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We have previously described the development of AIDS in a chimpanzee (C499) infected with human
immunodeficiency virus type 1 (HIV-1) and the subsequent pathogenic HIV-1 infection in another chimpanzee
(C455) transfused with blood from C499 (F. J. Novembre et al., J. Virol. 71:4086–4091, 1997). In the present
study, two virus isolates were derived from these animals: HIV-1JC from peripheral blood mononuclear cells
(PBMC) of C499, and HIV-1NC from plasma of C455. These virus isolates were used to generate two infectious
molecular clones, termed HIV-1JC16 and HIV-1NC7 (JC16 and NC7, respectively). Comparative analyses of the
sequences of the two clones showed that they were highly interrelated but distinct. Based on heteroduplex
mobility assays, JC16 and NC7 appear to represent dominant viruses in the uncloned stock population.
Compared with amino acid sequences of the parental viruses HIV-1SF2, HIV-1LAV-1b, and HIV-1NDK, JC16 and
NC7 showed a number of differences, including insertions, deletions, and point mutations spread throughout
the genome. However, insertion/deletion footprints in several genes of both JC16 and NC7 suggested that
recombination between SF2 and LAV-1b could have occurred, possibly contributing to the generation of a
pathogenic virus. Comparative in vitro analyses of the molecular clones and the uncloned stocks of HIV-1JC
and HIV-1NC revealed that these viruses had strikingly similar replicative abilities in mitogen-stimulated
PBMC and in macrophages. Compared to the SF2 and LAV-1b isolates of HIV-1, HIV-1JC and HIV-1NC isolates
were more similar to LAV-1b with respect to the ability to replicate in mitogen-stimulated PBMC and
macrophages. These viruses should prove to be useful in mapping determinants of pathogenesis.

Soon after the isolation of human immunodeficiency virus
type 1 (HIV-1) and its association with the development of
AIDS in humans (2, 5, 23, 28), attempts to develop relevant
animal models for use in pathogenesis, therapy, and vaccine
research were made. Among the first species of animals used
was the chimpanzee. Successful infection of chimpanzees with
various isolates was quickly described by several groups (14, 16,
22). Exposure of chimpanzees to HIV-1 resulted in infection,
as determined by repeated virus isolation from peripheral
blood mononuclear cells (PBMC) and the development of
antiviral antibody (16, 33). However, in contrast to human
infection, primary virus infection of chimpanzees seldom re-
sulted in plasma viremia (20, 32, 34), and no pathogenic effects
were observed (43). Thus, the use of chimpanzees was aban-
doned for pathogenesis research. Over the years, a number of
groups have used the HIV/chimpanzee system for testing of
potential AIDS vaccines (4, 18, 26, 27). These experiments
initially focused on recombinant methods of producing vac-
cines (7, 29) but recently have used more modern methods
such as DNA vaccines (4, 40). While these studies have shown
variable results including some level of protection, a lack of
disease development in these animals has raised questions on
appropriateness of this model system.

A number of hypotheses have been put forth to explain the
lack of disease development in chimpanzees. These include
lack of cytopathic effects of HIV-1 on chimpanzee CD41 cells
(6), inability of chimpanzee macrophages to sustain HIV-1

replication (33), lack of apoptosis of CD41 cells in chimpan-
zees infected with HIV-1 (13), and absence of cytotoxic T
lymphocytes which lyse uninfected CD41 cells (an autoim-
mune phenomenon) (45). The use of T-cell line-adapted
strains (and their derivatives) for most chimpanzee inocula-
tions has also led to speculations on the lack of pathogenicity
of cell line-adapted strains of HIV-1 for chimpanzees. Most
prominent in these reasons is the lack of cytopathic effect
observed in vitro with HIV-1 infection of chimpanzee PBMC.
Recently two groups have identified primary isolates of HIV-1
which replicate to high titers and induce syncytium formation
in chimpanzee PBMC (cPBMC) (25, 42). Both of these isolates
also replicate well in chimpanzee macrophages. The DH12
isolate of HIV-1 has been used to inoculate chimpanzees, but
development of disease has not been reported.

We previously reported on the first chimpanzee (C499) to
develop AIDS, 10 years after infection with HIV-1 (36). The
development of AIDS in C499 was associated with opportu-
nistic infection, high viral loads, CD41 cell decline, and the
presence of a cytopathic virus. Transfusion of blood from C499
to an uninfected chimpanzee resulted in high plasma viral
loads and persistent decline in CD41 cell count. Recently, Wei
and Fultz described the extensive diversification of env se-
quences present in C499 in samples obtained 22 months before
death (44). These data reveal that significant changes in several
regions of Env have occurred over the 91 years of infection in
this animal. The present study extends these observations by
reporting on the molecular cloning and complete nucleotide
sequence analysis of viruses derived from C499 (at the time of
AIDS disease) and C455 (at the time of acute infection). We
show that the viruses isolated from these animals have en-
hanced replication kinetics in cPBMC and that these viruses
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replicate well in chimpanzee macrophages. In addition, molec-
ular analyses suggest that these viruses may be recombinants
between two of the inoculating viruses, HIV-1SF2 and HIV-
1LAV-1b.

MATERIALS AND METHODS

Chimpanzees, virus isolates, and genomic DNA preparation. Chimpanzee
C499 and C455 have previously been described (15, 36). Various uninfected
chimpanzees were used for blood collection to provide cPBMC and macrophage
populations for in vitro sue. For blood collection, animals were anesthetized
intramuscularly with Telazol (4 mg/kg of body weight). A virus isolate from C499
(termed HIV-1JC) was generated by coculture of PBMC from this animal with
uninfected cPBMC. A virus isolate from C455 (termed HIV-1NC) was generated
by incubating plasma, obtained at 1 month postinfection, with uninfected
cPBMC. Both stocks of virus were the result of culture expansion, and all virus
stocks were prepared as cell-free virus. The LAV-1b strain of HIV-1 (17) was
grown in cPBMC. The SF2 strain of HIV-1 (31) was obtained from J. Levy
through the AIDS Research and Reference Reagent Program and was grown in
human PBMC. The DH12 isolate of HIV-1 (42) was obtained from M. Martin
and was grown in cPBMC. cPBMC infected with either HIV-1JC or HIV-1NC
were used for isolation of DNA by using a Puregene kit (Gentra Systems,
Minneapolis, Minn.) as directed by the manufacturer. The Yerkes Regional
Primate Research Center is fully accredited by Association for Assessment and
Accreditation of Laboratory Animal Care and all animals were housed in accor-
dance with Animal Welfare Act guidelines.

