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To explore the roles played by specific human immunodeficiency virus type 1 (HIV-1) genes in determining
the in vivo replicative capacity of AIDS viruses, we have examined the replication kinetics and virus-specific
immune responses in rhesus monkeys following infection with two chimeric simian/human immunodeficiency
viruses (SHIVs). These viruses were composed of simian immunodeficiency virus SIVmac239 expressing HIV-1
env and the associated auxiliary HIV-1 genes fat, vpu, and rev. Virus replication was assessed during primary
infection of rhesus monkeys by measuring plasma SIVmac p27 levels and by quantifying virus replication in
lymph nodes using in situ hybridization. SHIV-HXBc2, which expresses the HIV-1 env of a T-cell-tropic,
laboratory-adapted strain of HIV-1 (HXBc2), replicated well in rhesus monkey peripheral blood leukocytes
(PBL) in vitro but replicated only to low levels when inoculated in rhesus monkeys. In contrast, SHIV-89.6 was
constructed with the HIV-1 env gene of a T-cell- and macrophage-tropic clone of a patient isolate of HIV-1
(89.6). This virus replicated to a lower level in monkey PBL in vitro but replicated to a higher degree in
monkeys during primary infection. Moreover, monkeys infected with SHIV-89.6 developed an inversion in the
PBL CD4/CDS8 ratio coincident with the clearance of primary viremia. The differences in the in vivo conse-
quences of infection by these two SHIVs could not be explained by differences in the immune responses elicited
by these viruses, since infected animals had comparable type-specific neutralizing antibody titers, proliferative
responses to recombinant HIV-1 gp120, and virus-specific cytolytic effector T-cell responses. With the dem-
onstration that a chimeric SHIV can replicate to high levels during primary infection in rhesus monkeys, this

model can now be used to define genetic determinants of HIV-1 pathogenicity.

Emerging data suggest that virologic and immunologic
events during the initial weeks following human immunodefi-
ciency virus type 1 (HIV-1) infection may have long-term con-
sequences on the course of disease progression. The burst of
viral replication in the first days following HIV-1 infection is
usually contained presumably by the early immune response
(2, 4). However, a small subset of individuals never evidence
significant control of virus spread and rapidly progress to clin-
ical AIDS (1, 17). It is possible that long-term nonprogressors
may control acute viral replication more effectively than those
with a more rapid disease course. Thus, a better understanding
of virus replication and immunologic responses during primary
infection may be important for understanding HIV-1-induced
disease.

Animal models will play a central role in facilitating the
study of these early pathogenic events (9, 18). Although the
simian immunodeficiency virus (SIV)/macaque monkey model
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has been a powerful system in which to study AIDS immuno-
pathogenesis, its utility has been limited in addressing certain
issues. The envelopes of HIV-1 and SIV are quite genetically
divergent (23). Thus, SIV-infected macaques have not proven
useful in identifying genetic determinants of HIV-1 Env re-
sponsible for pathogenicity. In addition, the HIV-1 and SIV
envelope glycoproteins are antigenically distinct. Antibodies
raised against either of these viral glycoproteins exhibit limited
cross-reactivity with the envelope glycoprotein of the other
virus (15, 28) and do not cross-neutralize (13). Consequently, it
will be important to develop better animal models for studying
AIDS pathogenesis.

Recombinant chimeric simian/human immunodeficiency vi-
ruses (SHIVs) hold promise for facilitating the study of such
issues. Chimeric viruses consisting of SIVmac239 expressing
HIV-1 genes have been shown to infect macaque monkeys (12,
21, 22). However, with only one exception (22), the recombi-
nant viruses assessed to date in nonhuman primates have rep-
licated to a much lower level than SIVmac. Monkeys infected
with these viruses for more than 2 years have not shown any
pathologic consequences (12, 20). In an attempt to create a
SHIV that replicates more efficiently in vivo, we have gener-
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FIG. 1. Structures of the SHIV variants used in this study. The SHIV-HXBc2 chimera, which has an intact vpu gene (21), is shown at the top. The junctions of HIV-1
and SIVmac sequences are denoted by asterisks. The residual 3" end of the SIV env gene is shown in solid black. LTR, long terminal repeat. The structure of the
SHIV-89.6 chimera is shown at the bottom. Shaded sequences were derived from the HXBc2 isolate, and unshaded sequences were derived from the 89.6 isolate. The
Kpnl (K) and BamHI (B) restriction sites used for insertion of the 89.6 sequences into the SHIV-HXBc2 construct are shown. The signal peptides (S) and

transmembrane region (TM) of the envelope glycoproteins are shown.

ated a recombinant virus by using SIVmac239 and the env gene
of a cytopathic primary patient isolate of HIV-1, 89.6. In this
present study, we have compared the virologic and immuno-
logic consequences of primary infection with this SHIV-89.6
chimera and a SHIV constructed with an HIV-1 env gene
derived from a T-cell line-passaged HIV-1 isolate, HXBc2.

MATERIALS AND METHODS

Plasmid construction. The structures of the chimeric viruses used in these
studies are shown in Fig. 1. The p3'u+SHIV plasmid containing the HIV-1
HXBc2 env gene was used as the parent vector for the SHIV-89.6 construct. The
fragment containing the env and rev gene segments of the HXBc2 virus from the
Kpnl (5925) site to the BamHI (8053) site was removed from the p3'u+SHIV
plasmid. A BamHI site was introduced into the 89.6 molecular clone (3) by PCR,
and the 89.6 KpnI-BamHI env/rev fragment was used to replace the equivalent
fragment deleted from the p3'u+SHIV plasmid. The resultant construct encodes
an envelope glycoprotein with a chimeric gp41 intracytoplasmic tail and a chi-
meric Rev protein, due to the 89.6-HXBc2 junction at the BamHI site. Both
chimeric molecules have been previously demonstrated to be functional (37).

