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The increasing prevalence of human immunodeficiency virus type 1 (HIV-1) subtype C infection worldwide
calls for efforts to develop a relevant animal model for evaluating strategies against the transmission of the
virus. A chimeric simian/human immunodeficiency virus (SHIV), SHIVCHN19, was generated with a primary,
non-syncytium-inducing HIV-1 subtype C envelope from a Chinese strain in the background of SHIV33. Unlike
R5-tropic SHIV162, SHIVCHN19 was not found to replicate in rhesus CD41 T lymphocytes. SHIVCHN19 does,
however, replicate in CD41 T lymphocytes of pig-tailed macaques (Macaca nemestrina). The observed repli-
cation competence of SHIVCHN19 requires the full tat/rev genes and partial gp41 region derived from SHIV33.
To evaluate in vivo infectivity, SHIVCHN19 was intravenously inoculated, at first, into two pig-tailed and two
rhesus macaques. Although all four animals became infected, the virus replicated preferentially in pig-tailed
macaques with an earlier plasma viral peak and a faster seroconversion. To determine whether in vivo
adaptation would enhance the infectivity of SHIVCHN19, passages were carried out serially in three groups of
two pig-tailed macaques each, via intravenous blood-bone marrow transfusion. The passages greatly enhanced
the infectivity of the virus as shown by the increasingly elevated viral loads during acute infection in animals
with each passage. Moreover, the doubling time of plasma virus during acute infection became much shorter
in passage 4 (P4) animals (0.2 day) in comparison to P1 animals (1 to 2 days). P2 to P4 animals all became
seropositive around 2 to 3 weeks postinoculation and had a decline in CD4/CD8 T-cell ratio during the early
phase of infection. In P4 animals, a profound depletion of CD4 T cells in the lamina propria of the jejunum
was observed. Persistent plasma viremia has been found in most of the infected animals with sustained viral
loads ranging from 103 to 105 per ml up to 6 months postinfection. Serial passages did not change the viral
phenotype as confirmed by the persistence of the R5 tropism of SHIVCHN19 isolated from P4 animals. In
addition, the infectivity of SHIVCHN19 in rhesus peripheral blood mononuclear cells was also increased after
in vivo passages. Our data indicate that SHIVCHN19 has adapted well to grow in macaque cells. This established
R5-tropic SHIVCHN19/macaque model would be very useful for HIV-1 subtype C vaccine and pathogenesis studies.

Subtype C viruses have become the most prevalent human
immunodeficiency virus type 1 (HIV-1) genotype globally (49).
UNAIDS has estimated that there are now eight million sub-
type C infections worldwide, mainly in sub-Saharan Africa and
Asia. In these respective geographic areas, subtype C is more
common than any other subtype, and it now accounts for about
40% of all new HIV-1 infections in the world. In one recent
study in two cities in southern China, 22 of 23 infected patients
were found to carry subtype C viruses (Z. Chen, Y. Cao, L.
Zhang, and D. Ho, unpublished data). Despite mounting ef-
forts, it remains unclear why this subtype has gained domi-
nance so quickly and whether means can be developed to slow
down its spread. To address these questions effectively, a rel-
evant animal model to study HIV-1 subtype C would be very
useful.

One of the current animal models for AIDS research con-
sists of Asian macaques experimentally infected with simian
immunodeficiency virus (SIV) (13, 14). Indeed, several molec-
ular clones of SIV are pathogenic in vivo, causing a fatal
AIDS-like disease in macaques (25, 26). For this reason, the

model has been widely used to evaluate various vaccine strat-
egies and to study AIDS pathogenesis (4, 12, 14, 19, 29, 36, 39).
Nevertheless, because the env genes of SIV and HIV-1 show
significant sequence diversity (28), the SIV/macaque model is
of limited utility for in vivo analyses of the phenotypic and
immunological properties of HIV-1 envelope. Some groups
have attempted to adapt HIV-1 in macaques (2, 3, 6, 16).
These efforts, however, were largely unsuccessful. The value of
the macaque model has increased since the development of a
chimeric simian/human immunodeficiency virus (SHIV) (31,
34, 44).

Traditionally, SHIV is a chimeric lentivirus that uses patho-
genic SIVmac239 as a genetic background, except that its tat, rev,
and env genes are replaced by the corresponding regions of
HIV-1 (23, 32, 34, 44). Since SHIV retains the ability to infect
macaques, it provides a unique in vivo model for studying the
pathogenic properties of HIV-1 envelope and for examining
the efficacy of HIV-1 vaccines based on envelope glycopro-
teins. Several SHIV strains have been constructed, and their
pathogenicity in nonhuman primates has been evaluated. Most
current SHIV constructs utilize envelope genes derived from
HIV-1 subtype B strains, either from lab-adapted, syncytium-
inducing (SI), T-tropic viruses (HIV-1HXB2 and HIV-1NL43) or
from primary, non-syncytium-inducing (NSI), M-tropic (HIV-
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1162), SI T-tropic (HIV-133), and dual-tropic (HIV89.6 and
HIV-1DH12) isolates (23, 32, 34, 44). Since these chimeras
retain biological properties of corresponding parental HIV-1
env, they have been used to reveal envelope-determined dif-
ferences in the replication capacity of the SHIVs in vivo and in
the induction of various virus-specific immune responses.
These SHIV/macaque models have allowed researchers to ex-
plore the significance of HIV-1 env variation, as well as to
evaluate vaccines based on HIV-1 Env antigens. In addition to
SHIVs based on subtype B, one has been successfully devel-
oped for subtype E (27). However, there has been no SHIV for
subtype C.