Long-range PCR and cloning of amplified genome fragments. The strategy
used for PCR amplification and primer location on the HIV-1 viral genome is
shown in Fig. 1. PCR primers MSF12 (59-AAA TCT CTA GCA GTG GCG CCC
GAA CAG-39, HIV-1LAV nucleotides [nt] 169 to 195) and MSR5 (59-GCA CTC
AAG GCA AGC TTT ATT GAG GCT-39, HIV-1LAV nt 9225 to 9198) (37) were
used to amplify a 9,056-bp product from PBMC genomic DNA prepared from
HIV-1JC-infected cells. PCR primers 527 (59-CAC ACA CAA GGC TAC TTC
CCT GAT TGG CAG A-39, HIV-1LAV nt 8735 to 8765) and 528 (59-CCA AGT
ATC CCC ATA AGT TTC ATA GAT AT-39, HIV-1LAV nt 5302 to 5274) were
used to amplify 59 long terminal repeat (LTR)-containing fragments (5,699 bp)
from the same DNA source. For the HIV-1NC viral genome, PCR primer pairs
527-528 and 529 (59-ATG GAA CAA GCC CCA GAA GAC CAA GGG CCA
CAG-39, HIV-1LAV nt 5141 to 5173)-530 (59-GGT CTG AGG GAT CTC TAG
TTA CCA GAG TCA C-39, HIV-1LAV nt 151 to 121) were used to generate the
59-half (5,699 bp) and 39-half (4,142 bp) PCR products, respectively, from HIV-
1NC genomic PBMC DNA. Primers were synthesized on an Applied Biosystems
392 DNA synthesizer. Briefly, PCR was performed by using reagents from an
Expand Long Template kit (Boehringer Mannheim, Indianapolis, Ind.) and 200
ng of DNA template according to the manufacturer’s instructions. After an
initial DNA denaturation at 94°C for 2 min, the PCR consisted of 10 cycles of
94°C for 15 s, 61°C for 30 s, and 68°C for 8 min, followed by 20 cycles of 94°C for
15 s, 61°C for 30 s, and 68°C for 8 min, with a 5-s addition to each extension. The
samples were incubated at 72°C for 30 min after the last cycle and then cooled
to 4°C. Results of PCRs were evaluated on 0.9% agarose gels. PCR products
representing the correct-size fragments were isolated from agarose, directly
cloned into plasmid, pCR II, and amplified in Escherichia coli (TA cloning kit;
Invitrogen Corp., San Diego, Calif.) according to the manufacturer’s protocol.
Single bacterial colonies containing plasmids with inserts of the correct size were
grown at 30°C overnight, and plasmid DNA was prepared by the alkaline lysis
method.

Construction of full-length molecular clones of HIV-1. The strategy for pre-
paring full-length molecular clones is illustrated in Fig. 1. Several restriction
enzymes were used to generate restriction maps for the positive clones. The ApaI
fragment (1,947 bp) from the 59-half PCR product was gel purified and sub-
cloned into the large fragment (7,675 bp) of pJC, using standard cloning proce-
dures (39), to generate plasmid pHIV-1JC16 (Fig. 1). A chimeric plasmid (pHIV-
1NCJC) was generated by subcloning the PCR-amplified 59 half of HIV-1NC into
pHIV-1JC16. For the HIV-1NC full-length clone, the NcoI-XhoI env-containing
fragment from the 39-half PCR product was gel purified and subcloned into the
NcoI-XhoI large fragment of plasmid pHIV-1NCJC containing the 59 half of
HIV-1NC. Multiple restriction enzymes were used for analysis of both viral DNAs
to confirm the full-length clones.

Transfection of CEMx174 and 293 cell lines. CEMx174 cells (5 3 106) in T-25
flasks were transfected with 2 mg of either pHIV-1JC16 or pHIV-1NC7 DNA in
transfection buffer (25 mM Tris-HCl [pH 7.5], 140 mM NaCl, 5 mM KCl, 0.7 mM
K2HPO43H2O) containing 4 ml of DEAE-dextran (60 mg/ml) for 20 min at room
temperature. Five milliliters of complete medium (RPMI 1640 supplemented
with 10% fetal bovine serum and 2 mM L-glutamine) was added to stop the
reaction, and the cells were centrifuged at 1,000 rpm for 10 min. The cells were
washed twice in 10 ml of complete medium and then resuspended in 10 ml of
complete medium, transferred to a T-25 flask, and incubated at 37°C (5% CO2).
The cells were checked daily for cytopathic effects (syncytium formation), and
aliquots of cultures were tested for the presence of reverse transcriptase (RT)
activity by using standard assay methods. For 293 cell lines, 2 3 105 cells in
six-well plates were transfected with 2 mg of viral DNA by using Lipofectin (Life

Technologies, Gaithersburg, Md.) or DOTAP (Boehringer Mannheim) accord-
ing to the manufacturer’s instructions. After 24 h, the transfected cells were
overlaid with uninfected cPBMC (2 3 106/well) previously stimulated with con-
canavalin A (ConA) for 4 days. After an additional 2-day incubation, the non-
adherent cell population (cPBMC) was transferred to a T-25 flask, and addi-
tional stimulated cPBMC were added for virus amplification. Culture
supernatants were assayed for RT activity, and the cells were observed daily for
development of syncytia. Cell-free stocks of molecularly cloned viruses were
prepared at peak RT activity, aliquoted, and stored under liquid nitrogen.