In vitro propagation and production of virus stocks. Chimeric viruses desig-
nated SHIV-HXBc2 and SHIV-89.6 were generated by ligating digested pS'SHIV
with p3’u+SHIV and p3'89.6u+SHIV, respectively, and transfecting the ligation
reaction into CEMx174 cells as described previously (21). The STVmac239 (Nef-
open) virus was generated as described previously (21). Chimeric viruses were
propagated in rhesus monkey peripheral blood leukocytes (PBL) to compare the
in vitro replication levels of the two different SHIVs and to create virus stocks for
use in animal inoculations. Rhesus monkey PBL were isolated from heparinized
blood and propagated in RPMI 1640 supplemented in 10% fetal bovine serum
and 20 U of recombinant human interleukin-2 (Collaborative Research, Inc.,
Bedford, Mass.) per ml. Equivalent reverse transcriptase units of CEMx174-
grown virus were used to initiate infection of rhesus monkey PBL. Virus repli-
cation in cultures was monitored every 3 to 4 days by reverse transcriptase assays
as described previously (34). After removal of supernatants for reverse tran-
scriptase assays, cells were suspended in sufficient fresh medium to maintain cell
density between 10° and 10° cells per ml. Supernatants containing the highest
levels of reverse transcriptase activity were pooled, and titers were determined
on CEMx174 cells as previously described (21). This material was stored in liquid
nitrogen and served as the stock virus for animal inoculations.

The in vitro growth of these chimeric viruses was also assessed in macro-
phages. Cultures of adherent mononuclear cells were established from bone
marrow aspirates taken from normal rhesus monkeys as previously described
(40). Cell cultures containing predominantly adherent mononuclear cells were
inoculated with equivalent quantities of SHIV-89.6, SHIV-HXBc2, or the mac-
rophage-tropic SIVmac 239/316 env (27), as determined by measuring p27 levels
in virus stocks. Tissue culture supernatants were collected weekly and assayed for
SIVmac p27 as a measure of virus replication.

Inoculation of rhesus monkeys with SHIV. The rhesus monkeys (Macaca
mulatta) used in this study were maintained in accordance with the guidelines of
the Committee on Animals for the Harvard Medical School and Guide for the
Care and Use of Laboratory Animals (29). Animals were infected by intravenous
inoculation with 400 50% tissue culture infective doses of either SHIV-HXBc2 or
SHIV-89.6 that was propagated as described above. Monkeys were anesthetized
with ketamine-HCI for all blood sampling and biopsies.

SIVmac p27 assay. The concentration of SIVmac p27 core antigen in hepa-

rinized plasma from animals after SHIV inoculation or in tissue culture super-
natant was determined by using a commercial kit (SIV Core [p27] Antigen EIA
kit; Coulter Corporation, Hialeah, Fla.).

Detection of viral DNA by PCR. Viral DNA was detected in peripheral blood
mononuclear cells by using PCR amplification as described previously (31).
Primers from the region of the SIVmac viral genome where the pol and gag genes
overlap were used to produce a 200-bp product.

In situ hybridization for SHIV RNA in lymph nodes. In situ hybridization of
lymph nodes was performed with a 3°S-labeled single-stranded (antisense) RNA
probe of SIVmac239 (Lofstrand Laboratories, Gaithersburg, Md.). The clone
was obtained in collaboration with Suzanne Gartner (Jackson Laboratories,
Rockville, Md.) through the NIH AIDS Research and Reference Reagent Pro-
gram. The probe was composed of fragments 1.4 to 2.7 kb in size and collectively
represented approximately 90% of the SIV genome.

Lymph node biopsies obtained prior to and at weekly intervals after virus
inoculation were fixed for 4 h in 4% neutral buffered formalin followed by 70%
ethanol and then routinely dehydrated and embedded in paraffin without further
exposure to formalin. Five-micrometer-thick sections were placed on slides
coated with 3-aminopropylethoxysilane. Five sections from each lymph node
were hybridized as previously described (31), with some modification. Briefly, the
sections were dewaxed in xylene, rehydrated in 96 to 50% ethanol, and washed
in diethylpyrocarbonate-treated water. Treatments with proteinase K and acetic
anhydride were omitted. Sections were placed in prehybridization mixture (50%
formamide, 0.5 M NaCl, 10 mM Tris HCl, [pH 7.4], 1 mM EDTA, 0.02%
Ficoll-polyvinyl pyrrolidone-bovine serum albumin, 2 mg of tRNA per ml) for 2
h at 45°C. The prehybridization solution was replaced by hybridization cocktail
(prehybridization mixture, 10% dextran sulfate, 2 X 10® dpm of radiolabeled
probe per ml; boiled for 60 s and then chilled). Each section was layered with 4
wl/em?, covered with a coverslip, sealed with rubber cement, and kept at 45°C
overnight. Sections were then washed sequentially with three changes each in
50% formamide-2X SSC (1x SSC is 0.15 M NaCl and 0.015 M sodium citrate),
then in 2X SSC-0.01% Triton, and finally in 0.01X SSC. Sections were then
digested with RNase (Boehringer GmbH, Mannheim, Germany) at 37°C for 40
min, washed again in 2X SSC, and dehydrated in 0.3 M ammonium acetate—70
to 96% ethanol. Slides were dipped in Kodak NTB-2 emulsion, exposed for 10
days at 4°C, developed in Kodak D-19 developer, counterstained with hemalaun,
and mounted.

As a positive control, cytospin preparations of peripheral blood mononuclear
cells infected with STVmac were hybridized with the same probe. As a negative
control, one section per lymph node for each time point was hybridized with a
35S-labeled sense-strand probe. The sections were examined with an Axiophot
Zeiss microscope equipped with epiluminescent illumination. Cells with at least
20 silver grains, which corresponded to a sixfold increase in silver grains over the
background level, were scored as viral RNA positive. By using epiluminescent
illumination, viral RNA-positive cells per section were counted with a 20X
objective.

Immunophenotyping of rhesus monkey PBL. Monkey PBL were immunophe-
notyped flow cytometrically by a two-color, whole blood lysis technique using
human leukocyte-specific monoclonal antibodies to recognize monkey CD4,
CDS8, and CD20 as previously described (33). For T-cell subsets, the monkey
CD3-specific monoclonal antibody FN18 (30) was always used as the second
fluorochrome. Absolute cell number was calculated from the lymphocyte count
determined by an automated hematology analyzer (T540; Coulter Corporation).
Preinoculation values for each lymphocyte subset of each monkey were deter-
mined by taking the mean of three independent measurements obtained during
the week prior to inoculation. Pre- and postinoculation pairwise comparisons of
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TABLE 1. Biological characterization of HIV-1 env donor viruses

Property (reference)

Clone Neutralization by Neutralization by
Origin Tropism monoclonal recombinant
antibodies soluble CD4

HXBc2 Laboratory-adapted strain (6, 35) Primary T cells and many T-cell lines (35) Sensitive (5, 37) Sensitive (7, 37)
89.6 Primary patient isolate from peripheral Primary T cells and macrophages, some Resistant (37) Resistant (37)

blood mononuclear cells (3)

T-cell lines (3, 16)

CD4/CDS8 ratios were made by using Dunnett’s test and determined to be
significantly different when P was <0.05.

