JOURNAL OF VIROLOGY, Oct. 2011, p. 10617-10626
0022-538X/11/$12.00  doi:10.1128/JVI.05010-11

Vol. 85, No. 20

Copyright © 2011, American Society for Microbiology. All Rights Reserved.

Recombination-Mediated Changes in Coreceptor Usage Confer

an Augmented Pathogenic Phenotype in a Nonhuman
Primate Model of HIV-1-Induced AIDS"%

Yoshiaki Nishimura,' Masashi Shingai,1 Wendy R. Lee,! Reza Sadjadpour,1 Olivia K. Donau,!
Ronald Willey,' Jason M. Brenchley,' Ranjini Iyengar," Alicia Buckler-White,'
Tatsuhiko Igarashi,> and Malcolm A. Martin'*

Laboratory of Molecular Microbiology, National Institute of Allergy and Infectious Diseases, National Institutes of
Health, Bethesda, Maryland 20892, and Laboratory of Primate Models, Institute for Virus Research,
Kyoto University, 53 Shogoinkawaramachi, Sakyo-ku, Kyoto 606-8507, Japan®

Received 2 May 2011/Accepted 27 July 2011

Evolution of the env gene in transmitted RS-tropic human immunodeficiency virus type 1 (HIV-1) strains is
the most widely accepted mechanism driving coreceptor switching. In some infected individuals, however, a
shift in coreceptor utilization can occur as a result of the reemergence of a cotransmitted, but rapidly
controlled, X4 virus. The latter possibility was studied by dually infecting rhesus macaques with X4 and R5
chimeric simian simian/human immunodeficiency viruses (SHIVs) and monitoring the replication status of
each virus using specific primer pairs. In one of the infected monkeys, both SHIVs were potently suppressed
by week 12 postinoculation, but a burst of viremia at week 51 was accompanied by an unrelenting loss of total
CD4* T cells and the development of clinical disease. PCR analyses of plasma viral RNA indicated an env gene
segment containing the V3 region from the inoculated X4 SHIV had been transferred into the genetic
background of the input R5 SHIV by intergenomic recombination, creating an X4 virus with novel replicative,
serological, and pathogenic properties. These results indicate that the effects of retrovirus recombination in
vivo can be functionally profound and may even occur when one of the recombination participants is unde-

tectable in the circulation as cell-free virus.

Human immunodeficiency virus type 1 (HIV-1) infections of
humans and simian immunodeficiency virus (SIV) infections of
macaques are both initiated by the binding of virions to CD4
receptors present on the surface of target cells. In addition
to CD4, both primate lentiviruses require a second receptor
(or coreceptor) for successful cell entry (1). For HIV-1, the
chemokine receptors CCR5 and CXCR4 are the major core-
ceptors. In vivo, the predominant HIV-1 population detected
in the blood in recently infected individuals utilizes the CCR5
receptor (and are designated RS viruses) (51, 55, 60). In a large
fraction of individuals infected with HIV-1 subtypes B and D,
virus strains capable of using CXCR4 (X4 viruses) or both
CCRS and CXCR4 (R5/X4 viruses) have been recovered from
the plasma during the late phase of the chronic infection (6,
22). This shift has been termed “coreceptor switching” and is
frequently associated with a more rapid loss of CD4™ T cells
and an accelerated clinical course (6, 44).

Several mechanisms have been proposed to explain the
change in HIV-1 coreceptor utilization (40). Genetic evolution
of the env gene present in the transmitted RS virus, facilitated
by the error-prone nature of the HIV-1 reverse transcriptase, is
the most widely accepted explanation for coreceptor switching.
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This mechanism is consistent with the predominance of RS
HIV-1 strains during the asymptomatic phase of the infection,
as well as the resistance of individuals, homozygous for a 32-bp
deletion of the CCRS allele (ccr5-A32), to HIV infection (7,
50). Point mutations affecting the gp120 V3 loop that introduce
positively charged amino acids at positions 11, 24, and 25 have
been associated with the shifted utilization of the CXCR4
chemokine receptor, although changes in other regions of the
env gene may also contribute to this process (8, 11, 14, 21, 39,
43). A second mechanism to explain coreceptor switching pro-
poses that X4 and RS HIV-1 strains are both transmitted to
new recipients, but the X4 viruses are more readily controlled
and are not detected in the plasma during the asymptomatic
phase of the infection, remaining suppressed as long as the
immune system is functional (40, 53). As immune competence
wanes, the previously constrained X4 and/or dualtropic viruses
replicate more freely and begin targeting naive CD4" T lym-
phocytes for depletion.