Replication kinetics in PBMC and monocyte-derived macrophages (MDM). A
total of 107 freshly isolated or ConA-stimulated PBMC from an HIV-1-negative
chimpanzee were infected overnight (at 37°C) with 20 ng of the indicated virus
(p24 antigen concentration). The cells were centrifuged at 1,000 rpm for 10 min,
resuspended in interleukin-2 (IL-2) medium (10 ml of RPMI 1640 containing
10% fetal bovine serum and IL-2), and incubated at 37°C. Samples of superna-
tants (1 ml) were harvested on days 3, 7, 10, 14, and 17 postinfection. IL-2
medium was added to the cultures following the sampling to maintain the
original volume. Supernatants were used in RT assays to determine the relative
amounts of virus produced. Assays were performed three times with PBMC
derived from different chimpanzees.

For replication in macrophages, cPBMC were resuspended in macrophage
medium (6 3 106 macrophages/well in RPMI 1640 containing 15% human serum
[AB1], 1% HEPES, 0.008 ng of granulocyte-macrophage colony-stimulating
factor per ml 0.03 ng of macrophage colony-stimulating factor per ml, and 1%
antibiotic-antimycotic solution [Sigma, St. Louis, Mo.]), seeded in a 24-well plate,
and incubated at 37°C for 4 h. The cells were mixed by pipetting up and down,
and then incubation was continued for 4 days. Nonadherent cells were removed
by gently washing the wells. Fresh medium (2 ml/well) was added, and the cells
were cultured for an additional 3 days to allow full macrophage differentiation.
Replicate cultures were tested for the presence of macrophages and T cells by
immunohistochemical staining (36) with the Ham56 antibody (macrophages) and
an anti-CD3 antibody (T cells). Cells in these cultures were determined to be
.99% macrophages. Infections were initiated by adding 10 ng of virus (p24) to
the cells in 500 ml of medium and adsorbed overnight. The inoculum was
removed, and the cells were washed twice before fresh macrophage medium (2
ml) was added. On days 7 and 14 postinfection, aliquots of 0.5 ml were taken for
determination of p24 antigen levels, using an HIV-1 p24 antigen capture enzyme-
linked immunosorbent assay (ELISA) kit (Coulter Corp., Miami, Fla.) according
to the manufacturer’s instructions. As with the PBMC replication studies, the
macrophage studies were performed three times with macrophages derived from
different chimpanzees.

Nucleotide sequencing and amino acid analyses. Primers for sequencing were
constructed from conserved regions of aligned sequences of HIV-1LAV and
HIV-1SF2 and were synthesized on an Applied Biosystems 392 DNA synthesizer.
The DNA sequence of each full-length cloned virus was determined by the
dideoxy-chain termination method, using the Sequenase system (Amersham Life
Science, Arlington Heights, Ill.) and [35S]dATP. Nucleotide and amino acid
sequence alignments were performed with the Intelligenetics (Beaverton, Oreg.)
suite of programs and the Lasergene program (DNAStar, Inc., Madison, Wis.).

HMA. An HMA kit (NIH AIDS Research and Reference Reagent Program)
based on the method described by Delwart et al. (9) was used. Briefly, equal
amounts (5 ml each) of second-round PCR products (V1-V2 and V3-V5) from
infected cPBMC genomic DNA were mixed with the reference PCR products to
obtain heteroduplexes. After addition of 1.1 ml of 103 annealing buffer (1 M
NaCl, 100 mM Tris [pH 7.8], 20 mM EDTA), the mixed DNAs were denatured
at 94°C for 2 min and then reannealed by rapid cooling in ice. Three microliters
of loading dye (25% Ficoll, 1% orange G) was added to the cooled DNA
mixture, and the samples were loaded onto a 5% polyacrylamide gel in 13 TBE
(88 mM Tris-borate, 89 mM boric acid, 2 mM EDTA) buffer and electropho-
resed at a constant voltage of 250 V for 2.5 h. The gels were stained with
ethidium bromide and visualized under UV light.

Nucleotide sequence accession numbers. The nucleotide sequences for HIV-
1JC16 and HIV-1NC7 reported in this paper have been submitted to GenBank and
assigned accession no. AF049494 and AF049495, respectively.

RESULTS

Virus isolates. As described previously, animal C499 was
initially infected with HIV-1SF2 in 1985 (15) and later inocu-
lated with HIV-1LAV-1b and HIV-1NDK in 1986 and 1987, re-
spectively. Superinfection with HIV-1LAV-1b (but not HIV-
1NDK) was demonstrated by restriction enzyme analysis of
PBMC genomic DNA (17). At the time of disease develop-
ment in C499, a virus isolate, termed HIV-1JC, was obtained by
coculture of C499 PBMC with normal cPBMC. At that time,
sequence analysis of the V1-V2 region of env suggested that
HIV-1JC was most closely related to HIV-1LAV (36). Also at
the time of disease development, blood from C499 was trans-
fused into an uninfected chimpanzee (C455), which resulted in
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a dramatic decline of CD41 cells by 2 weeks posttransfusion
(36). The depressed CD41 cell count has been maintained to
date in this animal (data not shown). One month posttransfu-
sion, 50 ml of plasma from C455 was used for in vitro infection
of normal chimpanzee PBMC, and the resultant virus was
designated HIV-1NC.