SHIV-specific antibody responses. HIV-1 envelope-specific antibodies in-
duced by SHIV infection were quantitated by enzyme-linked immunosorbent
assay (ELISA) with HIV-1 IIIB recombinant gp160 (rgp160; MicroGeneSys,
Inc., Meriden, Conn.) as the antigen. Immunlon-2 plates were coated with
rgpl160 (1 pg/ml) in carbonate buffer (15 mM Na,COj;, 35 mM NaHCO; [pH
9.8]) overnight at 4°C. Solutions were aspirated, and the wells were filled with 100
wl of blocking buffer (Filter Paper Diluent; DuPont, Wilmington, Del.) contain-
ing 2.5% fetal bovine serum and incubated at 37°C for 4 h. Plates were washed
four times with phosphate-buffered saline containing 0.05% Tween 20. Plasma
samples were evaluated in duplicate at 1:50 dilution in wells containing borate
buffer (0.1 M boric acid, 47 mM sodium borate, 75 mM NaCl, 0.05% [vol/vol]
Tween 20) plus 2.5% fetal bovine serum. Color development was accomplished
by using alkaline phosphatase-conjugated goat anti-monkey immunoglobulin G
(Sigma Chemical Company, St. Louis, Mo.) followed by incubation with p-
nitrophenylphosphate disodium hexahydrate (Sigma 104 phosphatase substrate)
in diethanolamine buffer (0.9 M diethanolamine-7 mM MgCl, [pH 9.8] with
concentrated HCI). Absorbance was measured at 405 nm.

Antibodies that neutralized SHIV-HXBc2 and HIV-1 MN were measured in
MT-2 cells by using a cell killing assay as described previously (25). Virus stocks
were prepared in H9 cells and titrated by p24 concentration and 50% tissue
culture infective dose assay in MT-2 cells as described previously (25). A similar
assay was used to measure neutralizing antibodies against SHIV-89.6 except that
the stock titer was determined and assays were performed in CEMx174 cells.
Serum samples were heat inactivated for 1 h at 56°C prior to assay.

In vitro T-lymphocyte proliferative response to rgp120. Ficoll-isolated PBL
were cultured in RPMI 1640 containing 10% fetal calf serum and antibiotics at
10° cells per well in triplicate in 96-well round-bottom plates either with or
without HIV-1 rgp120 (Intercel, Cambridge, Mass.) at a final concentration of 1
pg/ml in 0.2 ml. Cells were cultured for 6 days and pulse-labeled overnight with
[*H]thymidine. Cultures were harvested onto glass fiber filters by using an au-
tomated harvester (Tomtec, Orange, Conn.), and radiolabeled thymidine incor-
poration was determined by liquid scintillography measured with a Microbeta
scintillation counter (Wallac, Gaithersburg, Md.).

SHIV-specific cytotoxic effector cell responses. Virus-specific cytolytic effector
cell activity was determined as described previously (39). Briefly, PBL were
isolated from heparinized blood or from lymph node biopsies and cultured for 3
days in RPMI 1640-10% fetal bovine serum supplemented with 5 pg of con-
canavalin A per ml and then expanded for an additional 3 days in RPMI
1640-10% fetal bovine serum supplemented with recombinant human interleu-
kin-2. These PBL were used for standard >'Cr release assays using autologous
B-lymphoblastoid target cells infected with recombinant vaccinia viruses express-
ing either the HIV-1 env or SIVmac gag or pol gene products. Specific lysis was
calculated by comparison with >'Cr release of wild-type vaccinia virus-infected
target cells.

RESULTS

In vitro replication of SHIV-HXBc2 and SHIV-89.6 in rhe-
sus monkey PBL and macrophages. The cloned HIV-1 isolates
that served as env donors (HXBc2 and 8§9.6) to create the two
chimeric viruses have approximately 90% nucleotide and
amino acid similarity within env (3). However, these HIV-1
isolates differed significantly in their in vitro biological activi-
ties (Table 1). The laboratory-adapted strain HXBc2 is tropic
for both primary T cells and transformed T-cell lines and is
sensitive to neutralization by Env-specific monoclonal antibod-
ies and recombinant soluble CD4. The 89.6 virus represents a
peripheral blood mononuclear cell-derived patient isolate of
HIV-1 that was only briefly passaged on human lymphocytes
(3). In contrast to HXBc2, 89.6 replicates in both macrophage
and primary T-cell cultures. Unlike some primary HIV-1 iso-

lates, the 89.6 virus replicates in some transformed T-cell lines.
This virus was relatively resistant to neutralization by mono-
clonal antibodies and recombinant soluble CD4 (37). Finally,
89.6 was markedly more cytopathic to cultured cells than
HXBc2 (3).

To assess the ability of rhesus monkey PBL to support rep-
lication of these chimeric SHIVs containing biologically diver-
gent HIV env genes, lectin-activated lymphocytes were inocu-
lated with equivalent reverse transcriptase units of SHIV-
HXBc2, SHIV-89.6, or SIVmac239 (Fig. 2). While rhesus
monkey PBL supported the replication of both chimeric vi-
ruses, SHIV-89.6 replication was significantly delayed com-
pared with that of SHIV-HXBc2. The in vitro replication ki-
netics of SHIV-HXBc2 were only slightly delayed compared
with those of the parent virus, SIVmac239. These replication
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FIG. 2. Both SHIV-HXBc2 and SHIV-89.6 replicate in vitro in rhesus mon-
key PBL but not in rhesus monkey macrophages. (A) Lectin-activated rhesus
monkey PBL were inoculated with SHIV-HXBc2 and SHIV-89.6, and virus
replication was compared with that after inoculation with the parent virus SIV-
mac239. Virus replication was quantified by measuring reverse transcriptase
activity in culture supernatants. (B) Bone marrow-derived macrophage cultures
were established and inoculated with SHIV-HXBc2, SHIV-89.6, or the macroph-
age-tropic variant SIVmac239/316 env. Virus replication was assessed by mea-
suring SIV p27 levels in the supernatant.
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FIG. 3. Peak virus replication in vivo was 30- to 100-fold higher in monkeys
inoculated with SHIV-89.6 than in those inoculated with SHIV-HXBc2. In vivo
replication of SHIV was measured in eight monkeys by quantifying plasma
SIVmac p27, using a commercially available ELISA.

patterns were reproduced in more than three independent
experiments.