In this study, approaches similar to those used for construct-
ing subtype B and E SHIVs were adopted to make a subtype C
envelope-based SHIV. We focused on primary, NSI HIV-1
subtype C viruses, as they have been demonstrated to use
CCR5 for entry (52). This subtype was selected because of its
emerging dominance in the epidemic, and the particular NSI,
R5-tropic phenotype was selected because it represents the
dominant type of HIV-1 strains transmitted sexually (54, 55).
Moreover, it has been demonstrated recently that R5-tropic
viruses cause distinct pathogenic effects in comparison to X4-
tropic ones (20, 50). Here, we report that a replication-com-
petent SHIVCHN19 was generated by using HIV-1 subtype C
envelope in the background of SHIV33. SHIVCHN19 was found
to be different from SHIV162 in that the new virus did not
infect rhesus peripheral blood mononuclear cells (PBMC) de-
spite CD81 T-cell depletion. The virus was, however, replica-
tion competent in CD41 T lymphocytes of pig-tailed ma-
caques. To test its in vivo growth capacity, SHIVCHN19 was
inoculated into two pig-tailed and two rhesus macaques. We
found that SHIVCHN19 replicated preferentially in pig-tailed
macaques. To determine whether in vivo adaptation would
enhance the infectivity of SHIVCHN19, serial passages were
carried out in three groups of two pig-tailed macaques each,
via intravenous blood-bone marrow transfusion. In comparison
to two passage 1 (P1) pig-tailed macaques, the passages were
successful as shown by (i) the increasingly elevated levels of
plasma viremia in animals from later passages, (ii) the short-
ened doubling time of plasma virus during acute infection with
each passage, (iii) faster seroconversion in P2 to P4 animals,
(iv) higher levels of sustained viral load in animals from later
passages, (v) the enhanced viral infectivity in rhesus PBMC,
and (vi) profound CD41 T-cell depletion in the jejunal lamina
propria of P4 animals. Importantly, the serial passages did not
change the viral phenotype as determined by the persistence of
the R5 tropism of SHIVCHN19 isolated from the two P4 ani-
mals. Our data indicate the establishment of the first R5-tropic
SHIV/macaque model for HIV-1 subtype C vaccine and patho-
genesis studies.

MATERIALS AND METHODS

Amplification of HIV-1 tat/rev/env using a nested PCR method. The specimens
for this experiment were PBMC derived from individuals naturally infected with
HIV-1 in Yunnan, China. These primary strains were subsequently classified as
subtype C viruses based on sequencing analysis of env gp120 and the p17 region
of gag (Z. Chen, Y. Cao, L. Zhang, and D. Ho, unpublished data). High-
molecular-weight genomic DNA from uncultured PBMC was extracted by using
a DNA/RNA extraction kit (United States Biochemical Corp., Cleveland, Ohio).
HIV-1 tat/rev/vpu/env fragments were amplified from genomic DNA by using
EXPAND high-fidelity DNA polymerase according to the manufacturer’s spec-
ifications (Boehringer Mannheim, Indianapolis, Ind.) in a 100-ml total volume
containing 0.5 to 1 mg of DNA; 10 mM Tris-HCl (pH 8.5); 50 mM KCl; 1.5 mM
MgCl2; 0.1% Triton X-100; 200 mM each dATP, dGTP, dCTP, and dTTP; 20
pmol of each primer; and 2.5 U of EXPAND high-fidelity DNA polymerase. The
first-round PCR consisted of an initial cycle of 95°C for 2 min, followed by 30
cycles of 95°C for 20 s, 45°C for 45 s, and 72°C for 5 min, using outer primer pair
YX1 (59-CAG AAT TGG GTG CCA GCA TAG C-39) and YX2 (59-AAT TAA
CCC TTC CAG TCC CCC C-39). The second-round PCR, using inner primer

pair VprEnd (59-TGCC GAATTC GC ATG CTA TAG A TAG AGA AGA
GCA AG-39) and EnvEnd (59-TGTT CTCGAG TT TAT TGC AAA GCT GCT
TCA AAG-39), consisted of another 30 cycles of 94°C for 20 s, 56°C for 45 s, and
72°C for 3.5 min. In the primer sequences, the introduced stop codons are
underlined and the restriction enzyme sites are italicized. For both rounds of
PCR, amplification was completed by incubation of the PCR mixture at 72°C for
9 min. Products from the second-round amplifications were run on a 1% agarose
gel, and positive bands were visualized by staining with ethidium bromide.

Genetic analysis and phenotypic characterization of the amplified HIV-1
genes. Full-length tat/rev/vpu/env amplicons were cloned into the expression
vector pcDNA-I/Amp (Invitrogen, Carlsbad, Calif.). The fragments were subse-
quently sequenced by using an automated DNA sequencer (ABI Prism 377). To
rule out possible intersubtype recombination, each full-length env gene was
subjected to phylogenetic analysis by a neighbor-joining method and a recombi-
nation identification program (HIV sequence database). Ultimately, nonrecom-
binant amplicons with full-length HIV-1 subtype C envelope were selected for
phenotypic characterization.