Although pathogenic SIVs have been reported to use a
plethora of non-CXCR4 coreceptors in addition to CCRS (27),
they are predominantly R5-tropic in macaque cells, and core-
ceptor switching has rarely been reported (25, 33, 59). In con-
trast, there have been several reports of coreceptor switching
in rhesus monkeys infected with R5-tropic SHIVs (12, 13, 34,
42). However, in contrast to the delayed emergence of X4- or
R5/X4-tropic viruses in HIV-1-infected individuals, all of the
R5-SHIV-infected animals have been rapid progressors and
the coreceptor switch occurred within a few months of virus
inoculation (2).
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In this report, we have studied the reemergence mechanism
of coreceptor switching by dually infecting rhesus monkeys
with X4 and RS SHIVs. Envelope-specific primer pairs and
probes were used to individually monitor each virus strain in
vivo. In one of the inoculated animals, the replication of the
input X4 and R5 SHIVs, measured by levels of viral RNA in
the plasma, was suppressed to the limits of detection by week
12 postinoculation (p.i.). Nonetheless, this monkey experi-
enced a transient burst of virus production at week 25 and a
sustained surge of viremia after week 51 p.i., which was ac-
companied by a marked decline in the number of circulating
CD4" T lymphocytes and death from immunodeficiency at
week 100 p.i. In this normally progressing macaque, a recom-
bination event occurred between weeks 25 and 50, which trans-
ferred an env gene segment that included the V3 region from
the starting X4-tropic SHIV into the genetic background of the
input RS SHIV, and created a novel X4 virus with augmented
replicative and pathogenic properties. Single genome am-
plification (SGA) revealed additional recombination events
affecting two regions of gp41 and a 142-nucleotide (nt) seg-
ment encompassing fat, rev, and vpu gene sequences. In all
cases, the gene sequences were transferred unidirectionally
from the X4 SHIV input virus into the R5 SHIV genome.
Interestingly, high levels of neutralizing antibodies (NAbs) di-
rected against the starting X4-tropic SHIV contributed to its
durable suppression by week 10 p.i. In contrast, no NAbs were
detected against the starting R5-tropic SHIV or the novel
recombinant X4 SHIV that emerged after week 50 p.i., which
accelerated progression to AIDS.

MATERIALS AND METHODS

Virus and animal experiments. The construction and characterization of the
SHIVpu12gr clone 7 (SHIVpriar.cL7), SHIVpuizr-cLs, and SIV y,e030 molec-
ular clones and their use to generate virus stocks have been described previously
(18, 46, 52). The origin and preparation of the tissue culture-derived SHIV 5 pg 4o
have been previously reported (34). The 50% tissue culture infective doses
(TCIDsg) of SHIVyior.crg and SHIV \pgu, were determined by infecting
rhesus macaque peripheral blood mononuclear cells (PBMC) in quadruplicate
with serial 4-fold dilutions of the animal challenge stocks and then assaying for
the reverse transcription (RT) activities in the culture supernatants on day 14 for
RT activity (58). Rhesus macaques (Macaca mulatta) were maintained in accor-
dance with the guidelines of the Committee on the Care and Use of Laboratory
Animals (30) and were housed in a biosafety level 2 facility; biosafety level 3
practices were followed. Phlebotomies, intravenous virus inoculations, euthana-
sia, and tissue sample collections were performed as previously described (10).

Quantitation of plasma viral RNA and cell associated viral DNA levels. SIV
gag RNA levels in plasma or cell-associated viral DNA frequencies in PBMC
were determined by real-time RT-PCR (ABI Prism 7700 sequence detection
system; Applied Biosystems, Foster City, CA), respectively, as previously re-
ported (10). SIV-, SHIV 55, or SHIV pg-derived RNAs were separately mon-
itored in dually infected rhesus monkeys by using primer pairs and probes
specific for the env gene present in each virus, as shown in Table S1 in the
supplemental material.

Lymphocyte i phenotyping and intracellular cytokine assays. EDTA-
treated blood samples were stained for flow cytometric analysis as described
previously using combinations of the following fluorochrome-conjugated mono-
clonal antibodies (MAbs): CD3 (fluorescein isothiocyanate [FITC] or phyco-
erythrin [PE]), CD4 (PE, peridinin chlorophyll protein-Cy5.5 [PerCP-Cy5.5] or
allophycocyanin [APC]), CD8 (PerCP or APC), CD28 (FITC or PE), and CD95
(APC) (31, 32).

For intracellular cytokine assays, immune stimulation using STVmac239 Gag
peptides 15 amino acids in length was performed on frozen lymphocytes as
described previously (34, 38).

SGA of plasma virus RNA. SGA and direct sequencing were used to charac-
terize and quantitate circulating virus populations in macaque CE43 at various
times p.i., as previously described (48), with the following modifications. Plasma

J. VIROL.

viral RNA was extracted by using a QIAamp viral RNA minikit (Qiagen) and
then reverse transcribed using SuperScript IIT First-Strand Synthesis SuperMix
(Invitrogen). cDNA was serially diluted to identify a dilution at which PCR-
positive wells constituted <30% of the total number of reactions. After direct
sequencing, any sequence with mixed bases was excluded. First-round PCR
amplifications were performed using the following PCR parameters: 1 cycle of
94°C for 2 min; 40 cycles of a denaturing step of 94°C for 20 s, an annealing step
of 55°C for 30 s, and an extension step of 68°C for 1 or 2 min; followed by a final
extension of 68°C for 5 min. Second-round PCR amplifications were performed
with 2 pl from the first-round PCR products. The second-round PCR was
performed under the conditions used for the first-round PCR. The primer sets
used for the V3, gp41, and vpu regions are indicated in Table S1 in the supple-
mental material. Amplified gene segments were directly sequenced by using an
Applied Biosystems 3130XL genetic analyzer.