Measurable replication of SHIV-HXBc2 or SHIV-89.6 was
not detected in bone marrow-derived macrophage cultures.
These cultures did, however, support the growth of the mac-
rophage-tropic variant SIVmac239/316 env.

Plasma SIVmac p27 levels in infected monkeys. To assess
the replication of these two divergent SHIVs in vivo, two
groups of four rhesus monkeys were inoculated intravenously
with 400 50% tissue culture infective doses of either chimeric
virus. Virus replication was determined in all animals by mea-
suring SIVmac p27 in plasma samples collected every 3 to 4
days. In the four monkeys inoculated with SHIV-HXBc2,
plasma p27 was measurable at only a single time point, 11 days
after inoculation (Fig. 3). The viral antigen level in the plasma
was approximately 0.01 to 0.02 ng/ml, just within the limits of
detection of the assay. In contrast, viral antigen was repeatedly
detected for 10 to 20 days postinoculation in the four monkeys
inoculated with SHIV-89.6 (Fig. 3). Peak plasma p27 levels in
these monkeys were 0.34 to 1.45 ng/ml, 30- to 100-fold higher
than in the SHIV-HXBc2-infected animals.

Plasma p27 was not detected during the 30 to 70 days posti-
noculation in the animals in either group. To determine
whether infection was persistent, DNA extracted from PBL
was assessed for the presence of provirus by PCR amplifica-
tion. Positive signals that we obtained in PBL specimens col-
lected through day 70 in all monkeys inoculated with SHIV-
HXBc2 and SHIV-89.6 indicated that infection was persistent
in animals inoculated with both viruses (data not shown).

Histology and in situ hybridization studies of lymph nodes.
Since lymph nodes are an important location of virus replica-
tion during primary SIV and HIV infection and a significant
virus reservoir in chronic infection, we assessed the histologic
changes and virus replication in lymph nodes during primary
infection with these two SHIVs. A peripheral lymph node was
excised prior to inoculation and at weekly intervals three times
after inoculation in all animals.

The histologic appearance of lymph nodes obtained before
inoculation and at 7 days after inoculation did not differ be-
tween the two groups of monkeys. In most animals, the B-cell
zones contained mainly primary follicles, with only a few small
hypocellular germinal centers surrounded by mantle zones.

DIVERGENT HIV-1 env IN SHIV INFECTION 3201

The paracortical zones were well developed in all animals and
were made up predominantly of small lymphocytes. At 14 and
21 days postinoculation, histologic changes were evident in the
lymph nodes. Interestingly, these changes were again similar in
animals inoculated with SHIV-89.6 and SHIV-HXBc2. The
lymph nodes from all animals demonstrated well-developed,
regularly shaped germinal centers with zonation and were sur-
rounded by a regular mantle zone (data not shown).

Virus replication in lymph nodes was also assessed in each
group of monkeys by in situ hybridization for STVmac RNA
(Fig. 4 and 5). Hybridization signals were absent in biopsy
specimens obtained prior to virus inoculation. At 7 days posti-
noculation, lymph nodes of only one of four animals inoculated
with SHIV-HXBc2 showed cells with positive hybridization
signals; lymph nodes of all four animals inoculated with SHIV-
89.6 showed viral RNA-positive cells at this time. The number
of productively infected cells was low, and distributions of
infected cells in extrafollicular parenchyma were similar in the
two animal groups.

At 14 days after inoculation, lymph nodes of three of the
four animals that received SHIV-HXBc2 showed productively
infected cells. However, the number of positive cells and the
intensity of the hybridization signals were low (Fig. 4A). The
one animal in this group with productively infected cells at day
7 remained positive but showed no increase in positive cell
number or hybridization signal intensity. In contrast, lymph
nodes of all four animals that received SHIV-89.6 demon-
strated dramatic increases in the number of productively in-
fected cells. Although the magnitude of this increase varied
between SHIV-89.6-infected monkeys, all were characterized
by high numbers of positive cells and high silver grain counts
(Fig. 4B and 5). The majority of infected cells were found in
the extrafollicular parenchyma and the sinuses, but produc-
tively infected cells were also present in germinal centers. Dif-
fuse labeling of the germinal centers that exceeded the back-
ground level was not detectable at this time.

At 21 days postinoculation, the lymph nodes of animals
inoculated with SHIV-HXBc2 continued to demonstrate low
numbers of productively infected cells in the extrafollicular
parenchyma, with no infected cells in germinal centers. In
monkeys receiving SHIV-89.6, the number of productively in-
fected cells had decreased markedly (Fig. 4C and 5). Infected
cells were now seen not only in the extrafollicular parenchyma
and sinuses but also in the germinal centers. In addition, dif-
fusely distributed hybridization signals were present in the light
zone of the germinal centers (Fig. 4C and D). This finding
coincided with the appearance of envelope-specific antibodies
and is consistent with follicular dendritic cell trapping of virus.

SHIV-specific antibody responses. Animals infected with
SHIV-HXBc2 and SHIV-89.6 showed strikingly similar time
courses for the appearance of envelope-specific antibodies
identified by gp160,,;; ELISA; antibodies first became detect-
able 14 to 18 days postinoculation and peaked between days 29
and 36 for all animals in both groups (data not shown). Peak
ELISA reactivity was stronger for plasma from animals in-
fected with SHIV-HXBc2. The higher peak titers might have
been observed in SHIV-HXBc2-infected animals because
HXBc2 was derived from the IIIB strain of HIV-1. Thus, the
antigen used in ELISA had greater sequence homology to
SHIV-HXBc2 than to SHIV-89.6.

