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The repertoire of functional CD4™ T lymphocytes in human immunodeficiency virus type 1-infected indi-
viduals remains poorly understood. To explore this issue, we have examined the clonality of CD4* T cells in
simian immunodeficiency virus (SIV)-infected macaques by assessing T-cell receptor complementarity-deter-
mining region 3 (CDR3) profiles and sequences. A dominance of CD4" T cells expressing particular CDR3 se-
quences was identified within certain VB-expressing peripheral blood lymphocyte subpopulations in the in-
fected monkeys. Studies were then done to explore whether these dominant CD4* T cells represented expanded
antigen-specific cell subpopulations or residual cells remaining in the course of virus-induced CD4™ T-cell
depletion. Sequence analysis revealed that these selected CDR3-bearing CD4™* T-cell clones emerged soon after
infection and dominated the CD4™ T-cell repertoire for up to 14 months. Moreover, inoculation of chronically
infected macaques with autologous SIV-infected cell lines to transiently increase plasma viral loads in the
monkeys resulted in the dominance of these selected CDR3-bearing CD4* T cells. Both the temporal associ-
ation of the detection of these clonal cell populations with infection and the dominance of these cell populations
following superinfection with SIV suggest that these cells may be SIV specific. Finally, the inoculation of
staphylococcal enterotoxin B superantigen into SIV-infected macaques uncovered a polyclonal background
underlying the few dominant CDR3-bearing CD4™ T cells, demonstrating that expandable polyclonal CD4*
T-cell subpopulations persist in these animals. These results support the notions that a chronic AIDS virus
infection can induce clonal expansion, in addition to depletion of CD4™ T cells, and that some of these clones

may be SIV specific.

CD4™" T cells are likely to play an important role in main-
taining the human immunodeficiency virus type 1 (HIV-1)-
specific CD8" T-lymphocyte and humoral immune responses
in HIV-1-infected individuals. Interleukin-2 (IL-2) produced
by CD4" T cells has been shown in vitro to enhance CD8"
T-lymphocyte-mediated suppression of HIV-1 replication (16).
CD4™" T-cell loss has been shown to be associated with waning
anti-HIV-1 antibody responses in infected individuals (2).
Moreover, potent HIV-1-specific proliferative CD4 " T-cell re-
sponses are associated with the control of viremia in a small
group of infected humans whose viremia is controlled in the
absence of antiretroviral treatment (26). Yet, virus-specific
CD4™" T-cell responses have proven difficult to characterize in
most HIV-1-infected individuals. Although proliferative re-
sponses of HIV-1-specific CD4" T cells can be detected in
peripheral blood lymphocytes (PBLs) of some HIV-1-infected
humans (1, 18, 28, 29), the magnitude and frequency of de-
tectable CD4™ T-cell proliferation are low in the majority of
chronically infected individuals (18, 28). Determination of the
extent to which the difficulty in detecting virus-specific CD4" T
cells in vitro is attributable to the suppressive nature of an
AIDS virus infection or the virus-induced deletion of reactive
CD4" memory T cells is important.

In vivo studies assessing molecular aspects of T-cell receptor
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(TCR) repertoires will be an important contribution to our
understanding of HIV-1-specific CD4™" T cells in virus-infected
individuals. While a rapid turnover of CD4 " T cells is observed
during HIV-1 infections (21, 27), little is known about the
evolution of HIV-1-specific CD4" T cells in infected humans.
It is generally thought that the CD4™" T cells activated through
TCR signaling are susceptible to a productive viral infection
and virus-induced death. This activation-dependent viral infec-
tion and cell death has been seen in vitro in CD4" T-cell in-
fections (11, 13). However, it is not clear to what extent HIV-1
infections can drive an expansion rather than simply a deple-
tion of viral-antigen-specific CD4™ T cells in infected individ-
uals. Although a dominance of CD4™" T cell clones has been
identified at single points in time during clinical progression
to AIDS in HIV-1-infected humans (10, 12, 20), longitudinal
studies of these clonally dominant CD4™ T cells have not for-
mally been done. It has been argued that such a dominance of
CD4" T cells in advanced infection may be driven by oppor-
tunistic pathogens rather than HIV-1. It has also been argued
that dominant CD4* T-cell clones identified during chronic
infection may represent selected VB-expressing lymphocyte
subpopulations remaining following virus-induced polyclonal
lymphocyte deletion (14). Further studies are needed to char-
acterize the dynamics of HIV-1-specific CD4™ T-cell popula-
tion changes in infected individuals.

