

overall charge of this domain, and the two amino acid changes
in C4 are within a conserved gpl120 structure implicated in
CCRS5 binding (35). The conservation of this particular set of
changes in regions known to influence envelope functions,
including coreceptor usage (23, 36), points to their impor-
tance in determining the phenotypic characteristics of the
SHIVRoun Variant. Phylogenetic tree analysis of Env V1-V5
sequences showed two loosely clustered viral populations
within the inoculating SHIVggps virus (Fig. 5B). The
SHIVgroan sequences, although limited in diversity, are mark-
edly divergent from those of the inoculum, with the branching
point of variant-associated sequences having its origin within
one of the inoculating R5-associated subpopulations (100%
bootstrap value). Collectively, the data support derivation of
the X4 SHIV 4N variant from the inoculating RS virus.
The V3 loop of SHIVg,,n dictates CXCR4 usage. The V3
domain of HIV-1 gp120 is known to contribute to coreceptor
use. A closer examination of this region revealed the presence
of two major V3 loop species each representing 14 of 41 Env
clones sequenced in the R5 SHIV g 4,p3n Virus inoculum (Fig.
6A) but homogeneity in the recovered X4 SHIVgg,4n Virus.
As predicted, the overall positive charge of this region of gp120
is higher for SHIVggoun (+9) than SHIV g opsn (16 o1 +7),
but basic amino acids at V3 positions 11 and 25 that frequently
distinguish primary X4 and RS viruses (11) were absent in
SHIVggoun- Of note, insertion of the two basic amino acids
(histidine and arginine) at the crown of the loop was at the
same position as those found in the prototypic X4 HIV-1
strains HXB2 and Ams-32. Furthermore, the N-terminal gly-
can, which has been shown to modulate antibody neutraliza-
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tion susceptibility and interaction of HIV-1 Env with chemo-
kine receptors (1, 27, 33), is lost in both SHIVyg,4y and
Ams-32. The lack of the N-terminal V3 loop glycan in
SHIVggoun envelope gpl20 likely contributes to increased
sensitivity of the virus to serum as well as CD4-IgG2 and
IgG1b12 neutralization.

To determine whether the V3 loop of SHIVgg,4 deter-
mines CXCR4 usage, the 37-amino-acid V3 domain of this
virus was used to replace the corresponding region of
SHIVggi6op3n 8P120 (EnvP3N) to generate the recombinant
EnvP3N(V3). In single-round infectivity assays, we found that,
contrary to EnvP3N, the recombinant EnvP3N(V3) was not
able to mediate entry into U87.T4 cells expressing CCRS
(Fig. 6B). Instead, similar to the envelope of SHIVgoun
(EnvBR24N), EnvP3N(V3) used CXCR4 as the coreceptor.
Taken together, the data demonstrate that the V3 loop of
SHIVggo4n 1S @ major determinant of coreceptor prefer-
ence.

Tracking X4 evolution and emergence in macaque BR24.
The presence of the two amino acid insertions in the V3 loop
of SHIVggo4n allows for the design of PCR primers that can
distinguish between the inoculating RS virus and the X4 vari-
ant to track evolution of the latter in macaque BR24. Sig-
nature X4 variant “HR” sequence could not be detected in
the SHIVgg 62p3n inOculum (data not shown) or at early
times in the infection of macaque BR24 (Fig. 7). It was first
detected in both plasma and PBMC of BR24 at 20 wpi,
coinciding with the spike in viremia. Interestingly, although
X4 emergence was associated with loss of peripheral CD4*
T cells and disease progression, it appeared to occur after
the onset of precipitous peripheral CD4% T-cell decline
seen at weeks 12 to 16.

SHIVgr,4n uUses CXCR4 in vivo. To establish coreceptor
usage of SHIVgg,4n in Vivo, two macaques were inoculated
intravenously with cell-free virus. Both animals were infected,
and peak viremia in CP93 (10° RNA copies/ml plasma) was 1
log lower than in CT43 (Fig. 8A). A rapid and sustained drop
in peripheral CD4" T cells that was more dramatic for CT43
than CP93 and accompanied virus replication. Examination of
the percentages of tissue CD4™ T cells during peak infection (3
wpi) showed >70% loss in all LN of CP93 examined but little
or no loss in the gut (Fig. 8B). In CT43, the macaque with a
1-log-higher peak viremia, massive depletion (>98%) of CD4*
T cells was seen in the LN, with substantial depletion in the gut
as well. Although the extent of CD4" T-cell loss among the
two SHIVgroun-infected macaques varied due to a difference
in viral load, the pattern and sites of CD4 " T-cell depletion are
similar to those found in X4-infected and not R5 SHIV-in-
fected macaques (Fig. 2B) (17). Analyses of the circulating
T-cell subpopulations showed early targeting and depletion of
naive CD4™ T cells, where the rate of loss of this T-cell subset
paralleled the CD4* T-cell drop (Fig. 8C). Naive CD4* T
lymphocytes express high levels of CXCR4 but not CCRS5 (3,
17). Thus, the in vivo findings corroborated the in vitro data,
showing CXCR4 usage of SHIVggoun-