Neutralizing antibodies titers against SHIV-HXBc2, SHIV-
89.6, and HIV-1 MN were assessed in all animals, using serum
obtained 147 and 225 days postinoculation. The heparin used
as the anticoagulant for plasma samples obtained prior to these
time points was found to have potent antiviral activity that
interfered with the measurement of neutralizing antibodies. As
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FIG. 4. Magnitude of virus replication in lymph nodes correlated with plasma p27 levels, determined by in situ hybridization of lymph node specimens. (A) At 14
days after inoculation with SHIV-HXBc2, there are few productively infected cells (arrows). (B) At 14 days after inoculation with SHIV-89.6, many productively
infected cells are apparent. Virus-producing cells are already present at the edge of a small germinal center (arrows); diffuse hybridization signals are absent. (C) At
21 days after inoculation with SHIV-89.6, there are fewer productively infected cells than at the earlier time point, and a diffuse hybridization signal is seen over the
light zone of the germinal centers (arrows). (D) Higher magnification of a germinal center (asterisk) showing both diffuse hybridization signals and productively infected
cells (arrows) 21 days after inoculation with SHIV-89.6. (A to C) Epipolarized light; viral RNA-positive cells appear as light areas; magnification, ca. X82. (D)
Combined epipolarized light and transillumination; positive hybridization signals are blue-green in epipolarized light; magnification, ca. X218.

a result, plasma samples could not be used in neutralization
assays. Assays performed on sera collected at 147 and 225 days
demonstrated strong type-specific neutralization. Sera from
SHIV-HXBc2-infected monkeys neutralized only SHIV-
HXBc2. Sera from all SHIV-89.6-infected monkeys neutral-
ized SHIV-89.6 but not SHIV-HXBc2 (Table 2). Surprisingly,
sera from all four SHIV-89.6-infected animals neutralized
HIV-1 MN, while sera from only two of four SHIV-HXBc2-
infected animals had this ability.

Lymphocyte subset changes. To further assess the immuno-
logic responses to these SHIV constructs as well as potential
pathologic changes in the animals following infection, changes
in circulating lymphocyte subsets were quantitated. The abso-
lute numbers of PBL T-cell subsets and B cells were deter-
mined sequentially before and after virus inoculation for each
animal. As illustrated in Fig. 6, animals that received either
chimeric virus construct had precipitous declines in both cir-
culating T cells and B cells coinciding with the period of
plasma viremia. Interestingly, peripheral blood B-cell numbers
increased above baseline values in both groups after viral clear-
ance. Absolute circulating CD4™ and CD8" T-cell counts also
recovered coincident with viral clearance and returned to pre-
inoculation levels in the SHIV-HXBc2 group (Fig. 7). How-
ever, in the SHIV-89.6-inoculated animals, circulating CD8* T
cells rose above pretreatments levels, resulting in a significant
inversion of the PBL CD4/CDS ratio.

Proliferative T-cell responses to rgp120. To assess the CD4
cell-mediated, virus-specific immune responses during primary
infection with these chimeric viruses, in vitro proliferative re-
sponses to rgp120 were measured. Within 4 weeks of inocula-
tion, all animals had measurable PBL proliferative responses
(Fig. 8). There was significant variability in the magnitude of
this response between animals infected with the same virus.
This variability was particularly pronounced in the SHIV-89.6-
inoculated group of animals: the largest proliferative responses
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FIG. 5. Number of viral RNA-positive cells observed in lymph nodes ana-
lyzed by in situ hybridization in monkeys inoculated with SHIV-HXBc2 or
SHIV-89.6. Sections of lymph node biopsies obtained at four time points were
hybridized with SIVmac RNA probes as described in Materials and Methods.
Each bar represents the range in number of viral RNA positive (VRNA+) cells
per high-power field (HPF) observed after analysis of five sections.

occurred in the PBL of two animals that had the highest peak
plasma p27 level and the most prolonged periods of plasma
viral antigenemia. However, significant differences between
the two groups of infected animals in the time of appearance,
magnitude, or duration of the PBL rgp120-specific T-cell re-
sponse were not evident.

SHIV-specific cytolytic effector cell responses. Cytolytic ef-
fector cell responses specific for the env gene product of HIV-1
and the gag and pol gene products of SIVmac were assessed in
the PBL and lymph nodes of inoculated monkeys. Virus-spe-
cific effector cell activity in PBL was measurable in all animals
by 2 weeks following inoculation with either SHIV construct
(Fig. 9). Lymphocytes obtained from lymph nodes exhibited
similar cytolytic activity at this time point (data not shown).
The PBL responses persisted beyond 10 weeks postinfection.
One of four animals inoculated with SHIV-HXBc2 failed to
develop a measurable cytolytic response to HIV-1 Env, but all
developed responses to SIV Gag and, when measured, to SIV
Pol. In two of four animals inoculated with SHIV-89.6, cyto-
toxic responses to SIV Gag were not detected. However, all of
these animals showed responses to HIV-1 Env and, when mea-
sured, SIV Pol. Thus, neither the presence of the SHIV-spe-
cific cytolytic effector cell responses nor their antigen specific-
ity correlated with the extent of virus replication.

DISCUSSION

Chimeric SHIVs provide potentially powerful tools for de-
termining the roles of specific HIV-1 genes in AIDS patho-
genesis and for evaluating HIV-1 vaccines. However, previous
studies with such chimeric viruses have been disappointing
since replication in inoculated macaques has been limited and
infection has never been associated with a pathologic conse-
quences (12, 19, 20, 22). Here we report that a SHIV express-
ing the Env glycoprotein derived from a cytopathic patient
isolate of HIV-1 (89.6) exhibited dramatically increased in vivo
replicative capacity during primary infection compared with a
SHIV expressing HIV-1 Env from a laboratory-adapted virus
strain (HXBc2). High levels of SHIV replication were demon-
strated both by measuring plasma SIVmac p27 antigen levels

TABLE 2. Neutralizing antibody titers in SHIV-infected macaques

Neutralizing antibody titer to:
Days

Macaque

postinfection SHIV- SHIV- HIV-1
HXBc2 89.6 MN
SHIV-HXBc2 infected
42 147 218 <20 68
471 147 245 <20 <24
149 225 172 <20 24
441 225 70 <20 <24
SHIV-89.6 infected
483 147 <20 1,105 104
545 147 <20 101 67
123 225 <20 1,962 387
504 225 <20 2,141 32
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FIG. 6. Changes in peripheral blood T- and B-cell numbers following inoc-
ulation with SHIV-HXBc2 or SHIV-89.6. Lymphocytes were quantitated and
phenotyped by using monoclonal antibodies that recognized rhesus monkey CD3
(T cells) or CD20 (B cells). Bold lines represent mean values of all animals
tested.
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and by assessing virus replication in situ in lymph nodes. In
fact, the levels of SHIV-89.6 replication during the first weeks
of primary infection of rhesus monkeys were comparable to
those of SIVmac251 (32).