Generation and analysis of full-length molecular clones of
HIV-1JC and HIV-1NC. To perform a more thorough analysis

of the genetic makeup of the HIV-1JC and HIV-1NC, we con-
structed full-length molecular clones as described in Materials
and Methods and shown in Fig. 1. All clones lacked 55 nt at the
59 end (59 LTR and U3 region) and all of the U5 region in the
39 LTR (Fig. 1). Several clones (representing both HIV-1JC
and HIV-1NC) which appeared to be the correct size were
tested for biological activity by transfection of CEMx174 cells.
Supernatants from transfected cells were used in RT assays to

FIG. 1. The strategy used in PCR amplification of subgenomic fragments from HIV-1 and the locations and orientations of primers on the viral genome. All primers
were designed from the HIV-1LAV nucleotide sequence, and their coordinates are described in Materials and Methods. PCR-amplified fragments were cloned in TA
vectors, and the designations for the corresponding recombinant plasmids are shown in parentheses. The 59 LTR-containing ApaI fragment amplified from HIV-1JC
PBMC genomic DNA was subcloned in pJC to generate plasmid pHIV-1JC16, while the ApaI-NcoI fragment containing the 59 LTR region amplified from HIV-1NC
PBMC genomic DNA was subcloned in pHIV-1JC16 to generate chimeric plasmid pHIV-1NCJC. Plasmid pHIV-1NC7 was constructed by subcloning the env-containing
NcoI-XhoI fragment amplified from HIV-1NC genomic DNA to chimeric plasmid pHIV-1NCJC. All recombinant plasmids (pHIV-1JC16, pHIV-1NCJC, and pHIV-1NC7)
lacked 55 bp at the 59 end of the genome (U3 region) and all of U5 region in the 39 LTR region.
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monitor virus production. Two clones, one from each group
(HIV-1JC [JC16] and HIV-1NC [NC7]), were positive by RT
and also showed massive syncytium formation (2 to 3 days
posttransfection) similar to that observed with uncloned virus.
To prepare stock viruses for use in in vitro assays, 293 cells
were transfected with molecularly cloned DNAs followed by
amplification with cPBMC as outlined in Materials and Meth-
ods.

The complete nucleotide sequences of JC16 and NC7 were
determined as described in Materials and Methods. The ge-
nomes were determined to be 9,193 nt (JC16) and 9,196 nt
(NC7) in length and contained open reading frames for all
HIV-1-specific structural, regulatory, and accessory genes.
Alignment of JC16 and NC7 DNA sequences revealed that the
two genomes were very similar but contained a number of
nucleotide changes spread throughout the genome (data not
shown). The most divergent region between NC7 and JC16 was
the V5 region of the env gene. JC16 contained a 6-bp deletion
in the gag gene relative to NC7, while NC7 had a 3-bp deletion
in the env gene region relative to JC16. In the LTR region
there was 98.7% nucleotide identity between JC16 and NC7,
with all changes localized to the U5 region (Table 1).

Comparative analyses were then performed between JC16,
NC7, and the parental inoculating viruses, SF2, LAV, and
NDK (the LAV isolate was used for comparison because the
complete sequence of LAV-1b has not yet been determined).
Compared with the parental inoculating viruses, the LTR se-
quences of JC16 and NC7 had nucleotide identities of 92.1%
(LAV), 93.9% (SF2), and 89.1% (NDK)—lower than that ob-
served upon direct comparison of JC16 and NC7 (Table 1).
Most of the host-virus transcription binding factor sequences
(sites for AP-1, NF-AT, NF-kB, and Sp-1) and the TAR
CORE and the Lys-tRNA sites were conserved (or had single
point mutations) between the parental (SF2 and LAV
strains) and progeny viruses. However, there were three
point mutations unique to JC16 and NC7 at the NRF/NRE
binding site.

The deduced amino acid sequences for all proteins of HIV-
1JC and HIV-1NC were generated by using the Intelligenetics
suite of programs. Using the Lasergene program (DNAStar),
multiple alignments of all proteins were constructed to exam-
ine similarities between HIV-1NC, HIV-1JC and the parental
viruses (Table 1). Based on percent homology calculations,
Gag, Pol, Vif, Tat, Rev, Env, and Vpu of JC16 and NC7 were
most closely related to LAV, with Vpr and Nef being most
closely related to SF2. In no case was it apparent that the NDK
isolate was the origin of a protein sequence. While most
changes involved amino acid point mutations, several proteins
of JC16 and NC7 contained amino acid insertions or deletions
relative to the parental inoculating strains. A closer analysis of
amino acid alignments revealed that the percent homologies
could be misleading with regard to the origin of the protein.
For example, in Tat, JC16 and NC7 were more homologous to
LAV than to SF2 (based on percent homologies). However,
the JC16 and NC7 Tat proteins contained 15 amino acid de-
letions with respect to LAV, similar to that present in the SF2
isolate. Findings were similar for Gag and Pol.

Figure 2 shows amino acid alignments of Gag, Nef, and Env
constructed between JC16, NC7, and the inoculating viruses,
LAV, SF2, and NDK. There were seven (JC16 and LAV se-
quences) and five (NC7 sequence) amino acid deletions in the
matrix protein (p17) relative to SF2 isolate sequence. At the
C-terminal end of Gag polyprotein, the progeny viruses and
SF2 virus had 12 amino acid deletions in p6 protein relative to
the LAV virus sequence (Fig. 2a). However, the capsid (p24)
and nucleocapsid (p7) proteins, including the cysteine residues

within the zinc finger domains, were generally well conserved.
Point mutations unique to JC16 and NC7 were present in p17,
p24, p7, and p6 peptides. The Lck binding domain (proline-
rich region) within Nef was well conserved, with only one point

TABLE 1. Comparison of chimpanzee HIV-1 isolates with
inoculating viruses

Comparison
HIV-1JC16 vs: Mutations unique to

JC and NCa
LAI SF2 NDK NC7

Pol
% Identityb 96.6 94.8 94.0 98.8
Insertions 12 0 0 0 0
Deletions 0 0 1 0 0
Point mutations 30 51 56 11 23

Gag
% Identity 94.2 92.2 88.8 97.4
Insertions 12 5 1 2 0
Deletions 0 3 81 0 2
Point mutations 25 33 42 9 20

Vif
% Identity 92.2 86.0 86.5 96.9
Insertions 0 0 0 0 0
Deletions 0 0 0 0 0
Point mutations 14 26 25 5 10

Vpr
% Identity 88.7 96.9 89.7 96.6
Insertions 0 0 0 0 0
Deletions 1 0 1 0 0
Point mutations 7 2 6 2 0

Tat
% Identity 88.4 82.5 74.4 97.0
Insertions 0 1 0 0 0
Deletions 15 0 15 0 0
Point mutations 10 18 22 3 4

Nef
% Identity 87.4 89.4 78.7 99.0
Insertions 0 4 1 0 0
Deletions 0 0 0 0 0
Point mutations 25 18 40 1 8

Rev
% Identity 84.5 82.9 75.2 96.6
Insertions 1 1 1 0 0
Deletions 1 0 0 0 0
Point mutations 18 19 28 4 11

Env
% Identity 81.9 76.1 71.4 97.6
Insertions 9 9 11 0 0
Deletions 7 13 24 1 2
Point mutations 138 173 203 17 78

Vpu
% Identity 79.3 63.9 67.1 98.8
Insertions 0 0 0 0 0
Deletions 1 1 1 0 0
Point mutations 13 24 24 0 10

LTR
% Identity 92.1 93.9 89.1 98.7
Insertions 1 3 1 0 0
Deletions 1 3 1 0 1
Point mutations 48 29 52 10 14

a Amino acids or nucleotides not observed in parental viruses.
b Amino acid identity for proteins; nucleotide identity for LTR.