DISCUSSION

This report documents phenotypic coreceptor switch in an
animal model of HIV/AIDS. Functional, sequence, and in vivo
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infectivity studies showed that contrary to the inoculating
strain, RS SHIV g 42p3n, the virus recovered at end-stage dis-
ease of macaque BR24 uses CXCR4 for entry. Although it is
formally possible that the X4 variant is present in the inoculum
at an extremely low level, the temporal correlation between the
appearance of the X4 variant, the spike in viremia, and pro-
gression to disease, coupled with the phylogenetic relationship
between the variant and the inoculating RS SHIV g 6opsn Vi-
rus as well as the inability to detect the X4 variant signature

sequence in the inoculum with sequence-specific PCR that has
a sensitivity of detection of 1 in 10° copies, strongly suggests
that evolution to CXCR4 usage occurred in macaque BR24.
The mechanism(s) for X4 emergence late in infection has
been debated for many years. Various frequencies of X4 vi-
ruses have been reported throughout the course of HIV-1
natural infection (38), but their dominance is seen only to-
wards the end stage of disease. We and others previously
proposed an immunological restriction on coreceptor switch
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A Virus V3 loop sequence Positive charge CoR usage
1} ¥
SF162 CTRPNNNTRKSITI . . GPGRAFYATGDIIGDIRQAHC +6 RS
162P3  —mmmmmemooe- R +6 RS
162P3N-1 ———--————mm———- e +6(14/41) RS
162P3N-2 ——---—- H-. .- e +7(14/41) RS
162P3N-3 ==m-------m- I e e +6(6/41)
162P3N-4 ——--———-———- BV..--—-—- T--—mmmmmmmmmme o +6(2/41)
162P3N-5 -==L~ P-..- o e +6(1/41)
162P3N-6 —---——--o-—- L Tommmmmmmmmmmeeo +6(1/41)
162P3N-7 —----——- K----- B +6(1/41)
162P3N-8 -----—- K----- P-..---—- I--m—mmmmmmmmmo o +7(1/41)
162P3N-9 ==-----mmee- H-. ===-- I +7(1/41)
BR24N —===f¥=J----R-HR-===mmmmmmmmmmmmeoo +9(22/22) x4
HXKB2 ~ ———mmmmmeo R-R-QR------V-I-K.--NM----- +10 X4
Ams-32 ----4{s=4----R-HR------- Tm-Nmmmmmmmm +9 x4
B 1077
-
‘= 1007
=
E (05
B 1079
-
2 10%
=
=
o
[ 103_
]01_
P3N BR24N P3N(V3)

FIG. 6. (A) Comparison of V3 loop sequences of SHIV4,p3n, SHIVgRroun, and well-characterized X4 and RS viruses. Gaps are indicated as
dots, dashes denote similarities in sequence, and the total positive charge of this region was calculated and is shown. Positions 11 and 25 within
the V3 loop are indicated, and the N-terminal glycan site is bracketed. The numbers in parentheses represent the number of clones with the
indicated V3 loop sequence per the total number sequenced. (B) Relative entry into U87.T4.CCRS5 cells (black bars) and U87.T4.CXCR4 cells
(white bars) of luciferase reporter viruses expressing the envelope of SHIV g ¢op3n (EnvP3N), SHIV g4y (EnvBR24N), and V3 loop recombinant
EnvP3N(V3). All data are the means of triplicates + standard errors of the means.

that is based on the assumption that the X4 virus is more immune system. In this regard, our findings of evolution and
susceptible to immune control (13, 29). The appearance of X4 emergence of neutralization-sensitive X4 variants in an RS
variants late in infection, therefore, is presumed to be the SHIV-infected macaque with undetectable antiviral antibody
consequence rather than the cause of the collapse of the host responses are of interest. Increased neutralization sensitivity of
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FIG. 7. Evolution of X4 variants in macaque BR24 as tracked by the presence of the signature V3 HR insertion sequence, using sequence-
specific PCR. + and — indicate presence and absence of the insertion.



VoL. 81, 2007

>

Viral RNA

(copies/ml plasma, —— )

10%
10
TR IRY
10" \

1 \

10°

R5-TO-X4 PHENOTYPIC SWITCH IN AN HIV/AIDS

CP93

CT43

ANIMAL MODEL

= 1400
1200
= 1000
- 800
- 600
= 400

= 200

( = ==) poojq 1S3 | ++d)

8631

=

% CD4+ T cells

10 r . r : Y S r 0
0 2 4 6 8 w0 2 6 8 10
Week post-infection
B Uninfected Control
60 270 Week 3
50
40
30
20
10 l
A
Ing| \IIer (l‘oll l.PI. Ing i Mes Col LPL

@

% change of naive cells from
pre-infection value ( =—— )

rid00 7
g
F1200 F
- 1000 2
F s 2
o =
=]
=l
=S
T
=200
1
[

0 2 4 6 8 1L

2 4 3 8 n

Week post-infection

FIG. 8. Virologic and immunologic measurements in SHIV g, n-infected RM. (A) Viral load and absolute CD4" T-cell counts. (B) Percent-
age of CD4™" T cells in various lymphoid compartments and the gut LPL after 3 weeks of infection. Baseline values generated from three uninfected
macaques are shown for reference. (C) Percent change of naive CD4* T cells as identified by the CD95'% CD28"€" phenotype in peripheral blood
of BR24. The baseline naive CD4" T-cell subset value for each macaque was set at 100%.