To test the expression and phenotypic characteristics of env genes, 293T cells
were transiently transfected with pcDNA-I/Amp-based vectors encoding differ-
ent HIV-1 Envs. After 24 h, the transfected cells (2 3 104) were mixed in 24-well
dishes preseeded with an equal number of GHOS.CD4 cells expressing either
CCR5 or CXCR4 or other coreceptors, including CCR1, CCR2b, CCR3, CCR4,
BOB, and Bonzo, respectively (10). After 12 h of cocultivation, the cultures were
photographed by phase-contrast microscopy to detect syncytium formation.
Functional env genes that were able to mediate the maximum R5-CD4-cell
fusion were subsequently chosen for SHIV construction.

Construction and characterization of SHIV subtype C strains. The strategy for
the construction of subtype C SHIV was similar to those utilized in generating
subtype B SHIVs (34). Since the 59-SIVmac239 genome in plasmid PVP-1 was not
changed, the reconstruction was concentrated on the 39-SHIV33 genome. The
genetic organization of each 39-SHIV construct is depicted in Fig. 1. As 39-
pCHN19-1 did not result in replication-competent virus, the 59-tat/rev and partial
vpu were replaced with the corresponding regions of 39-SHIV33 by an overlap-
ping PCR without disturbing the subtype C env gene from initiation codon ATG.
The 39-tat/rev of 39-SHIVCHN19 was replaced by the counterparts of 39-SHIV33 by
using restriction enzyme AvrII, which cuts at a site in the gp41 region shared by
both SHIV33 and HIV-1CHN19. Each construct was analyzed by restriction en-
zyme cutting and was further confirmed by DNA sequencing. In order to en-
hance the viral replication in vivo, the mutant vpu gene of SHIV33 was opened
by a PCR mutagenesis method to ensure vpu expression.

To generate replication-competent SHIV strains, linear 59-PVP-1 and 39-
chimeric constructs were cotransfected into 293T cells. After 48 h, 5 3 106

phytohemagglutinin (PHA)-activated human PBMC were infected for about 12 h
with the viral supernatants from transfected cells. Meanwhile, the rest of the
transfected 293T cells were subjected to the cell fusion assay to test the expres-
sion and correct phenotype of Env as described above. The growth of each SHIV
was assessed by monitoring the production of p27 antigen production in the
PMBC culture by using a commercial enzyme-linked immunosorbent assay kit
(Cellular Products, Inc., Buffalo, N.Y.). The SI capacity of the isolate was ex-
amined by cocultivation with MT-2 cells. The coreceptor usage of the chimeric
viruses was established by infection of various GHOS.CD41 cell lines engineered
to selectively express one of a panel of coreceptors as described above. In
addition, to test the infectivity of newly generated SHIV strains in monkey cells,
2 3 106 macaque CD41 T lymphocytes (CD81 T lymphocytes were depleted) or
PBMC were infected with a virus input equal to 100 50% tissue culture infective
doses (TCID50). The replication of SHIV in macaque cells was also monitored by
using the p27 assay.

Inoculation of Asian macaques with SHIVCHN19. The animals used in this
study included eight juvenile pig-tailed macaques and two juvenile rhesus ma-
caques. The animal protocol was reviewed and approved by the Institutional
Animal Care and Use Committee at the Tulane Regional Primate Research
Center, where the experimental animals were housed. The viral titer of
SHIVCHN19 was determined by infecting human PBMC. A dose equal to 3 3 104

TCID50 of cell-free viral supernatant and 2 3 108 autologous monkey PBMC,
which were preinfected with 3,000 TCID50 of SHIVCHN19 for 12 h, was infused
intravenously back into each of two pig-tailed macaques and two rhesus ma-
caques. For serial passages, 10 ml of whole blood and 5 ml of bone marrow
collected from each of the P1 pig-tailed macaques at 2 weeks postinoculation
(p.i.) were transfused intravenously into two naı̈ve pig-tailed macaques, which
served as P2 animals. Subsequent passages for P3 and P4 animals were carried
out in the same manner as for P2 animals.

SHIVCHN19 isolation. The isolation of SHIV strains from infected macaques
was performed according to a standard protocol (8, 34). Briefly, viruses were
isolated from infected macaques by cocultivating 106 of their PBMC with 2 3 106

donor PBMC, which were isolated from naı̈ve pig-tailed macaques. The donor
PBMC were isolated 3 days in advance by Ficoll-Hypaque density gradient
centrifugation and were stimulated with 6 mg of PHA (Sigma) per ml in RPMI
1640 medium supplemented with 10% fetal calf serum and 1% penicillin-strep-
tomycin. In some cases, the donor cells were washed with phosphate-buffered
saline containing 2% fetal calf serum, and CD81 T cells were depleted by binding
to anti-CD8 monoclonal antibody-coated magnetic beads according to manufac-
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turer’s instructions (Dynal, Oslo, Norway). The growth kinetics of SHIVCHN19
were monitored by measuring p27 production in the culture supernatants.

Western blot analysis. To monitor the seroconversion in SHIVCHN19-infected
animals, a homemade Western blot assay was used. Briefly, SHIVCHN19 was
propagated in large quantities by infecting CEMx174.Hu-CCR5 cells in vitro.
The production of SHIVCHN19 was measured by the p27 assay. At the peak level
of p27 production, viral supernatants were harvested, and virons were subse-
quently concentrated and purified by a sucrose gradient ultracentrifugation
method (9). The virions were suspended in a lysis buffer, and the viral proteins
were subsequently heat denatured and loaded into a sodium dodecyl sulfate–
12% polyacrylamide gel. The gel transfer and detection were otherwise standard
as described elsewhere (9). The plasma samples from SHIV-infected animals
were heat inactivated and diluted 1:100 before use. The results were further
confirmed by a commercially available HIV blot 2.2 kit (Genelabs Diagnostics,
Redwood City, Calif.).