Construction of replication-competent viruses used in coreceptor utilization
assays. Full-length infectious molecular clones, containing the entire env genes
of SHIVs circulating in macaques DB3T and DB3N at week 2 p.i., were con-
structed by RT-PCR amplification of plasma viral RNA, as previously described
(34). The 3,040-bp amplified products, which included the entire env gene, were
cloned into the EcoRI and Sall (newly created) sites of pPSHIVADS. The two
replication-competent SHIVs clones obtained were designated SHIV 5 pg gs317
and SHIV 5pg Essne-

Coreceptor utilization assays in macaque PBMC. Rhesus monkey PBMC (10°
cells in 100 pl of RPMI 1640) were dispensed in triplicate in 96-well round-
bottom plates as previously described (17). CCR5 (AD101)- or CXCR4
(AMD3100)-specific inhibitors (8 pM) in 25 pl was added to each well, followed
by incubation for 1 h at 37°C. Test virus (multiplicity of infection = 0.01) in 75
wl was then spinoculated (36) onto the cells at 1,200 X g for 1 h at 37°C, and the
cultures were maintained for 14 days. One-half (100 wl) of the culture superna-
tant was replaced daily with fresh medium containing 1 pM coreceptor inhibitor
in 0.2% dimethyl sulfoxide (DMSO). Control cultures without inhibitors were
maintained with medium containing 0.2% DMSO. The daily supernatant sam-
ples collected were monitored for progeny virus production by 3P RT assay as
previously described (58).

Virus replication assay in rhesus monkey PBMC. The preparation and infec-
tion of rhesus monkey PBMC have been previously described (34). Briefly,
PBMC stimulated with concanavalin A and cultured in the presence of recom-
binant human interleukin-2 were spinoculated (1,200 X g for 1 h) (36) with virus
normalized for RT activity. Virus replication was assessed by an RT assay of the
culture supernatant as described above.

Virus neutralization assays. Virus neutralization assays were performed as
previously described (34). Briefly, plasma samples (1:20 dilution) from the mon-
key CE43 were incubated with virus in quadruplicate in 96-well flat-bottom
culture plates in a total volume of 50 pl for 1 h at 37°C. Prechallenge plasma
samples from each animal served as controls. Freshly trypsin-treated TZM-bl
cells were added, cultures were maintained for an additional 28 h, and intracel-
lular luciferase activity was measured as previously described (57). Any sample
resulting in a 50% reduction of luciferase activity compared to that obtained with
the uninfected control sample was considered positive for NAbs.

RESULTS

Emergence of a highly pathogenic virus in a macaque dually
inoculated with R5 and X4 SHIVs. Although it is currently
accepted that the slow evolution of R5-tropic HIV-1 env genes
is the major pathway driving coreceptor switching in chroni-
cally infected individuals, the reemergence of cotransmitted,
but durably suppressed, X4 viral strains has also been proposed
as an alternative mechanism (28, 40). To evaluate this second
mechanism, monkeys were dually infected with an attenuated
derivative of the X4-tropic SHIV 1, (SHIVphiok.crs [46])
and the recently described R5-tropic SHIV g4, (34). In some
of these inoculated macaques, this virus combination resulted
in the rapid and complete loss of both naive and memory
CD4™ T cells during the acute infection, a finding reminiscent
of the “CD4 crash” observed with the highly pathogenic X4
SHIVg ¢p and SHIV 545k (19, 41). To circumvent this prob-
lem, a low dose (75 TCIDs,) of SHIV 51y12r.c1..5 Was coinocu-
lated with the R5-tropic SHIV ,pg4, (7,500 TCIDs,) to mini-
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FIG. 1. Plasma viremia and CD4" T cell levels in a rhesus monkey
dually infected with X4- and R5-tropic SHIVs. Macaque CE43 was
inoculated intravenously with the X4-tropic SHIV 5y, and the RS-
tropic SHIV spg. Plasma viral RNA levels were measured using env
gene primer pairs specific for each SHIV or gag gene primer pairs able
to detect both viruses. The numbers of total circulating CD4" T cells
were determined during the 100 weeks of infection by flow cytometry.

mize the massive loss of naive and memory CD4™" T cells.
Three different primer pair sets were used to measure plasma
viral RNA in these infected monkeys: (i) an HIV-1 gp41 mem-
brane-spanning pair, specific for the R5 SHIV; (ii) an HIV-1
gp120 V5 pair, specific for the X4-tropic SHIV; and (iii) an
SIV gag gene pair for detecting both SHIVs.

One of the dually infected animals (CE43), which did not
experience the complete loss of CD4" T cells acutely, gener-
ated peak levels of R5 SHIV viremia on day 10 p.i. and peak
X4 SHIV viral RNA loads on 14 p.i. (Fig. 1). A composite viral
RNA profile was observed using the SIV gag gene primers.
Both SHIVs were rapidly and effectively controlled by week
10 p.i., as monitored with the env gene primer pairs, and at
week 15 the total viral RNA in the plasma was barely (200
RNA copies/ml) above the limits of detection (100 RNA cop-
ies/ml) using the gag primer pairs. At the conclusion of this
early phase of the infection, the numbers of circulating CD4™
T cells were similar to those measured at the time of virus
inoculation (Fig. 1).