VOL. 72, 1998 MOLECULAR CLONING OF PATHOGENIC CHIMPANZEE HIV-1 8979



FIG. 2. Alignment of proteins of HIV-1 isolates. The deduced amino acid sequences for the Gag (a), Nef (b), and Env proteins of HIV-1 were determined by using
the Intelligenetics suite of programs, and the CLUSTAL method (DNAStar) was used for the alignment of proteins. Dashes denote amino acid deletion, while dots
denote amino acid identity. Numbers at the right show the position of the right-most amino acid in each line. The functional domains on Gag (a) and Nef (b) are
indicated. MBD (a) refers to membrane binding domain, while MTD (b) refers to membrane-targeting domain. The hypervariable regions in the Env glycoprotein (c)
are shown as V1 to V5, and the CD4 binding domain is shown above the sequence. The GPGRA and GYGRS pentapeptides in the V3 region of Env are boxed. gp120
(SU) is the outer surface membrane Env glycoprotein, while gp41 (TM) is the transmembrane Env glycoprotein.
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mutation in LAV (Fig. 2b). However, there were four amino
acid insertions in the SF2 sequence relative to the other viruses
at the N-terminal portion of Nef. Sequence analysis of eight
other noninfectious clones (four from JC and four from NC)
confirmed observations made for the Gag and Nef deletions,
suggesting that these characteristics are a general property of
the viruses obtained from C499 and C455 (data not shown).

The vast majority of point mutations, deletions, and inser-
tions in these clones, relative to the parental viruses, were
found in the Env glycoprotein region (Fig. 2c; Table 1). Align-
ment of the Env proteins revealed that all of the cysteine
residues resident in the protein were conserved between the
viruses (Fig. 2c). There were a total of 30 predicted N-linked
glycosylation sequences (Asn-X-Thr or Asn-X-Ser) for the pa-
rental strains, compared to 27 (NC7) and 29 (JC16) for the
progeny viruses. Most of the glycosylation sites reside in the
SU (surface) portion of Env, with HIV-1SF2 containing the
highest number and HIV-1 isolate NC the least (25 for SF2, 24
for LAV and JC, and 23 for NC). Glycosylation of glycopro-
teins has been shown to influence the immune response toward
virus infection (1). As expected, the gp120 (SU) glycoprotein
contained the highest number of mutations. The V1-V2, V3,

V4, and V5 hypervariable regions contained 10, 8, 8, and 3
point mutations, respectively, specific to JC16 and NC7. The
V1-V2 region of JC16 and NC7 also contained insertions rel-
ative to the other viruses, resulting in amino acid lengths of 72
(progeny viruses), 69 (LAV), 70 (SF2), and 61 (NDK). There
were multiple amino acid deletions in the V4 regions and
single amino acid insertions in V5 regions of JC16 and NC7
relative to the parental strains. Both the CD4 binding domain
and the proteolytic cleavage site (REKR) at the SU/TM (trans-
membrane) junction were perfectly conserved.

V3 was the most interesting of the hypervariable regions.
While the parental strains contained only 9 basic amino acids
(Arg, Lys, and His positively charged residues), HIV-1 isolates
JC16 and NC7 had 12 basic and 2 negatively charged residues
(Asp and Glu) (Fig. 3). This gave the progeny viruses a net
positive charge of 10 in the entire V3 region and an overall
positive charge of 11 (LAV) or 12 (SF2) compared to the
parental strains. Eight of the ten resultant positive charges for
isolates JC and NC are located between residues 10 and 27 of
V3 (Fig. 3), compared with five of nine (LAV) and four of nine
(SF2) in the same region. At least within this region, JC and
NC isolates seem to have relatively high net positive charges of

FIG. 2—Continued.
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4 (relative to SF2) and 3 (relative to LAV). Other researchers
have shown that changes in basic amino acids in the middle
portion of V3 loop (residues 10 to 27 in Fig. 3) can alter the
syncytium-inducing properties and phenotype of the virus (3,
11, 37).

Replication kinetics in PBMC. To begin an analysis of the
biological activities of the cloned and uncloned viruses derived
from C499 and C455, we conducted in vitro replication studies.
The results of replication studies in mitogen-stimulated
cPBMC are shown in Fig. 4a to c. Two of the three viruses used
for inoculation of C499, SF2 and LAV-1b, were able to repli-
cate in stimulated cPBMC, albeit with different kinetics (Fig.
4a). The SF2 isolate grew very slowly and to low titers in
cPBMC. In contrast, the LAV-1b isolate grew very well and
rapidly, with a high titer already present by day 7 postinfection.

The SF2 isolate was unable to induce detectable syncytium
formation in cPBMC. Under these conditions, the LAV-1b
isolate induced very few syncytia. Included in these analyses
was the DH12 isolate of HIV-1 (42). This primary isolate from
a human has been shown to be highly cytopathic for cPBMC.
While this virus quickly established infection in the stimulated
cell population, it did not grow to high titers. Numerous syn-
cytia were formed by infection with DH12 and could account
for the lack of growth observed. The uncloned and cloned
viruses of JC (Fig. 4b) and NC (Fig. 4c) replicated to levels
comparable to those of LAV-1b for the same period of time.
The rates of replication for cloned and uncloned viruses were
indistinguishable.