Quantitation of SHIV RNA load and proviral load. The level of plasma
viremia was measured by an in-house real-time PCR method (21, 30). Briefly, to
measure the viral load of infected monkeys, plasma was separated from whole
blood collected in EDTA-containing tubes. Plasma samples were initially spun at
5,000 rpm in a Sorvall Microspin 24S centrifuge for 10 min to remove residual
cells. Plasma (500 ml) was ultracentrifuged at 17,000 rpm in a Heraeus Sepatech
17RS centrifuge for 60 min at 4°C. Supernatant was removed to leave ;140 ml
of plasma and a viral pellet. Viral RNA was extracted by using the QIAamp viral
RNA kit (QIAGEN, Inc., Valencia, Calif.). Reverse transcription (RT) of viral
RNA was then performed in 96-well plates. Each 30-ml reaction mixture con-
tained 10 ml of viral RNA; 13 Taqman Buffer A (Perkin-Elmer, Norwalk,
Conn.); 5 mM MgCl2; 2.5 mM random hexamers (Perkin-Elmer); 0.5 mM each
dATP, dCTP, dGTP, and dTTP; 20 U of RNasin (Promega, Madison, Wis.); and
20 U of Moloney murine leukemia virus reverse transcriptase (Superscript;
Gibco BRL, Gaithersburg, Md.). One round of RT (25°C for 15 min, 42°C for 40
min, and 75°C for 5 min) was performed. To quantify the copy number of viral
RNA, a molecular beacon was used in combination with real-time PCR. This
method of detection using molecular beacons and a fluorescence detector system
has been previously described (21, 30). PCR was carried out in an ABI 7700
PRISM spectrofluorometric thermal cycler (Applied Biosystems, Inc.) that mon-
itored changes in the fluorescence spectrum of each reaction tube, while simul-
taneously carrying out programmed temperature cycles.

For the quantification of proviral load in infected animals, the same real-time
PCR assay was used as described above. In this case, since the RT step was not
required, genomic DNA extracted from monkey PBMC served directly as the
PCR template. In order to accurately determine the number of input cells, the
copy number of chemokine receptor CCR5 was also measured by using a similar

assay (53). As each cell contains two copies of CCR5, the copy number of
proviral genomes can be normalized by the cell number.

FACS analysis. To quantify the absolute number of peripheral CD41 and
CD81 lymphocytes as well as CD4/CD8 ratios in SHIV-infected animals, Tru-
Count lymphocyte phenotyping of each cell population was performed on all
blood samples collected according to protocol. Briefly, 50 ml of whole blood
(prior to plasma separation and well mixed) was transferred to a TruCount tube
(Becton Dickinson, San Jose, Calif.). Then, 10 ml of leu-3a-PE anti-CD4 (Becton
Dickinson), 10 ml of leu-2a-PerCP anti-CD8 (Becton Dickinson), and 10 ml of
fluorescein isothiocyanate anti-CD3ε (Pharmingen, San Diego, Calif.) antibodies
were added, and the mixture was incubated at room temperature in the dark for
20 min. Then, 450 ml of 13 fluorescence-activated cell sorter (FACS) lysing
solution (Becton Dickinson) was added, and another incubation at room tem-
perature for 15 min was carried out to ensure the total lysis of red blood cells.
The sample was then subjected to FACS analysis by using a FACS Calibur flow
cytometer with Cellquest software (Becton Dickinson). Absolute CD41 and
CD81 T-lymphocyte counts in the blood sample were calculated according to
manufacturer’s instructions. To analyze T-lymphocyte populations from gut tis-
sues, the specimens were collected and processed immediately after jejunal
biopsy based on a previously published method (50, 51).

RESULTS
Sequence analysis of HIV-1 subtype C tat/rev/vpu/env frag-

ments. Before SHIV construction, the full-length tat/rev/vpu/
env fragments of HIV-1CHN19 were cloned into plasmid vector
pcDNA I/Amp and were subsequently sequenced. The se-
quence results revealed open reading frames for tat/rev/vpu/env
genes of HIV-1CHN19. No mutations were found to alter the
open reading frames which might cause frameshifts or prema-
ture stops. In comparison to vpu1 SHIV33, HIV-1CHN19 had 29
amino acid differences in Tat, 17 differences in Rev, and
13 differences in Vpu. To avoid recombinant env in SHIV
constructs, the gene was further analyzed phylogenetically as
described previously (9). The env gene from HIV-1CHN19 clus-
tered tightly within the subtype C subfamily by a neighbor-
joining method (Fig. 2). That it is not a recombinant env was
further confirmed by a recombination identification program