After week 15, virus replication gradually increased and
peaked (10* RNA copies/ml) at week 27 p.i., using the gag gene
primers to monitor plasma viral RNA loads. This increase in
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plasma viremia was not detectable with env gene primer pairs
specific for either the X4-tropic or the R5-tropic SHIVs. A
second much larger and sustained burst of virus replication,
also only detectable with the gag primers, occurred after week
51 and peaked (2.2 X 10° RNA copies/ml) at week 59 p.i. The
resulting elevated levels of plasma viremia were accompanied
by a marked decline of naive CD4™" T lymphocytes (from 168
cells/pl at week 59 to 23 cells/ul at week 71 and 8 cells/pl at
week 75). This precipitous loss of naive CD4" T cells was
followed by a downhill clinical course characterized by pro-
tracted anorexia, severe diarrhea, and marked weight loss,
beginning at week 90 p.i., and required euthanasia of monkey
CE43 at week 100. Necropsy revealed the existence of Pneu-
mocystis carinii pneumonia; in addition, Entamoeba species
were visualized on direct fecal smear samples.

The sudden and sustained increase in plasma viremia after
week 51 p.i., coupled with the irreversible loss of naive CD4™
T lymphocytes and the onset of clinical disease, suggested that
a highly pathogenic virus population had emerged in macaque
CE43. Accordingly, 10 ml of blood collected at the time of
euthanasia was inoculated intravenously into two recipient an-
imals (DB3T and DB3N). High levels of peak viremia were
measurable in both of these monkeys between weeks 2 and
3 p.i. (Fig. 2). An extremely rapid and complete loss of naive
and memory CD4™" T lymphocytes occurred in macaque
DB3T, requiring euthanasia at week 22 because of intractable
diarrhea and marked weight loss. Animal DB3N also experi-
enced a massive depletion of its naive CD4" T cells (from
1,200 cells/ul at week 0 to 40 cells/pl at week 7) and yet was
able to control its set-point viremia to more modest levels and
to preserve its memory CD4" T cells. The rapid elimination of
naive CD4" T lymphocytes in these two recipients of blood
from macaque CE43 is similar to the results described previ-
ously for animals dually inoculated with high doses of X4-
tropic SHIVs.

A coreceptor switch mediated by intergenomic X4 and R5
SHIV recombination occurred in macaque CE43. The extraor-
dinarily rapid depletion of naive CD4" T lymphocytes in the
dually infected macaque CE43 and in two of its immediate
blood transfusion recipients suggested that a highly virulent X4
SHIV had emerged in animal CE43 even though the X4
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FIG. 2. The transfer of blood from macaque CE43 causes the rapid loss of naive CD4" T cells in two recipient animals. Portions (10 ml) of
blood, collected from macaque CE43 at the time of euthanasia, were transfused into macaques DB3T and DB3N, and the levels of plasma viremia

and CD4™ T cell subsets were determined.
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FIG. 3. Two populations of circulating SHIVs bearing distinctive V3 regions are present in the dually infected macaque CE43 at the time of
its euthanasia. SGA and direct sequencing of plasma samples collected at week 100 p.i. were used to generate amplicons containing the gp120 V3
region. The bracketed sequences include the V3 region derived from the starting X4-tropic SHIVy,. The gp120 amino acid sequences present
in the inoculated SHIV 5 g and SHIV 5y, are shown in the top and bottom lines, respectively. The ES3T7 and ES3N6 sequences were amplified
from the plasma of macaques DB3T and DB3N (see Fig. 2), respectively, at week 2 p.i. The opposing arrows indicate the location of the V3 loop.

SHIV 5 1or.c1.g it Was inoculated with was undetectable after
week 10 p.. (see Fig. 1). SGA was therefore used to charac-
terize the virus present in plasma at the time of euthanasia
(week 100 p.i.). As shown in Fig. 3, this analysis revealed the
existence of two SHIV populations bearing distinctive env
genes. One population, the product of X4 SHIV/RS SHIV
intergenomic recombination, carried a 220+-nt segment, which
included the entire 105-nt V3 region from the starting X4
SHIV 5y, that had been inserted into SHIV , g env gene. The
second population carried a V3 region similar to that present
in the original R5-tropic SHIV 5pg. At week 100 when ma-
caque CE43 was euthanized, 59% (16 of 27 amplicons) carried
a V3 region resembling that of the inoculated X4-tropic
SHIV 1, and 41% (11 of 27 amplicons) bore a V3 gene
segment similar to that present in the original R5-tropic SHIV.
In addition, two gene segments from the gp41 coding region of
the starting X4-tropic SHIV (Fig. 4, underlined DH12 [X4]-A
and DHI12 [X4]-B amino acid sequences) had been inserted
into analogous positions of the SHIV ¢ env genes of both
virus populations.