The difference in in vivo replicative capacities of SHIV-
HXBc2 and SHIV-89.6 was not predicted by the in vitro rep-
lication of these two viruses on rhesus monkey PBL. Paradox-
ically, SHIV-HXBc2 replicated well in vitro in monkey PBL,
while SHIV-89.6 replicated poorly; neither chimeric virus was
macrophage tropic. These observations suggest that caution
should be exercised in extrapolating the in vivo pathogenic
potential of HIV-1 isolates from in vitro manifestations of
infection.

Certain immunopathologic changes occurred after infection
with both SHIV-HXBc2 and SHIV-89.6. Infection with both
viruses was associated with a marked lymphopenia at 2 weeks
postinoculation, coinciding with the initial burst of virus repli-
cation in all monkeys. An increase in circulating B cells over
the preinoculation levels was also seen in monkeys inoculated
with either virus. This B-cell lymphocytosis corresponded with
the development of germinal centers within the lymph nodes of
all animals. It will be interesting to determine whether the
B-cell response represents a clonal, antigen-specific response,
a polyclonal nonspecific response to lectin-like properties of
the viruses, or even a V-gene family-restricted B-cell response
to superantigen-like components of the viruses.

In recent studies, SIV from African green monkeys has been
shown to induce an AIDS-like syndrome in pig-tailed ma-
caques but not in rhesus macaques or African green monkeys
(10). This species-specific variation in pathogenicity correlated
with the degree of virus replication in the host, with high virus
replication predicting pathogenicity. Although the monkeys in
the present study have not been infected long enough to de-
termine whether SHIV-89.6 will induce an immunodeficient
state, it is interesting that T-cell subset perturbations occurred
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FIG. 7. Changes in peripheral blood T-cell subsets following inoculation with
SHIV-HXBc2 or SHIV-89.6. T-cell subsets were quantified and ratios were
determined by using antibodies recognizing rhesus monkey CD3 and CD4 or
CD3 and CDS8. Bold lines represents mean values of all animal tested. Asterisks
indicate a significant decrease from the preinoculation mean value.

only in animals infected with SHIV-89.6. While absolute CD4
counts recovered following lymphopenia in these animals, their
CD4/CDS ratios inverted following clearance of primary vire-
mia, largely as a result of an absolute increase in circulating
CD8" T cells. Similar persisting T-cell shifts are observed
following primary infection of humans with HIV-1 and ma-
caques with pathogenic SIVmac (2, 4, 32). The molecular his-
tology studies also detected significant trapping of virus within
lymph node germinal centers in SHIV-89.6-inoculated mon-
keys. Since this finding correlated with the appearance of en-
velope-specific antibodies, such trapping may represent anti-
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FIG. 8. Monkeys inoculated with either SHIV-HXBc2 or SHIV-89.6 develop
proliferative responses to HIV-1 gp120. Results are given as stimulation index
calculated from the mean counts per minute of [*H]thymidine incorporation in
triplicate antigen-stimulated (1 wg of HIV-1 gp120 per ml) wells divided by the
mean counts per minute in control wells containing medium alone. Each bar
represents the mean stimulation index * standard deviation for four animals.
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FIG. 9. Monkeys inoculated with either SHIV-HXBc2 or SHIV-89.6 develop
both HIV-1- and SIVmac-specific cytotoxic effectors cell responses. PBL ob-
tained from monkeys at the indicated time points were stimulated with con-
canavalin A and expanded in interleukin-2-supplemented medium. Lytic activity
of those cells was determined against autologous B-lymphoblastoid cell lines
infected with wild-type or recombinant vaccinia virus expressing HIV-1 Env (m),
SIVmac Gag () or SIVmac Pol (OJ; upper four panels only). Percent specific
lysis was calculated by subtracting percent >'Cr release of wild-type vaccinia
virus-infected target cells from the respective values obtained with viral antigen-
expressing targets.

body-promoted opsonization of virus and the retention of this
opsonized virus by complement receptors on the surface of
follicular dendritic cells (14, 24, 26). Virus trapped in this way
could be a persisting reservoir for transmitting infection to
CD4" lymphocytes residing or trafficking through lymphoid
organs as a mechanism contributing to disease pathogenesis (8,
36, 38). These observations point to the possibility that SHIV-
89.6 can induce an AIDS-like disease in chronically infected
macaques.

The differences in replicative capacity of these two chimeric
viruses could not be explained by a quantitatively different
virus-specific immune response to the viruses in the infected
animals. Both groups of monkeys developed HIV-1 envelope-
specific antibodies in similar time frames and with type-specific
neutralizing activity. In addition, proliferative responses to
rgp120 and virus-specific cytolytic responses to both HIV-1 and
SIVmac gene products were similar in the two groups. This
finding suggests that the increased in vivo replicative capacity
of SHIV-89.6 may be a biological phenomenon attributable to
the 89.6 Env.

The importance of the envelope glycoproteins in the repli-
cative capacity and pathogenicity of the AIDS virus has been
demonstrated in other studies. Hirsch et al. have shown that
the V3-loop analog of SIVmac plays an important role in the
pathogenicity of SIVmac in macaques (11). Luciw et al., in a
comparative in vivo study of SHIVs constructed with env genes
of either a T-cell-tropic or macrophage-tropic HIV-1 isolate,
demonstrated envelope-determined differences in the replica-
tive capacity of the chimeric viruses (22). In the present study,
the chimeric viruses constructed with the patient isolate env
gene 89.6 replicated substantially more efficiently than the
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SHIV constructed with the env gene of the laboratory isolate of
HIV-1, HXBc2 during primary infection. These results indi-
cate that sequence differences within env may have a marked
effect on the replicative capacities of SHIVs in nonhuman
primates during primary infection. Analogous changes occur-
ring naturally in HIV-1 env may similarly accelerate HIV-1
replication during primary infection in humans.

ACKNOWLEDGMENTS

This work was supported by NIH grants AI-20729, CA-50139, Al-
33832, AI-35166, and RR-00168; Center for AIDS Research grant
AI-28691; BMFT Verbund Hamburg 01KI 9469; support from the G.
Harold and Leila Mathers Foundation; and a gift from the late William
F. McCarty-Cooper. John Li was supported by a Ryan Fellowship and
a Harvard Merit Fellowship.