FIG. 1. Schematic representation of subtype C SHIV construction. The viral genome is constructed in two plasmids, 59-PVP-1 and 39-pCHN19. Since the structure
of plasmid PVP-1 was unchanged, the reconstruction was limited to the 39-SHIV33 genome. The 59-tat/rev and partial vpu were replaced with the corresponding regions
of 39-SHIV33 by an overlapping PCR without disrupting the subtype C env gene. The 39-tat/rev of 39-pCHN19 was replaced by the counterpart of 39-SHIV33 by using
restriction enzyme AvrII, which cuts at a site in the gp41 region shared by SHIV33 and HIV-1CHN19. In order to enhance the viral replication in vivo, the mutant vpu
gene of SHIV33 was opened by a PCR mutagenesis method to ensure vpu expression (vpu1).
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(HIV sequence database). Notably, viruses found in China and
India cluster closely on the phylogenetic tree without intermin-
gling with sequences obtained from other parts of the world. In
contrast, sequences from other countries, including Africa and
Brazil, are quite divergent from each other. This analysis indi-
cates that the subtype C viruses in China and India are closely
related. In addition, HIV-1CHN19 is still tightly related to the
most recent and dominant epidemic subtype C strains in
Southern China (Z. Chen, Y. Cao, L. Zhang, and D. Ho,
unpublished data). The limited genetic distance of HIV-
1CHN19 env from other Chinese C strains makes it a represen-
tative virus of the subtype C strains that are now prevalent in
Southern China.

Phenotypic characterization of HIV-1 subtype C env. The
tat/rev/vpu/env genes were directly amplified from PBMC of a
Chinese patient (CHN19) without any in vitro manipulation.
As the pcDNA I/Amp vector in which the tat/rev/vpu/env genes
of HIV-1CHN19 were cloned is an expression vector in mam-
malian cells, it enabled us to assess Env-mediated coreceptor
usage by a syncytium formation assay. Syncytium formation
was observed after 293T cells transfected with env expression
vectors were mixed with GHOS.CD4.Hu-CCR5 cells (data not
shown). In contrast, no syncytium formation was found using
GHOST.CD4 cells expressing a panel of coreceptors, including
CXCR4, CCR1, CCR2b, CCR3, CCR4, BOB, and Bonzo.
These data indicate that the functional env genes for SHIV
construction have an R5 tropism phenotype. This phenotype
was also confirmed by testing the env genes in a viral entry
assay using pseudotyped viruses as described before (11). The
observed pattern of CCR5 usage by HIV-1CHN19 env rein-
forces the conclusion that the parent HIV-1CHN19 must be a
primary NSI strain.

Construction of replication-competent SHIVCHN19. To gen-
erate a replication-competent virus, linear 59-PVP-1 was co-
transfected with various 39-chimeric constructs into 293T cells
(Fig. 1). Interestingly, p27 production, ranging from 10 to 40

ng/ml, was readily detected in the culture supernatants 48 h
posttransfection. Nevertheless, viral supernatants made from
39 constructs pCHN19-1, pCHN19-2, and pCHN19-3 did not
result in productive infection in PHA-stimulated human
PBMC even after CD81 T lymphocytes were depleted. In
contrast, viruses made of constructs pCHN19-4 and pCHN19-5
readily infect human PBMC. The experimental results were
consistent when 39 constructs were made of subtype C HIV-
193IN108 genes in parallel (data not shown). Therefore, our
findings with the subtype C SHIV construction do not reveal a
HIV-1CHN19 strain-specific phenomenon. The SHIVCHN19 de-
scribed in this paper was made from pCHN19-5, which is vpu1

(Fig. 3A).
To test the infectivity of SHIVCHN19 in macaque PBMC,

SHIVCHN19 was used to infect PBMC of multiple monkeys.
SHIVCHN19 replicated in CD41 T lymphocytes of pig-tailed
macaque origin but with delayed viral peaks in comparison to
control viruses SHIV162 and SIVmac239 (Fig. 3B). Replication,
however, was not observed in PBMC of multiple rhesus ma-
caques even when 1,000 TCID50 of SHIVCHN19 was used for
infection (data not shown). Since the proviral load was de-
tected in genomic DNA extracted from infected rhesus CD41

T lymphocytes by a nested PCR assay (data not shown), the
blockage of SHIVCHN19 is likely to occur after RT or integra-
tion of the viral genome. In contrast, both SHIV162 and
SIVmac239 replicated well in rhesus cells. To determine if the
blockage is a strain-specific phenomenon, we further tested
R5-tropic SHIV93IN108, a strain carrying a subtype C envelope
derived from HIV-193IN108 (Fig. 2). This test yielded similar
results: SHIV93IN108 infected pig-tailed CD41 T lymphocytes
but not the cells of rhesus macaque origin. Therefore, the
blockage might be directly related to HIV-1 subtype C enve-
lopes.

SHIVCHN19 replicates preferentially in pig-tailed macaques.
Speculating that the poor replication of SHIVCHN19 in rhesus
PBMC might not necessarily reflect in vivo susceptibility, we

FIG. 2. Phylogenetic analysis of full-length env genes of HIV-1CHN19 and HIV-1IN108. The reference sequences were obtained from the HIV sequence database in
GenBank (28). The tree was constructed by using full-length env nucleotide sequences by a neighbor-joining method as described previously (9). The branches are
additive, and they represent genetic distances between viruses. The solid scale bar indicates a genetic distance of 10%. The accession number of the HIV-1CHN19 env
gene is AF268277.
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sought to infect two rhesus monkeys and two pig-tailed mon-
keys with equal amounts of virus via intravenous infusion.
Longitudinal specimens of peripheral blood from each of the
four animals were collected and analyzed for plasma viremia
and for changes in CD4/CD8 counts. Eventually, all four ani-
mals became infected as shown by the occurrence of viremia
within 1 week p.i. (Fig. 4). Productive viral replication was
found in four macaques with 105 to 107 copies of viral RNA per
ml of plasma during the acute phase of infection. Viral load,
however, was about 10-fold higher in the plasma of two pig-
tailed macaques (;107 copies/ml) than in that of the rhesus
macaques (;105 to 106 copies/ml) during the period of viral
peak, indicating more productive SHIVCHN19 replication in
the former. This result was consistent with the finding that
PBMC from pig-tailed macaques were more susceptible to
SHIVCHN19 infection in vitro as described above. Moreover,
although rhesus peripheral CD41 T lymphocytes were not