recently emerged CXCR4-using HIV-1 variants has also
been reported (4). This, together with data indicating similar
V3 sequence changes associated with CXCR4 usage in
SHIVRoun and the HIV-1 isolate Ams-32, raises the possibil-
ity that similar mechanistic pathways underlie phenotypic con-
version in some HIV-1-infected patients and macaques. We
suggest that adaptation to efficient usage of CXCR4 requires
conformational changes in the envelope glycoprotein, such as
the loss of the N-terminal V3 loop glycan (1, 27, 33), that may
render the virus more susceptible to antibody neutralization. In
the absence of such immune selection pressures in the rapid
progressor BR24, or in patients with end-stage disease, the X4
variants that evolved during the course of infection can now
emerge and subsequently dominate. Further studies on the
impact of amino acid changes in the V2, V3, and C4 regions of

SHIVggoun envelope gpl20 on virus entry, receptor usage
efficiency, and neutralization susceptibility should further our
understanding of the basis for the late appearance of X4 vi-
ruses.

Surprisingly, emergence of the X4 variant in macaque BR24
appears to follow rather than precede or coincide with the
onset of precipitous peripheral CD4" T-cell loss. Similar ob-
servations have also been made in HIV-1-infected infants and
adults (5, 32). It is conceivable that X4 viruses are present at
the time of accelerated CD4 " T-cell decline in macaque BR24
but are below the limit of detection or in anatomical sites, such
as the lymph nodes and thymus, that were not sampled. This
scenario supports the idea that X4 emergence is the cause of
the rapid loss of total CD4™ T cells. Alternatively, even though
circulating virus-specific antibody and the cytokine-producing
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CD8™" T-cell response is either absent or at low levels, the
presence of antiviral immunity at lymphoid and/or mucosal
tissue compartments early in infection cannot be excluded.
Thus, it is tempting to speculate that the onset of the rapid
drop in peripheral CD4™" T cells seen in macaque BR24 at 16
wpi is due to further impairment of the suppressive capacity of
the immune system as a consequence of sustained high-level
viral replication. The final collapse of the immune system re-
moves any selection pressures acting against X4 viruses, allow-
ing for their emergence at 20 wpi. This latter interpretation of
the observation is consistent with the notion that X4 appear-
ance is the result, rather than the cause of, immune failure.
Although we cannot formally exclude a contribution of target
cell availability to the phenotypic switch in BR24, we deem this
possibility less likely given that CCRS5-expressing cells were
also limiting in macaque CD80 at end-stage disease, but X4
virus failed to emerge in this seropositive animal. Target cell
availability has also been suggested not to be a driving force for
the R5-to-X4 switch in HIV-1-infected individuals (40).

In vitro, two amino acid residue changes in the V3 domain of
HIV-1 strain SF162 are sufficient to expand to CXCR4 usage
(8, 16, 21). The same two V3 mutations are seen for multiple
CXCR4-using variants selected either by target cell limitation
or CCRS inhibition, leading to the conclusion that SF162 has
a single pathway for acquiring CXCR4 use (21). We show here
that coreceptor switch of a SHIV molecular clone expressing
the SF162 envelope in RM requires amino acid residue
changes in the V3 loop that are different from those reported
in tissue culture systems. The need to escape evolving immune
selective pressures while at the same time maintaining viral
fitness and efficient coreceptor usage on diverse tissue cells of
the macaque host likely explains the differences in sequence
change required for adaptation of the SF162 envelope to func-
tion with CXCR4 in vivo and in vitro. Whether intermediates
between CCRS5 and CXCR4 use are involved in the R5-to-X4
evolutionary process in vivo, as well as the costs and benefits in
expanding or switching coreceptor usage on virus receptor
binding and replication fitness, merits further investigation.

The identification of an R5 SHIV that can switch to CXCR4
usage in infected RM through genetic adaptations similar to
those seen in humans holds promise in providing the experi-
mental tool critically needed to fully elucidate the mechanistic
basis for and obstacles to coreceptor switch in HIV-1 infection.
The coreceptor switch we observed was in an animal with rapid
disease progression, a clinical course that is rarely seen in
HIV-1-infected individuals (12, 25, 28, 30). Accordingly, it will
be important to demonstrate that coreceptor switch occurs in
additional SHIV gg;¢-p3n-infected macaques, especially in con-
ventional progressors. Nevertheless, the experimental system
can be employed to examine whether administration of anti-
bodies to CDS8 T cells or B cells that perturb the immune
system to artificially promote a rapid progressor condition, or
CCRS blockers (24) to alter target cell availability at or during
the course of SHIVgg, sp3n infection of RM, hastens the pro-
cess of X4 virus evolution and emergence, which inevitably
heralds an unfavorable clinical outcome.
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