Data organization and analysis were performed on the PROPHET
system, a national computer resource sponsored by the National Cen-
ter for Research Resources, NIH.

REFERENCES

1. Borrow, P., H. Lewicki, B. H. Hahn, G. M. Shaw, and M. B. A. Oldstone.
1994. Virus-specific CD8" cytotoxic T-lymphocyte activity associated with
control of viremia in primary human immunodeficiency virus type 1 infec-
tion. J. Virol. 68:6103-6110.

2. Clark, S. J., M. S. Saag, W. D. Decker, S. Campbell-Hill, J. L. Roberson, P. J.
Veldkamp, J. C. Kappes, B. H. Hahn, and G. M. Shaw. 1991. High titers of
cytopathic virus in plasma of patients with symptomatic primary HIV-1
infection. N. Engl. J. Med. 324:954-960.

3. Collman, R., J. W. Balliet, S. A. Gregory, H. Friedman, D. L. Kolson, N.
Nathanson, and A. Srinivasan. 1992. An infectious molecular clone of an
unusual macrophage-tropic and highly cytopathic strain of human immuno-
deficiency virus type 1. J. Virol. 66:7517-7521.

4. Daar, E. S., T. Moudgil, R. D. Meyer, and D. D. Ho. 1991. Transient high
levels of viremia in patients with primary human immunodeficiency virus
type 1 infection. N. Engl. J. Med. 324:961-964.

5. D’Souza, M. P., P. Durda, C. V. Hanson, G. Milman, and collaborating
investigators. 1991. Evaluation of monoclonal antibodies to HIV-1 by neu-
tralization and serological assays: an international collaboration. AIDS
5:1061-1070.

6. Fisher, A. G., E. Collalti, L. Ratner, R. C. Gallo, and F. Wong-Staal. 1985.
A molecular clone of HTLV-III with biological activity. Nature (London)
316:262-265.

7. Fisher, R. 1991. CD4 molecules: rationale and potential as antiviral agents.
AIDS Res. Rev. 1:289-300.

8. Fox, C. H., K. Tenner-Racz, P. Racz, A. Firpo, P. A. Pizzo, and A. S. Fauci.
1991. Lymphoid germinal centers are reservoirs of human immunodeficiency
virus type 1 RNA. J. Infect. Dis. 164:1051-1057.

9. Fultz, P. N. 1993. Nonhuman primate models for AIDS. Clin. Infect. Dis.
17(Suppl. 1):S230-S235.

10. Hirsch, V. M., G. Dapolito, P. R. Johnson, W. R. Elkins, W. T. London, R. J.
Montali, S. Goldstein, and C. Brown. 1995. Induction of AIDS by simian
immunodeficiency virus from an African green monkey: species-specific vari-
ation in pathogenicity correlates with extent of in vivo replication. J. Virol.
69:955-967.

11. Hirsch, V. M., J. E. Martin, G. Dapolito, W. R. Elkins, W. T. London, S.
Goldstein, and P. R. Johnson. 1994. Spontaneous substitutions in the vicinity
of the V3 analog affect cell tropism and pathogenicity of simian immunode-
ficiency virus. J. Virol. 68:2649-2661.

12. Igarashi, T., R. Shibata, F. Hasebe, Y. Ami, K. Shinohara, T. Komatsu, C.
Stahl-Henning, H. Petry, G. Hunsmann, T. Kuwata, M. Jin, A. Adachi, T.
Kurimura, M. Okada, T. Miura, and M. Hayami. 1994. Persistent infection
with STVmac chimeric virus having tat, rev, vpu, env and nef of HIV type 1
in macaque monkeys. AIDS Res. Hum. Retroviruses 10:1021-1029.

13. Javaherian, K., A. J. Langlois, S. Schmidt, M. Kaufmann, N. Cates, J. P.
Langedijk, R. H. Mel R. C. Desrosiers, D. P. W. Burns, D. P. Bolognesi
et al. 1992. The principal neutralization determinant of simian immunode-
ficiency virus differs from that of human immunodeficiency virus type 1. Proc.
Natl. Acad. Sci. USA 89:1418-1422.

14. Joling, P., L. J. Bakker, J. A. G. Van Strijp, T. Meerloo, L. de Graaf, M. E. M.
Dekker, J. Goudsmit, J. Verhoef, and H.-J. Schuurman. 1993. Binding of
human immunodeficiency virus type-1 to follicular dendritic cells in vitro is
complement dependent. J. Immunol. 150:1065-1073.

15. Kanki, P. J., M. F. McLane, N. W. King, Jr., N. L. Letvin, R. D. Hunt, P.
Sehgal, M. D. Daniel, R. C. Desrosiers, and M. Essex. 1985. Serologic
identification and characterization of a macaque T-lymphotropic retrovirus
closely related to HTLV-IIIL. Science 228:1199-1201.

16. Kim, F. M., D. L. Kolson, J. M. Balliet, A. Srinivasan, and R. G. Collman.
1995. V3-independent determinants of macrophage tropism in a primary




3206

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

REIMANN ET AL.

human immunodeficiency virus type 1 isolate. J. Virol. 69:1755-1761.
Koup, R. A, J. T. Safrit, Y. Cao, C. A. Andrews, G. McLeod, W. Borkowsky,
C. Farthing, and D. D. Ho. 1994. Temporal association of cellular immune
responses with the initial control of viremia in primary human immunode-
ficiency virus type 1 syndrome. J. Virol. 68:4650-4655.

Letvin, N. L. 1992. Animal models for the study of human immunodeficiency
virus infections. Curr. Opin. Immunol. 4:481-485.

Letvin, N. L., J. Li, M. Halloran, M. P. Cranage, E. W. Rud, and J. Sodroski.
1995. Prior infection with a nonpathogenic chimeric simian-human immu-
nodeficiency virus does not efficiently protect macaques against challenge
with simian immunodeficiency virus. J. Virol. 69:4569-4571.

Li, J., M. Halloran, C. I. Lord, A. Watson, J. Ranchalis, M. Fung, N. L.
Letvin, and J. G. Sodroski. 1995. Persistent infection of macaques with
simian-human immunodeficiency viruses. J. Virol. 69:7061-7071.