supportive of SHIVCHN19 replication, the productive infection
of rhesus macaques by SHIVCHN19 suggests that the distribu-
tion of cells susceptible to viral infection might exist outside
peripheral blood in these animals. Viremia in four P1 animals
began to decline about 2 to 3 weeks p.i. The changes in the
absolute numbers of CD41 and CD81 T lymphocytes varied
among the animals (Fig. 4). An initial expansion of both CD41

and CD81 T lymphocytes was observed in three of four ani-
mals (AG11, T899, and T817) while viral loads peaked. The
seemingly parallel changes of CD41 and CD81 T-cell numbers
made the CD4/CD8 ratio relatively stable in T817 but slightly
decreased in T899 during the early phase of infection (Fig. 5).
Nevertheless, no significant CD41 T-cell loss was found in the
peripheral blood of these animals over time up to 6 months
postinfection. In addition, all four animals seroconverted p.i.
Anti-Gag, anti-gp120 and anti-gp41 antibodies were detected
in two pig-tailed macaques about 3 weeks p.i. (data not shown),

FIG. 3. The replication kinetics of SHIVCHN19 in human PBMC (A) and in CD41 T lymphocytes derived from a pig-tailed macaque (B). Human PBMC or macaque
CD41 T lymphocytes (2 3 106) were infected with a virus input of 100 TCID50. The replication of SHIV and SIV was monitored by using the p27 assay (Cellular
Products). The y axis represents the level of p27 production in the culture supernatants.

FIG. 4. The plasma viremia and the absolute CD41 and CD81 T-cell counts in four P1 animals p.i. Animals T899 and T817 (upper panel) are two P1 pig-tailed
macaques, whereas AG11 and AG36 (lower panel) are two P1 rhesus macaques. The primary y axis represents viral RNA copies per milliliter of plasma. The secondary
y axis indicates the absolute number of CD41 or CD81 T cells per microliter of whole blood.
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whereas similar levels of antibodies were not found in the
rhesus macaques until 6 weeks later. The higher viral load and
earlier seroconversion suggested that SHIVCHN19 replicated
preferentially in pig-tailed macaques. Nonetheless, a low level
of viremia lasted for about 2 months (more than 4 months in
AG11), and proviral DNA was still detected 6 months p.i. in all
four animals. The plasma viremia rebounded in T899 4 months
p.i. and remained at a relatively higher level (104).

Serial passages of SHIVCHN19 in macaques. To enhance the
infectivity of SHIVCHN19 in macaques, whole blood and bone
marrow from P1 pig-tailed macaques (T899 and T817) were
mixed and infused into naı̈ve pig-tailed macaques. Such in vivo
passaging was carried out successively twice more as described
elsewhere (7, 20, 43), using two animals with each passage. The
inclusion of bone marrow transfusion was based on an earlier
finding that some virulent viral strains might reside there (22).
Both P2 animals (T625 and T677) developed productive infec-
tion characterized by a burst of viral replication during the
initial 1 to 3 week period following the blood-bone marrow
transfusion (Fig. 6). In comparison to P1 macaques, T625 and
T677 had increased peak viral loads of ;108 copies of viral
RNA per ml of plasma. Further successive in vivo passages of
SHIVCHN19 significantly enhanced viral infectivity, as shown by
viral peaks between 108 and 109 copies of viral RNA per ml of
plasma in both P3 (T767 and V874) and P4 (T909 and T910)
macaques (Fig. 6). Likewise, the doubling times for plasma
virus shortened to about 0.2 to 0.5 days, which are substantially
faster than those in P1 animals (1 to 2 days), as calculated by
means previously described (46). Two P2 animals sustained
plasma viremia between 104 and 105 viral RNA copies per ml
of plasma for over 6 months. Three of the four P3 and P4
macaques (T767, T909, and T910) had similar levels of persis-
tent viremia. The viral RNA load in one P3 macaque (V874)
became undetectable 3 weeks p.i. and rebounded 2 weeks later
to a level between 103 and 104 copies per ml of plasma for
about 2 months, then diminished again.

Most P2 to P4 monkeys had a parallel drop in the absolute
numbers of CD41 and CD81 T lymphocytes while viral load
reached its peak (Fig. 6). These cell populations, however,
returned to near baseline values at 4 to 6 weeks p.i. As with P1
animals, there was a trend of a gradual drop in the CD4/CD8

ratio during the early phase of infection (Fig. 5). This drop was
seen to bounce back to near the normal level as the viral load
reached a steady state. All P2 to P4 animals became seropos-
itive 2 to 3 weeks posttransfusion (data not shown). The data
indicate that the higher levels of viremia in P2 to P4 animals
result from the adaptation of SHIVCHN19 in pig-tailed ma-
caques.