Coreceptor usage properties of the recombinant SHIVs that
emerged in macaque CE43. Not unexpectedly, RT-PCR, clon-
ing, and sequence analyses of plasma collected at week 2 p.i.
from the recipients (monkeys DB3N and DB3T) of the CE43
blood transfusion revealed the presence of nearly equal num-
bers of the two circulating recombinant SHIV populations
(data not shown). Full-length replication competent SHIV mo-
lecular clones were constructed, which contained an entire env

gene, amplified from the week 2 plasma samples collected
from macaque DB3T or macaque DB3N (designated ES3T7
and ES3NG6, respectively, in the gp120 V3 alignments pre-
sented in Fig. 3). The coreceptor utilization properties of the
resulting SHIVS (SHIV spg pssrr and SHIV 4 g pgsne) Were
assayed in a 14-day replication assay in the presence of CCRS
or CXCR4 small molecule inhibitors. As shown in Fig. 5,
replication of the RS5-tropic SIVmac239 and the X4-tropic
SHIV 5 yi2r.c1.7 controls was completely blocked by the
CCRS- and CXCR4-specific inhibitors, respectively, as previ-
ously reported (17). In this assay, the RS inhibitor suppressed
replication of SHIV 4 g gs317, Which carries a gp120 V3 region
similar to that present in the R5-tropic SHIVADS inoculum. In
contrast, the replication of SHIV ,pg s3ne Which contains a
gp120 V3 region similar to the input X4-tropic SHIVy1ok.cr s
was blocked by the X4 inhibitor. Taken together, these results
show that the recombination-mediated insertion of an X4
gp120 determinant into the genetic background to a CCRS-
utilizing env gene was sufficient to shift coreceptor utilization.

Timing of the X4/R5 SHIV intergenomic recombinations
during in vivo infection. SGA and direct sequencing were used
to characterize and quantitate circulating virus populations at
various times following the dual inoculation of macaque CE43
with X4-tropic and R5-tropic SHIVs. The results obtained are
summarized in Fig. 6. At week 31 p.i., a single circulating SHIV
species was identified in the burst of virus replication that was
undetectable by RT-PCR of the plasma samples, using either
of the two env-specific primer pairs (see Fig. 1). All of the



VoL. 85, 2011 RECOMBINATION ALTERS SHIV PATHOGENIC PHENOTYPE 10621
HR2 ™

597 ||| aemesssesessssssccssessssasasssessssssssssasas 0 sesessesesssesssessss 726
SHIVADS SGKLICTTAV PWNA! T LDMI' W IDNY TGLIYTLIEE SQNQQEKNEQ ELLELDKWAS LWNWFDITNW LWYIKIFIMI VGGLIGLRIV FTVLSIVNRV RQGYSPLSFQ THLPAPRGPD
€l ssteassess sedcEssses Seecssecss Sisdmssmee Sesus Nosos imesassonse s S N @ =ees M= cesdorssas Sosetaasny o B=iVaias cotemmesee -RS--S----
c2 -R8--8----
c3 -RS--8----
c4
c7
cs
c10
c11
c20
D21 N
D22 N
D23 N
D25 N
D26 N
D27 N
D28 N
D30 N
D32 N
D34
D35
D36
SHIVDH12 -==8 -

ADS (R5)

727 . -2 o .. TR s seesemmut LLP-1 _____854
SHIVADS RPEGIEEEGG DRDRDRSVRL VDGFLALFWD DLRSLCLFSY HRLRDLLLIV ARIVELLGRR GWEALKYWWN LLQYWSQELR NSAVSLLNAT AIAVAEGTDR VIEIVQRIYR AILHIPTRIR QGLERLLL
c1 A T-------- -R-L-R--R- -----=-ocK =--cccmcee —aun G----- IV--L--AG-

D35
D36
SHIVDH12

IV--L--AG-
IV--L--AG-

(3)

(2)
(2)

(2)

(4)

(3)

DH12 (X4) -A

AD8 (R5)

DH12 (X4) -B

FIG. 4. Two regions of the input X4 SHIV gp41 env gene region have been transferred by intergenomic recombination into the genetic
background of SHIV ,ps. SGA and direct sequencing of gp41 env sequences present in plasma viral RNA at week 100 p.i. are shown. The gp41
sequences in the input SHIV ,,g and SHIV,y,, are presented in the top and bottom lines, respectively. The heptad repeat 2 (HR2), transmem-
brane (TM), and lentivirus lytic peptide (LLP) regions are annotated at the top. The origin of the gp41 sequences are indicated at the bottom.

amplicons (18/18) generated at this time contained the two
gp41 segments from the starting X4 SHIV, embedded into the
R5-SHIV env gene, as previously seen in the week 100 plasma
sample (Fig. 3). The remainder of the original R5-tropic env
gene present in the week 31 SHIV remained essentially un-
changed from that present in the starting inoculum. Interest-
ingly, the recombination events involving the gp41 gene seg-
ment had eliminated the target sequences used to amplify the
starting R5-tropic SHIV, explaining our inability to detect this
virus with isolate-specific gp41 primer pairs after week 20 p.i.
All amplicons of the week 31 plasma virus also contained a
previously unrecognized 147-nt segment containing overlap-
ping tat, rev, and vpu gene sequences (Fig. 7) from the input
X4-tropic SHIV, which had been inserted into the genetic
background of the RS5-tropic SHIV (Fig. 6). No amplicons
representing the original X4-tropic SHIV env gene were de-
tectable in plasma at week 31 p.i. by SGA.