The ability of HIV-1 virus isolates to replicate in unstimu-
lated cPBMC was evaluated in a similar manner. Results of

FIG. 2—Continued.

FIG. 3. Alignment of the V3 regions of HIV-1 isolates JC16, NC7, LAV, SF2, and NDK. Dots denote identity, while dashes denote deletions. The region most
sensitive to changes in basic amino acids is between residues 10 and 27 (36). The GYGRS and GPGRA pentapeptides are boxed.
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this assay (Fig. 4d to f) showed that only the NC (cloned and
uncloned) and the LAV-1b isolates of HIV-1 were capable of
significant replication in unstimulated cPBMC. Peak titers of
these viruses in unstimulated cells were less than 10% of those
observed in stimulated cPBMC. Additionally, virus production
in unstimulated cells was much slower than that observed in
stimulated cPBMC. Interestingly, JC (cloned and uncloned)
isolates of HIV-1 failed to replicate in cPBMC, which suggests
an inherent biological difference between the JC and NC vi-
ruses. The DH12 isolate was able to replicate in unstimulated
cells, but to levels much lower than those of the other viruses.
The SF2 isolate was unable to replicate in unstimulated
PBMC. In general, virus recovered from the molecular clones
displayed the intrinsic replicative properties exhibited by the
viruses from which they were derived.

Macrophage tropism of viruses. The ability of HIV-1 iso-
lates to replicate well in chimpanzee macrophages has been
controversial and the source of some hypotheses concerning
the lack of HIV-1 pathogenicity in chimpanzees. To investigate
the abilities of these viruses and their respective clones to
replicate in macrophages, we conducted in vitro assays using
purified chimpanzee MDM. Figure 5 shows virus production in
macrophages at 7 and 14 days postinfection. Both JC and NC

virus isolates (cloned and uncloned) replicated in MDM, as
determined by ELISA analysis of the levels of p24 antigen
produced. However, the amount of virus produced by the HIV-
1JC16 molecular clone at 14 days postinfection was twice that
produced by the HIV-1JC uncloned stock. The titers for cloned
and uncloned HIV-1NC isolates were comparable for the same
period of time. Among the viruses that were tropic for MDM,
HIV-1JC (uncloned) produced the least amount of virus. HIV-
1LAV-1b and HIV-1DH12 also infected MDM and produced
virus, which is consistent with previous observations of Gen-
delman et al. (24) and Shibata et al. (42), respectively. Unlike
HIV-1LAV-1b, the other parental virus, HIV-1SF2, did not rep-
licate in MDM.

Heterogeneity of HIV-1 in PBMC of chimpanzees with
AIDS. Finally, because the in vitro biologic activities of the
cloned viruses were so similar to those of the uncloned stocks,
we examined whether these viruses represented major species
in the viral mix. Genomic DNA was isolated, and nested PCR
was used to amplify the V1-V2 and V3-V5 regions, the hyper-
variable regions of the HIV-1 env gene with which most viral
heterogeneity has been associated. Equal amounts of PCR
products were mixed, heat denatured, and then reannealed
with analogous fragments derived from standards (SF162 sub-

FIG. 4. Replication of cloned and uncloned HIV-1 isolates in ConA-stimulated and unstimulated cPBMC. Stimulated cPBMC infected with LAV-1b and SF2
parental HIV-1 strains and the highly cytopathic DH12 isolate (A), JC (uncloned) and JC16 (cloned) isolates of HIV-1 (B), and NC (uncloned) and NC7 (cloned)
isolates of HIV (C). Unstimulated cPBMC were infected with LAV-1b, SF2, and DH12 (D), JC and JC16 (E), and NC and NC7 (F). Chimpanzee PBMC (107) in T-25
flasks were infected with 20 ng of either HIV-1JC16 (molecular clone), HIV-1JC (uncloned), HIV-1NC7 (molecular clone), HIV-1NC (uncloned), HIV-1SF2, HIV-1LAV-1b,
or HIV-1DH12 and incubated for a total of 17 days at 37°C. Supernatant aliquots were made on 3, 7, 10, 14, and 17 days postinfection. RT assays were performed as
outlined in Materials and Methods. Data shown are representative of three separate experiments yielding similar results.
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type B3 and ZM18 subtype C2) or from JC16 and NC7 mo-
lecular clones. Electrophoresis of these fragments on nonde-
naturing polyacrylamide gels revealed differences in migration
rates, with homoduplexes moving faster in the gel than hetero-
duplexes. Homoduplexes based on genomic DNA (HIV-1JC or
HIV-1NC) resulted in homoduplex (lower) and heteroduplex
(upper) bands that had comparable intensities and were close
together (Fig. 6, lanes 3 [HIV-1JC] and 8 [HIV-1NC]). The
HIV-1JC/HIV-1JC16 (but not HIV-1NC/HIV-1NC7) heterodu-
plex band was between the homoduplex and heteroduplex
bands obtained with genomic DNA homoduplexes (Fig. 6,
lanes 2 and 7). The distance between homoduplex and hetero-
duplex bands formed between JC16 and NC7 molecular clones
(lane 9) was larger than that between bands formed from
homoduplexes derived from genomic DNA (lanes 3 and 8).
The SF162 (subtype B3) heteroduplex bands migrated at al-
most the same rate as the single-stranded DNA (lanes 4 and
10), whereas the ZM18 (subtype C2) heteroduplex bands mi-
grated most slowly (lanes 5 and 11).

DISCUSSION

Earlier studies showed that chimpanzees could easily be
infected with a number of strains of HIV-1. Despite this fact,
the use of chimpanzees in pathogenesis research was all but
abandoned because of the lack of evidence of disease devel-
opment. Indeed, studies then focused on determining why
these animals did not develop AIDS. Recently, we reported on
the incidence of AIDS in one chimpanzee (C499) and on
another (C455) that suffered a dramatic and sustained decline
in CD41 cell count following transfusion of blood from C499
(36). It was our hypothesis that the virus present in C499 was

a mutant of the original infecting viruses and that the changes
led to a virus more pathogenic than either of the parental
strains. To begin to investigate this hypothesis, virus stocks
were generated from both C499 and C455-(HIV-1JC and HIV-
1NC, respectively), and molecular clones were prepared from
both viruses. These viruses and clones were used for various
biological and molecular studies.