Li, J., C. L. Lord, W. Haseltine, N. L. Letvin, and J. Sodroski. 1992. Infection
of cynomolgus monkeys with a chimeric HIV-1/SIV_,,. virus that expresses
the HIV-1 envelope glycoproteins. J. Acquired Immune Defic. Syndr. 5:639—
646.

Luciw, P. A,, E. Pratt-Lowe, K. E. S. Shaw, J. A. Levy, and C. Cheng-Mayer.
1995. Persistent infection of rhesus macaques with T-cell-line-tropic and
macrophage-tropic clones of simian/human immunodeficiency viruses
(SHIV). Proc. Natl. Acad. Sci. USA 92:7490-7494.

Meyers, G., B. Korber, S. Wain-Hobson, and R. F. Smith (ed.). 1993. Human
retroviruses and AIDS 1993. Los Alamos National Laboratory, Los Alamos,
N.Mex.

Montefiori, D. C., B. S. Graham, J. Y. Zhou, J. T. Zhou, and J. M. Ahearn.
1994. Binding of human immunodeficiency virus type 1 to the C3b/C4b
receptor, CR1 (CD35), and red blood cells in the presence of envelope-
specific antibodies and complement. J. Infect. Dis. 170:429-432.
Montefiori, D. C., W. E. Robinson, Jr., S. S. Schuffman, and W. M. Mitchell.
1988. Evaluation of antiviral drugs and neutralizing antibodies against hu-
man immunodeficiency virus by a rapid and sensitive microtiter infection
assay. J. Clin. Microbiol. 26:231-235.

Montefiori, D. C., J. Zhou, and D. I. Shaff. 1992. CD4-independent binding
of HIV-1 to the B lymphocyte receptor CR2 (CD21) in the presence of
complement and antibody. Clin. Exp. Immunol. 90:383-389.

Mori, K., D. J. Ringler, T. Kodama, and R. C. Desrosiers. 1992. Complex
determinants of macrophage tropism in env of simian immunodeficiency
virus. J. Virol. 66:2067-2075.

Murphy-Corb, M., L. N. Martin, S. R. S. Rangan, G. B. Baskin, B. J.
Gormus, R. H. Wolf, W. A. Andes, M. West, and R. C. Montelaro. 1986.
Isolation of an HTLV-III-related retrovirus from macaques with simian
AIDS and its possible origin in asymptomatic mangabeys. Nature (London)
321:435-438.

National Institutes of Health. 1985. Guide for the care and use of laboratory
animals, rev. ed. Department of Health and Human Services publication no.

30.

31.

32.

33.

34

35.

36.

37.

38.

39.

40.

J. VIROL.

(NIH) 85-23. National Institutes of Health, Bethesda, Md.

Nooij, F. J. M., J. G. Borst, G. J. E. Van Meurs, M. Jonker, and H. Balner.
1986. Differentiation antigens on rhesus monkey lymphocytes. I. Identifica-
tion of T cells bearing CD3 and CDS8, and of a subset of CD8-bearing cells.
Eur. J. Immunol. 16:975-979.

Reimann, K. A, R. L. Cate, Y. Wu, L. Palmer, D. Olson, B. C. D. Waite, N. L.
Letvin, and L. C. Burkly. 1995. In vivo administration of CD4-specific mono-
clonal antibody: effect on provirus load in rhesus monkeys chronically in-
fected with the simian immunodeficiency virus of macaques. AIDS Res.
Hum. Retroviruses 11:517-525.

Reimann, K. A., K. Tenner-Racz, P. Racz, D. C. Montefiori, Y. Yasutomi, W.
Lin, B. J. Ransil, and N. L. Letvin. 1994. Inmunopathogenic events in acute
infection of rhesus monkeys with simian immunodeficiency virus of ma-
caques. J. Virol. 68:2362-2370.

Reimann, K. A., B. C. D. Waite, D. E. Lee-Parritz, W. Lin, B. Uchanska-
Ziegler, M. J. O’Connell, and N. L. Letvin. 1994. Use of human leukocyte-
specific monoclonal antibodies for clinically immunophenotyping lympho-
cytes of rhesus monkeys. Cytometry 17:102-108.

Rho, H., B. Poiesz, F. Ruscetti, and R. C. Gallo. 1981. Characterization of the
reverse transcriptase from a new retrovirus (HTLV) produced by a human
cutaneous T-cell lymphoma cell line. Virology 112:355-360.

Shaw, G. M., B. H. Hahn, S. K. Arya, J. E. Groopman, R. C. Gallo, and F.
Wong-Staal. 1984. Molecular characterization of human T cell leukemia
(lymphotropic) virus type III in the acquired immune deficiency syndrome.
Science 226:1165-1171.

Spiegel, H., H. Herbst, G. Niedobitek, H.-D. Foss, and H. Stein. 1992.
Follicular dendritic cells are a major reservoir for human immunodeficiency
virus type 1 in lymphoid tissues facilitating infection of CD4* T-helper cells.
Am. J. Pathol. 140:15-22.

Sullivan, N., Y. Sun, J. Li, W. Hoffman, and J. Sodroski. 1995. Replicative
function and neutralization sensitivity of envelope glycoproteins from pri-
mary and T-cell line-passaged human immunodeficiency virus type 1 isolates.
J. Virol. 69:4413-4422.

Tenner-Racz, K., P. Racz, M. Bofill, A. Schulz-Meyer, M. Dietrich, P. Kern,
J. Weber, A. J. Pinching, F. Veronese-Dimarzo, M. Popovic, D. Klatzman,
J. C. Gluckman, and G. Janossy. 1986. HTLV-III/LAV viral antigens in
lymph nodes of homosexual men with persistent generalized lymphadeno-
pathy and AIDS. Am. J. Pathol. 123:9-15.

Voss, G., J. Li, K. Manson, M. Wyand, J. Sodroski, and N. L. Letvin. 1995.
Human immunodeficiency virus type 1 envelope glycoprotein-specific cyto-
toxic T lymphocytes in simian-human immunodeficiency virus-infected rhe-
sus monkeys. Virology 208:770-775.

Watanabe, M., K. A. Reimann, P. A. DeLong, T. Liu, R. A. Fisher, and N. L.
Letvin. 1989. Effect of recombinant soluble CD4 in rhesus monkeys infected
with simian immunodeficiency virus of macaques. Nature (London) 337:267-
270.