Unchanged phenotype and enhanced infectivity of SHIVCHN19

after serial passages. To further determine phenotypic
changes in SHIVCHN19 after in vivo passages, viruses were
isolated from two P4 animals by cocultivation with PBMC from
naı̈ve pig-tailed macaques. To determine the viral coreceptor
usage, the isolates were used to infect MAGI and MAGI-Rh-
CCR5 cell lines, both of which have high levels of endogenous
CXCR4 expression. We found that isolates from T909 and
T910 infected MAGI-Rh-CCR5 cells but not MAGI cells (Ta-
ble 1). Furthermore, the exclusive R5 usage of the viruses was
demonstrated with GHOS.CD4 cells expressing various specific
coreceptors, including CXCR4, CCR1, CCR2b, CCR3, CCR4,
CCR5, BOB, and Bonzo. The P4 viral isolates were able to
infect those cells expressing CCR5 but not ones expressing
other coreceptors (Table 1), a pattern similar to that of the
parental SHIVCHN19. These results suggest that, despite in vivo
adaptation, SHIVCHN19 has maintained CCR5 specificity with
no evidence of altered or expanded coreceptor utilization.

Given that the parental SHIVCHN19 could not infect rhesus
PBMC, it was interesting and important to determine whether
in vivo passages would change its viral replication capability in
rhesus cells. Indeed, a SHIV/rhesus macaque model would
be of greater practical use to researchers, since so many more
reagents are relevant only to this species. The viral isolate from
T910 was tested in parallel with three control viruses,
SHIVCHN19, SHIV162, and SIVmac239. Interestingly, with an
equal amount of virus input, the parental SHIVCHN19 still did
not infect rhesus PBMCs, whereas replication of the T910
isolate occurred with kinetics slightly higher than that of
SHIV162 (Fig. 7). Comparable results were obtained by using
PBMC derived from pig-tailed macaques (data not shown).
Therefore, our in vitro data provided further evidence that the
infectivity of SHIVCHN19 in macaque cells has been dramati-

FIG. 5. The changes in CD4/CD8 ratios over time in P1 to P4 pig-tailed macaques postinfection. Animals from the same passage are plotted in the same panel,
which include two P1 (T899 and T817, upper left), two P2 (T625 and T677, upper right), two P3 (T767 and V874, lower left), and two P4 (T909 and T910, lower right)
macaques.
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cally enhanced after serial passages of the virus in pig-tailed
macaques.

Since CD41 T-cell depletion in the lamina propria of the gut
has been described with SHIV162, we looked for a similar effect
in our P4 animals compared to two normal controls. As shown
in Fig. 8, no impact was found on the CD41 lymphocyte pop-
ulation in blood or lymph nodes. However, SHIVCHN19 infec-
tion induced profound CD41 T-cell depletion in the lamina
propria of the jejunum. Thus, this feature represents one
pathological consequence of SHIVCHN19 infection in vivo.

DISCUSSION

Subtype C has become the dominant HIV-1 genotype in the
world. After being initially identified in Africa, HIV-1 subtype
C was subsequently introduced into Asia, including India,
China, and many other countries (11, 18, 35, 38, 42, 45, 48, 49).
The rapid spread of this particular subtype in these heavily

populated regions has resulted in over five million infections in
Asia alone. Combination antiretroviral therapy has greatly re-
duced transmission and death rates in developed countries, but
this approach is far too expensive for less-developed nations to
afford. Apart from educational campaigns, basic scientific re-
search offers the most hope for finding solutions. Towards that
end, it is crucial that we develop an animal model to determine
alternative strategies in preventing HIV-1 transmission, partic-
ularly against the dominant genotype. In the present study, a
relevant SHIVCHN19/macaque model has been developed by
using an env gene of a HIV-1 subtype C strain derived from an
epidemic area in Yunnan, China. Since the majority of new
infections in the study area were caused by HIV-1 subtype C
strains and the viruses are genetically closely related, the ani-
mal model generated will directly benefit studies to test various
strategies (e.g., vaccines, topical microbicides, and entry inhib-
itors) to prevent the viral spread at an early stage of the
epidemic. It is known that most subtype C HIV-1 strains are

FIG. 6. The plasma viremia and the absolute CD41 and CD81 T-cell counts in P2 to P4 pig-tailed macaques p.i. Animals include two P2 (T625 and T677, upper
panel), two P3 (T767 and V874, middle panel), and two P4 (T909 and T910, lower panel) macaques. The primary y axis represents viral RNA copies per milliliter of
plasma. The secondary y axis indicates the absolute number of CD41 or CD81 T cells per microliter of whole blood.

TABLE 1. Comparison of coreceptor usage of four SHIV strains

Strain

Usage of coreceptor:

GHOS.Hu-CD4 Hela.Hu-CD4

CCR5 CXCR4 CCR1 CCR2b CCR3 CCR4 BOB Bonzo MAGI MAGI.CCR5

SHIVCHN19 1 2 2 2 2 2 2 2 2 1
SHIVCHN19P

a 1 2 2 2 2 2 2 2 2 1
SHIV162 1 2 2 2 2 2 2 2 2 1
SHIV33 2 1 2 2 2 2 2 2 1 1

a Isolated from P4 macaque T910.
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NSI and R5 tropic (1, 5, 17, 33, 37, 40, 41, 52). The latter
property confers, perhaps, an advantage in transmission of the
virus through the mucosal route (54, 55). Therefore, we chose
a virus with such a phenotype for our SHIVCHN19 construction
so that future vaccine and transmission studies would be more
relevant to the natural situation of HIV-1.