Nucleotide sequence analysis of these molecular clones re-
vealed that HIV-1JC and HIV-1NC were very similar. For the
entire genome, all mutations between isolates JC16 and NC7
were due to point mutations except for two amino acid inser-
tions in the matrix protein (p17) and a single amino acid
deletion in Env of NC7 relative to JC16. The Env glycoprotein
had the most, i.e., 17, point mutations, followed by Pol, while
the Vpu protein was the most conserved (Table 1). The virus
functional domains (zinc finger motifs in Gag, Lck binding
domain in Nef, CD4 binding domain in Env, and transcription
and regulatory sequences in LTR) were well conserved.

Several regions of JC and NC isolates had specific sequences
inserted or deleted (in addition to point mutations) relative to
the parental strains, as outlined in Results. From the alignment
analysis data, it appears that specific regions of Gag had amino
acid sequences derived from isolates LAV-1b (matrix protein)
and SF2 (nucleocapsid protein), suggested by the presence of
similar deletion patterns with these parental viruses. The N-
terminal portions of Nef of JC16 and NC7 also had deletions
of amino acid sequences, relative to the SF2 isolate, that indi-
cated a greater similarity with LAV in this region. Because of
the role of Env in a number of functional aspects of HIV
pathogenesis, we focused on a detailed analysis of its origins. In
the Env protein, there were no obvious sequences that could

FIG. 5. Replication of HIV-1 isolates in chimpanzee MDM. Purified PBMC (6 3 106/well) were used to obtain MDM. Ten nanograms of virus (HIV-1JC16
[molecular clone], HIV-1JC [uncloned], HIV-1NC7 [molecular clone], HIV-1NC [uncloned], HIV-1SF2, HIV-1LAV-1b, and HIV-1DH12) was used for infection; on days
7 and 14 postinfection (p.i.), supernatants were harvested. The amount of virus in the supernatants was determined by HIV-1 p24 antigen capture ELISA (Coulter).
ctl, supernatants from control uninfected cultures. Data shown are representative of three separate experiments yielding similar results.
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be directly associated with either of the parental strains. How-
ever, comparison of the individual hypervariable regions of
JC16 and NC7 with those of parental strains indicated that
there was more homology with the LAV strain than with the

SF2 strain. The signal peptide of progeny viruses was clearly
derived from the LAV-1b strain, as the deletion and insertion
patterns were similar. Since the Env proteins of JC16 and NC7
had higher homologies with the LAV (81.9%) than with the
SF2 (76.1%) isolate, it is logical to conclude that the majority
of Env was derived from the LAV-1b isolate.

Although the V3 regions of JC16 and NC7 were identical,
there were profound differences in this region compared with
the parental strains. Elevated basic charge in the V3 region has
been associated with conversion of non-syncytium-inducing to
syncytium-inducing phenotype in HIV-1 (3, 11, 36), a possible
explanation for syncytium-inducing properties observed for JC
and NC isolates. Additionally, it is reasonable to hypothesize
that the shift from the GPGRA pentapeptide in the V3 region
of parental strains to GYGRS in JC16 and NC7 could alter the
architecture of the principal neutralizing antibody epitope (12)
with the possible outcome of the generation of neutralization
variant viruses. Finally, changes in the V3 area may also have
a potential effect on coreceptor usage of viruses. While all of
these hypotheses will require additional investigations, it is
possible to speculate that the evolution of mutant viruses es-
caping neutralization and with syncytium-inducing capabilities
in vivo may have resulted in more aggressive disease progres-
sion that led to the development of clinical AIDS in C499.

Recently, Wei and Fultz (44) described changes in several
genomic regions of the virus derived from C499. These data
are based on a sampling obtained 22 months before the death
of C499 and 17 months prior to our sampling for the studies
presented here. The data shown here and in our previous
publication (36) are derived from viruses obtained during the
disease state. Comparative analyses of the amino acid se-
quence contained in the C2-V5 regions of Env of JC16 and
NC7 with those samples of Wei and Fultz show that these
sequences are closely related (Fig. 7) The alignment presented
in Fig. 7 shows sequences of JC16 and NC7 along with those of
the closest and most distant clones of Wei and Fultz. JC16 and
NC7 contain point mutations not observed in any of the clones
obtained by Wei and Fultz, which suggests that the isolates
diverged further between the time of samplings. Indeed, results
previously published by us found no evidence of SF2-related
V1-V2 sequences in the general population, despite the use of
conserved PCR primers.

In agreement with Wei and Fultz, our data on alignment of

FIG. 6. HMA for the V3-V5 region of Env. The V3-V5 regions of Env for
HIV-1 isolates were PCR amplified as outlined in Materials and Methods. Ten
microliters of PCR product were used for homoduplex formation, while equal
amounts (5 ml) of PCR products derived from different HIV-1 virus DNA were
mixed to form heteroduplexes. The PCR products were denatured for 2 min at
94°C followed by rapid cooling in ice water. The samples were resolved on a
nondenaturing polyacrylamide gel (6%) at a constant voltage of 250 V for 2.5 h.
The gel was stained in ethidium bromide solution and visualized under UV light.
Lanes: M, 1-kb molecular weight markers; 1, HIV-1JC16 homoduplex; 2, HIV-
1JC16-HIV-1JC (genomic DNA) heteroduplex; 3, HIV-1JC (genomic DNA) ho-
moduplex; 4, HIV-1JC16-HIV-1SF162 heteroduplex; 5, HIV-1JC16-HIV-1ZM18
heteroduplex; 6, HIV-1NC7 homoduplex; 7, HIV-1NC7-HIV-1NC (genomic DNA)
heteroduplex; 8, HIV-1NC (genomic DNA) homoduplex; 9, HIV-1JC16-HIV-
1NC7 heteroduplex; 10, HIV-1NC7-HIV-1SF162 heteroduplex; 11, HIV-1NC7-HIV-
1ZM18 heteroduplex. HIV-1SF162 (HIV-1 subtype B3) and HIV-1ZM18 (subtype
C2) plasmid DNAs are provided in the HMA kit as control DNAs. ssDNA,
single-stranded DNA.