At week 64 p.i., SGA revealed the presence of two circulat-
ing viral populations (Fig. 6). One was indistinguishable from
the single circulating RS virus species identified at week 31.
The second virus population at week 64 p.i. (56% of the am-
plicons) carried the V3 region from the starting X4-tropic

SHIV embedded into the genetic background of the RS env
gene. A similar ratio of the two SHIV species persisted in the
plasma from week 64 to the time of euthanasia at week 100.
Taken together, these results suggested that the rapid loss of
CD4™ T cells accompanying the increased plasma virus loads
in macaque CE43 after week 51 was associated with recombi-
nation-mediated coreceptor switching that introduced novel
CXCR4 entry determinants into the circulating monophyletic
RS5-tropic virus.

The emergence of the X4 V3 recombinant SHIV at week
64 p.i. raised the possibility that the earlier tat, rev, or vpu gene
and gp41 recombinant virus might have been a necessary
intermediate because it conferred augmented replicative
properties that facilitated recombination. This was evalu-
ated by infecting rhesus monkey PBMC with the original
SHIV o g and recombinant SHIVs containing the fat, rev,
and vpu gene and gp41 inserts with (designated SHIV 5pg.
Es3Ne) or without (designated SHIV spg.pgars) the V3 se-
quences. As shown in Fig. 8, the SHIV carrying only the tat,
rev, and vpu gene plus gp41 inserts exhibited robust infectivity
in macaque PBMC compared to the original SHIV ,,g. The
addition of V3 sequences to this recombinant greatly acceler-
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FIG. 5. Coreceptor utilization by SHIVs containing recombinant env genes. The indicated viruses were spinoculated onto rhesus PBMC in the
presence of CCRS (AD101)- or CXCR4 (AMD3100)-specific inhibitors. Particle-associated reverse transcriptase activity released into the medium
during a 14-day infection was measured in the presence or absence (dashed lined) of inhibitor.

ated virus production in PBMC. Taken together, these results
suggest that the week 31 SHIV recombinant may be more fit in
vivo, than the input R5 SHIV. Thus the incorporation of the
tat, rev, and vpu gene plus gp41 sequences may have facilitated

SHIVADS -

the subsequent coinfection of CD4™ T cells and resulted in the
generation of the week 64 recombinant X4 SHIV.

X4 SHIV proviral DNA was detectable in PBMC but not as
cell-free virus in the blood of macaque CE43. The SGA anal-
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FIG. 6. Time line of recombination events occurring in macaque CE43 following the inoculation of X4 and R5 SHIVs. Sequences present in
the starting R5-tropic SHIV ,pg are indicated in white, and those from the X4-tropic SHIVyyy,, are indicated in red. The black rectangles denote
HIV-1 gp120 variable regions, and the yellow bar denotes the SIVmac239 nef gene. The locations of primer pairs and probe sequences used to
detect the R5 and X4 SHIVs are indicated by the pair of opposing arrows. The numbers in parentheses represent the percentage of each
recombinant at the indicated times, as determined by SGA. Note that the recombination-mediated insertion of gp41 sequences from SHIVDH12
into SHIVADS at week 31 eliminated sequences used for detecting the starting RS SHIVADS.
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yses reported above indicated that after week 20 p.i., the pre-
dominant viruses circulating in plasma were derivatives of the
starting RS SHIV into which segments of the original X4 SHIV
have been additively inserted. The absence of detectable X4
SHIV RNA in the plasma after week 10 prompted us to ex-
amine infected cells for the presence of the input X4 SHIV
provirus. Since lymph node specimens were not available, pre-
served PBMC were analyzed by real-time DNA PCR, using the
same primers and probe previously used in real-time RT-PCRs
for detection of the starting X4-tropic SHIV RNA in plasma.
As shown in Fig. 9, the cell-associated X4 SHIV DNA peaked
at 334 copies/10° PBMC at week 3 p.i. and then gradually
declined over the next 12 months. At week 27 p.i., just prior to
the emergence of the fat, rev, and vpu gene and gp41 recom-
binants, the frequency of cell-associated X4 SHIV DNA was 53
copies/10° PBMC. The detection of cell-associated X4 SHIV
proviral DNA in circulating PBMC suggested that low levels of
virus-infected CD4™" T cells were present in some body com-
partment of macaque CE43, most likely secondary lymphoid
tissues.

Immune responses directed against the starting and recom-
binant SHIVs in macaque CE43. Antiviral SIV Gag-specific
(present in both X4 and RS SHIVs) cytotoxic T lymphocyte
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FIG. 8. Replication of recombinant SHIVs in rhesus PBMC. Rhe-
sus monkey PBMC were infected with original SHIV g and recom-
binant SHIVs containing the fat, rev, or vpu gene and gp41 inserts with
(SHIV zpg_gs3ne) OF wWithout (SHIV ,pg gs317) the V3 sequences, nor-
malized for RT activity. Virus production was monitored by RT activ-
ity released into the medium.

responses were measured by flow cytometry by intracellular
staining for tumor necrosis factor alpha and or gamma inter-
feron at weeks 19, 35, and 43 p.i. The levels of anti-Gag specific
CD8™ T cells at these times were 0, 3.1, and 3.6%, respectively,
indicating that a strong antiviral cell-mediated response had
been elicited during the first year of the dual SHIV infection.