Using a traditional method, we sought to create a SHIV by
replacing tat/rev/env genes of SIVmac239 with the corresponding
regions of HIV-1 subtype C strains. Although this method has
been successfully used to establish multiple SHIV/macaque
models by using the genes of various HIV-1 subtype B strains
(31, 34), replication-competent subtype C SHIV strains were
not generated by the same technique. The basis for this obser-
vation remains to be determined. Possible explanations may be
related to the functional failure of tat or rev of subtype C
strains on SIV-responsive elements or to the less-efficient in-
teraction between subtype C gp41 and SIV matrix protein

during viral packaging (15). We tried to swap 59 or 39 halves of
tat/rev-encoding regions to minimize the loss of subtype C env
genes, but still no replication-competent subtype C SHIV
emerged. However, replication-competent subtype C SHIV
was obtained only when the full tat/rev, partial vpu, and gp41
C-terminal regions were derived from SHIV33 subtype B. The
resulting SHIVCHN19 is, therefore, a chimeric virus with genes
originated from HIV-1CHN19, SHIV33, and SIVmac239. This
finding is consistent with the strategy that was used to generate
a subtype E SHIV (27). Because SHIVCHN19 includes the
entire gp120 and partial gp41 of HIV-1CHN19, which comprises
the determinant regions for viral entry and phenotype, the new
SHIV will be very useful for studies involving primary HIV-1
subtype C envelopes.

The envelope of HIV-1 subtype C determines the replicative
capacity of SHIVCHN19 in macaque cells. Unlike R5-tropic
SHIV162, which grows readily in rhesus PBMC (20, 34), pro-
ductive replication was never achieved when SHIVCHN19 was
added to CD41 T lymphocytes derived from multiple rhesus
macaques. Nevertheless, besides growing in human PBMC,
SHIVCHN19 could infect CD41 T lymphocytes of pig-tailed
macaques. These in vitro results are in agreement with the
finding that SHIVCHN19 replicates preferentially in pig-tailed
macaques. Since SHIVCHN19 differs from SHIV162 only in env,
the failure of SHIVCHN19 to grow in rhesus cells is undoubt-
edly envelope mediated.

The infectivity of SHIVCHN19 was enhanced dramatically in
pig-tailed macaques after serial passages. Some previous stud-
ies tried to adapt HIV-1 directly into pig-tailed macaques. But
viral replication diminished promptly and markedly, even after
serial passages in pig-tailed macaques (3). In contrast,
SHIVCHN19 adapted nicely to pig-tailed macaques, as demon-
strated by several findings. First, the quantity of viral produc-
tion increased greatly with successive passages. In comparison
to P1 animals, the peak viral loads during acute infection
increased more than 1 log unit in P2 and 2 log units in P3 and
P4 animals. Moreover, five of six P2 to P4 animals maintained
relatively higher levels of viremia over time. Second, the speed
of viral replication was also greatly enhanced, as evidenced by
the shortened viral doubling time from P1 (1 to 2 days) to P4
(0.2 to 0.5 day) animals. Third, a variant of SHIVCHN19, iso-
lated from animal T910, was able to grow rapidly in vitro in
both rhesus and pig-tailed macaque PBMC, even without the
depletion of CD81 T cells, unlike the parental SHIVCHN19.
Therefore, these findings provide direct evidence that the in-
fectivity of SHIVCHN19 has been substantially enhanced by
serial adaptation in macaques. The precise molecular determi-
nants for the adaptation, however, remain to be determined.

Despite robust replication of SHIVCHN19 through in vivo
passages, no significant CD4 lymphopenia was found in the
blood of infected animals. One of the major concerns about
SHIV/macaque models is the pathogenicity of the virus in vivo.
Given that the absolute number of CD41 T cells in blood did
not drop significantly in our infected macaques, future studies
will need to examine tissue compartments in detail to address
the pathogenic effects mediated by our subtype C SHIV. Pre-
vious studies have demonstrated that, unlike pathogenic X4-
tropic and X4R5-tropic SHIV strains which induce severe
CD41 T-cell loss in the periphery (20, 24, 47), pathogenic
R5-tropic SIV or SHIV strains cause similar effects preferen-
tially in gut-associated lymph tissues (20, 50, 51). A preliminary
analysis has shown similar CD41 T-cell loss in two P4 ma-
caques (Fig. 8).

In conclusion, an R5-tropic subtype C SHIVCHN19/macaque
model has been established. This model will provide a unique

FIG. 7. Comparison of the replication kinetics of the viral isolate
(SHIVCHN19P) from P4 animal T910 to parental SHIVCHN19 in rhesus PBMC.
Rhesus PBMC (2 3 106) were infected with a virus input of 100 TCID50. The y
axis represents the level of p27 production in the culture supernatant.

FIG. 8. Comparison of percentage of CD41 cells among total CD31 T lym-
phocytes from different compartments. Four animals were tested, including two
P4 (T909 and T910) and two naı̈ve (AE15 and AV25) pig-tailed macaques. T
lymphocytes derived from three compartments, including blood, colonic lymph
node, and jejunal lamina propria, were assayed. The y axis represents the per-
centage of CD41 T lymphocytes. The number above each vertical bar indicates
the average percentage of two separate stainings of the same specimen. Speci-
mens from the two P4 animals were collected 2 weeks p.i.
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opportunity for studies related to HIV-1 subtype C vaccinology
and pathogenesis in the future.
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