FIG. 7. Alignment of C2-V5 regions of Env proteins derived from chimpanzee C499. By using the Lasergene program (DNAStar), the deduced C2-V5 regions of
Env from JC16, NC7, and the most closely related (#19; GenBank accession no. U56872 and most distant (#25; GenBank accession no. U56887) clones derived by
Wei and Fultz (44) were aligned.
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env clones derived from C499 genomic DNA suggest extensive
diversity of HIV-1. However, sequence alignments of Nef and
the V4-V5 regions of JC16 and NC7 did not indicate the
parental sequences from which they were derived, contrary to
data presented by Wei and Fultz (44). The V3 region of Env
for JC16 has 63.9% homology with that of LAV and 40.0%
homology with that of SF2, suggesting that the progeny viruses
may have derived this sequence from LAV-1b and not from
SF2. The discrepancy in the results of Wei and Fultz (44) and
the data presented here could be due to the quasi-species
nature of HIV-1, where the major species isolated at the time
was different. Another factor could be the differences in time at
which samples were taken. It is possible that our data are based
on a much more aggressive and pathogenic virus, since the
animal showed clinical signs of AIDS and deteriorated soon
thereafter.

Because lentiviruses are replicated by RT that lacks DNA
editing functions, a swarm of related modified viruses that are
referred to as quasi-species result in vivo. Indeed, results of
nucleotide sequence analysis of proviral clones from the env
region (data not shown and reference 36) indicated that sev-
eral similar but different genomes were present in the sample.
To evaluate whether the molecularly cloned viruses (JC16 and
NC7) represented the major virus species in cPBMC, the
V1-V2 and V3-V5 regions of env were amplified from genomic
DNA and subjected to HMA. The vast majority of heterodu-
plexes formed between JC16 and NC7 molecular clones and
PBMC genomic DNA were close to homoduplexes of JC16
and NC7, indicating that the variation between viruses in the
regions analyzed were minimal. Since there is 97.4% homology
between JC16 and NC7 in the env gene region (Table 1) and
heteroduplexes between JC16 and NC7 had migration dis-
tances similar to those between them and the genomic DNA
from which they were derived (Fig. 6), we conclude that the
molecular clones of HIV-1JC and HIV-1NC represented virus
of the major species in PBMC at the time of sampling.

In vitro analysis of biological characteristics of the uncloned
and cloned virus stocks illustrated the highly related nature of
these viruses. The replication rates for the JC- and NC-derived
viruses were very impressive in cPBMC and were much higher
than for the SF2 isolate (as shown here). However, while the
replicative abilities of NC- and JC-derived viruses were similar
to that of the LAV-1b isolate, the former induced higher levels
of cytopathic effects (syncytium formation), suggestive of a
more pathogenic virus. Although LAV-1b has been previously
found to induce syncytia, (43), it induced very little syncytium
formation in cPBMC in our hands. The comparable replicative
abilities of the cloned viruses, JC16 and NC7, and the uncloned
viruses are consistent with results obtained in HMA analyses.

Replication experiments using unstimulated PBMC showed
that HIV-1NC and its clone were able to grow. This is similar to
the well-known ability of the acutely lethal simian immunode-
ficiency virus variant SIVsmmPBj14 to grow in unstimulated
macaque PBMC (19). The exact consequences of this ability
are unknown in this instance but could possibly contribute to
pathogenesis by providing a more rapid expansion of produc-
tively infected cells. This hypothesis will need to be tested in
vivo.

The role that macrophages play in the pathogenesis of AIDS
is still not fully understood. However, macrophages are an
important reservoir of HIV-1 in infected humans. In addition,
macrophages have important regulatory immune functions
which could be compromised by HIV-1 infection (reviewed in
references 30 and 35). The inability of HIV-1 isolates to rep-
licate well in chimpanzee macrophages has been postulated as
one reason why infected chimpanzees do not develop AIDS

(33). While two recently described primary HIV-1 isolates
(DH12 and SG3) have been shown to replicate to high titers in
human macrophages as well as in chimpanzee PBMC (25, 42),
the ability of these isolates to cause disease in chimpanzees has
yet to be demonstrated. The development of AIDS in C499
and the subsequent rapid decline in CD41 cells in an animal
transfused with blood from C499 strongly suggests that the
virus derived from C499 is pathogenic for chimpanzees. Thus,
we tested the abilities of the JC- and NC-derived viruses to
replicate in chimpanzee macrophages. Both the uncloned
stocks and the viruses derived from molecular clones repli-
cated well in macrophage populations. These replicative abil-
ities were similar to those of the DH12 isolate mentioned
above. The SF2 isolate failed to replicate in chimpanzee mac-
rophages.

Taken together, the results presented in these studies sug-
gest that a long-term accumulation of mutations has resulted in
the generation of a virus which is pathogenic for chimpanzees.
While the results presented here are suggestive of a recombi-
nation event, the length of time of virus replication (and mu-
tation) in C499 does not permit the conclusion that recombi-
nation occurred. Additional genetic analyses of earlier isolates
will be more informative in this area. The in vitro replicative
abilities of viruses isolated from C499 and C455, and their
respective molecular clones, appear to differ from those of the
parental viruses used for inoculation. The fact that the viruses
derived from the molecular clones behave similarly to the
uncloned parental viruses in in vitro assays and are indistin-
guishable from the major species in an uncloned population in
HMA suggests that these viruses may be pathogenic in vivo.
The molecular clones described here will be valuable in help-
ing define the genetic components involved in the phenotypic
changes observed with isolates JC and NC. Additionally, ge-
netic analysis of earlier viral isolates derived from C499 may
help in elucidating the genetic changes associated with the
pathogenic events leading to the development of AIDS.
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