Antiviral NAbs directed against the starting X4 and RS
SHIVs were also assessed. A 1:20 dilution of plasma samples,
collected at different times throughout the 100-week infection
of macaque CE43, was used in the TZM-bl cell assay system to
determine the presence of neutralization activity against each
virus. As shown in Fig. 10, high levels of NAbs directed against
the starting X4-tropic SHIV;;,, were detected by week 8 and
peaked at week 14 p.i. This result is consistent with previous
reports from our laboratory, using a different virus neutraliza-
tion assay system, showing that X4 SHIV;;,, derivatives gen-
erate NAbs between weeks 4 and 10 p.i. (10, 20). A limiting
dilution assay indicated a 50% neutralization titer of 1:121
against the input X4 SHIV ;. at week 14 p.i. After week
45 pi., the levels of NAb activity against the starting
SHIV 511, measured at a 1:20 dilution of plasma, had de-
clined to near background levels (<30% neutralization).

We recently reported that NAbs directed against SHIV 4 g
became detectable after week 25 p.i. in some infected rhesus
monkeys, and the titers measured correlated with the levels of
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FIG. 9. Cell-associated X4 SHIV ;> DNA loads in PBMC. The
frequencies of PBMC-associated viral DNA in macaque CE43 were
determined over a 55-week period by quantitative real-time PCR using
the primers and probe specifically detecting the starting X4 SHIV py2
eny gene.
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FIG. 10. Neutralizing antibodies are directed against the input X4
SHIVDH12 but not against the recombinant X4 SHIV that emerged in
macaque CE43. Plasma samples (1:20 dilution) were collected from
dually infected animal CE43 at the indicated times, incubated with the
input X4 SHIVy,, the input SHIV g, or the recombinant X4
SHIVg3ne for 1 h at 37°C, and assayed for infectivity in TZM-bl cells.
Plasma viral RNA levels were determined by using gag gene primer
pairs and probes.

set point viremia (34). In general, anti-SHIV ,,3 NAbs were
not detected when plasma viral loads were lower than 10°
RNA copies/ml. As shown in Fig. 8, NAbs directed against the
starting RS SHIV , s were never detected during the 100-week
observation period, even when plasma viremia exceeded 10°
RNA copies/ml at week 59 p.i. The TZM-bl cell assay system
was also used to monitor any NAD activity directed against the
recombinant X4 SHIV, which emerged at week 51 p.i. As
represented by the reconstructed SHIV s s gs3ne Which exclu-
sively uses CXCR4 to enter rhesus PBMC, no NAbs were
detected during the entire course of infection in macaque
CEA43. These results suggest that both cell-mediated and hu-
moral immune responses potently and durably suppressed the
input X4 SHIV, which became undetectable by RT-PCR in
plasma after week 10 p.i. On the other hand, the late-emerging
recombinant X4 SHIV elicited no NAbs, due to either contin-
ued masking of envelope glycoprotein epitopes (derived pri-
marily from the original RS SHIV) or to irreversible damage to
the immune system accompanying the rapid depletion of
CD4™" T cells after week 70 p.i.

DISCUSSION

Coreceptor switching has rarely been reported during patho-
genic SIV infections of rhesus macaques, although a molecular
clone (SIVmac155/T3), carrying the env gene recovered from
the tissues of an infected monkey, has been constructed, which
uses CXCR4 in cell entry assays and causes the depletion of
naive CD4" T lymphocytes in inoculated rhesus macaques
(37). In contrast, coreceptor switching has been reported in
rhesus monkeys infected with RS SHIVs. Cheng-Mayer and
coworkers have described the emergence of dualtropic or X4-
tropic SHIVs in four rapid progressors following inoculations
of SHIVgg 4,p; derivatives (12, 13, 42). We previously re-
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ported that one of three RS SHIV g rapid progressors had
experienced coreceptor switching (34). In all of these animals,
coreceptor switching occurred within months of virus inocula-
tion rather than during the late symptomatic phase of infection
as reported for HIV-1.

The overwhelming evidence accumulated over more than 2
decades of HIV-1 natural history studies points to the evolu-
tion of a transmitted R5-tropic env gene, particularly its V3
loop, as the driving force for coreceptor switching in chroni-
cally infected individuals. Numerous reports have identified RS
HIV-1 strains, but not X4 viruses, in plasma following sero-
conversion or during the asymptomatic phase of the in vivo
infection. The X4 virus that emerges during the late stages of
the HIV-1 infection usually bears an env gene, which is genet-
ically related to the homologue present in the coexisting RS
strain except for changes in the V3 region. These results are
consistent with SGA analyses that have identified only one or
two transmitted virus species in plasma of recently HIV-1-
infected individuals, the vast majority of which were R5-tropic
(23, 47, 49).

It is still possible that the reemergence of cotransmitted
X4-tropic HIV-1 strains may contribute to coreceptor switch-
ing in some infected individuals. SGA analyses performed to
date have only evaluated virus strains circulating in the blood
during the acute infection and not in tissues such as the gut-
associated lymphoid tissues and draining lymph nodes, the
primary site of virus replication during the acute infection. A
recent clonal analysis of HIV-1 present in 150 recent serocon-
verters revealed that CXCR4 using viruses, validated in cell
entry assays, were present in seven individuals (15). Even if the
establishment of dual X4 and R5 HIV-1 infections occurs at
low frequencies in recently exposed individuals, the generation
of dualtropic/X4 strains by substitutional evolution of the input
RS virus can occur at anytime following virus acquisition. The
SHIV/macaque system described here could therefore also
model the intrapatient recombination between RS HIV-1 env
gene NAb escape variants and suppressed X4 HIV strains,
which emerged postacquisition. An X4 HIV-1 recombinant
arising from such an event might be able to change its neutral-
ization phenotype and target both naive and memory CD4* T
lymphocytes in vivo, thereby further compromising the im-
mune system. In this regard, several studies, published since
2005, have reported a high prevalence of circulating dualtropic
or X4-tropic viral strains (50% or greater) in heavily treatment
experienced HIV-1-infected patients (9, 16, 56) compared to
antiretroviral naive individuals (18 to 19%) (3, 29). In one of
these studies, 11 of 23 patients on highly active antiretroviral
therapy (HAART) for 5 years with undetectable levels of viral
RNA experienced a switch from R5 (at baseline) to X4-tropic
strains (9). It is currently unclear why HAART suppression of
HIV-1 replication unmasks preexisting CXCR4 utilizing virus
strains. Taken together, these studies suggest that previously
unrecognized X4 HIV-1 variants may be present throughout
the infection.

Our results demonstrate that the potential consequences of
recombination in vivo may be functionally profound. Retrovi-
rus recombination is predicated on the dual infection of a
single cell by two viruses, the copackaging of nonhomologous
genomic RNAs into progeny particles, and template switching
during subsequent rounds of reverse transcription. For HIV-1,
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recombination events have given rise to circulating recombi-
nant forms (45), augmented the spread of resistance to anti-
retroviral drugs (35), and accelerated disease progression (26).
Although we have described recombination between X4 and
R5 env gene segments in a single dually infected animal, sev-
eral studies have reported X4 and RS intrapatient recombina-
tion events in HIV-1-infected individuals (4, 24, 54). Moreover,
a recent study examining the genotype and coreceptor usage of
clones derived from sequential isolates from four patients ex-
periencing coreceptor switching determined that (i) 9% of
clones using the CXCR4 receptor arose by recombination and
(ii) a majority of breakpoints identified were located in the
gp120 C2 region and involved the transfer of the V3 region of
gp120 (28).

In the present study, the recombination events observed in
macaque CE43 were multistep and invariably unidirectional
(transfer of gene segments from the input X4 SHIV into the
genetic background of the starting R5-tropic SHIV). Based on
coreceptor usage, a plausible scenario to explain our results
would involve a SHIV coinfection of memory CD4" T lym-
phocytes, which, unlike the naive CD4 " subset, are susceptible
to both X4 and RS SHIVs. The transfers of fat, rev, or vpu and
gp41 gene segments from the X4 SHIV into the genetic back-
ground of the starting RS SHIV between weeks 15 and 31 p.i.
were the first recombination events identified (Fig. 6). Infec-
tivity analyses carried out in rhesus monkey PBMC demon-
strated that these early recombinations greatly improved the
replication capacity of the input R5 SHIV and was reflected by
a transient increase of set-point viremia during this phase of
the infection.

The subsequent transfer of the gp120 V3 region from the
X4-tropic SHIV parent to the monophyletic recombinant RS
SHIV circulating at week 50 p.i. greatly increased plasma
viremia and irreversibly altered the clinical course. This second
phase of recombination created a virus with two novel prop-
erties: (i) the capacity of infect both memory and naive CD4"
T lymphocytes and (ii) a neutralization-resistant X4-tropic
gp120. In contrast to the starting X4 SHIV, which possessed
neutralization epitopes mapping to the V1/V2 and V4 regions
of gp120 (5), the novel recombinant X4 SHIV that emerged
had acquired the neutralization resistant properties of the in-
put R5 SHIV (Fig. 10). The unidirectionality of the recombi-
nations described (X4 SHIV to R5 SHIV) were all stochastic
events, very likely driven by the prior in vivo passaging of the
X4-tropic SHIV 4, that optimized replication in macaques
(19), as well as the NAb sensitivities of the starting X4 and RS
SHIVs. The products of these recombinations (a nearly 50/
50% mixture of recombinant X4 and R5 SHIVs, each possess-
ing robust replication properties) were highly virulent, accel-
erating progression to AIDS in macaque CE43 and causing an
extraordinarily rapid depletion of CD4" T cells following in-
travenous transfer to two recipient animals.
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