We have recently initiated studies of CD4™ T-cell reper-
toires in simian immunodeficiency virus (SIV) SIVmac-in-
fected rhesus monkeys (3, 4, 30). Our previous studies using
PCR-based quantitation of VB family expression did not dem-
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FIG. 1. Clinical sequelae of SIV infections of macaques evaluated in this study. (A) Marked declines in CD4* PBL counts were evident in SIVmac-infected rhesus
(Mm344 and Mm345) and SIV FGb-infected pig-tailed macaques (PGg, PVh, and PBi). (B) Persistently detectable levels of plasma SIV RNA were present in

SIV-infected macaques.

onstrate a consistent expansion or deletion of selected V3
family-expressing CD4" PBL subpopulations in genetically
unselected SIVmac-infected monkeys (3). This observation
suggests that mechanisms other than superantigen-mediated
depletion contribute to the CD4* T-lymphocyte decline in
SIVmac-infected monkeys. Nevertheless, it still remains pos-
sible that clonal expansion or depletion within individual V3
family-expressing CD4" T-lymphocyte subpopulations occurs
as a result of persistent antigen stimulation in these virus-
infected individuals. We reasoned that prospective studies of
macaque TCR complementarity-determining region 3 (CDR3)
profiles during SIV infections might provide a useful setting in
which to test the hypothesis that an AIDS virus can drive a
prolonged CD4™ T-cell clonal response. We therefore utilized
CDR3 profile and sequence analyses to evaluate the dynamics
of macaque CD4" T-cell repertoire changes during persistent
SIV infections. We report that SIV infection of macaques can
result in prolonged periods of clonal dominance of CDR3-re-
stricted CD4™" T cells despite the decline of CD4* PBL counts.

MATERIALS AND METHODS

Animals and viruses. Five rthesus monkeys (Macaca mulatta), 3 to 5 years old,
were used in these studies. These animals were maintained in accordance with
the guidelines of the Committee on Animals for Harvard Medical School and the
Guide for the Care and Use of Laboratory Animals (National Academy Press,
Washington, D.C.). The rhesus monkeys were inoculated intravenously with
SIVmac251 as described previously (3). Three pig-tailed macaques (M. nemestri-
na) were inoculated intravenously with the pathogenic SIV FGb as described
previously (22).

Superinfection with SIV-infected CD4™ T cells. Rhesus macaques infected
with SIVmac for 2 years were subjected to superinfection by using autologous
SIV-infected CD4* T-cell lines. PBLs and lymph node cells obtained from the
macaques were depleted of CD8" T cells by using immunomagnetic beads as
previously described (3). The lymphocytes depleted of CD8* T cells were stim-
ulated for 3 days in culture in the presence of RPMI 1640 medium containing
concanavalin A (5 pg/ml). The concanavalin A-stimulated cells were then in-
fected with the STVmac251 isolate (10° copies of STV RNA in the supernatant)
and expanded in IL-2-containing medium. The infected cells were harvested
from the culture on day 12 and inoculated into chronically SIVmac-infected
monkeys. Each macaque was inoculated intravenously with 3 X 107 CD4™ T cells
(10° copies of SIV RNA in 10° cells).

SEB inoculation. SIVmac-infected monkeys were injected intramuscularly
with staphylococcal enterotoxin B (SEB; Toxin Technology, Sarasota, Fla.) at a
dose of 0.3 ug/kg (18). Following SEB inoculation, blood was drawn for flow-
cytometric analysis of VB expansion and isolation of CD4"* PBLs as previously
described (18).

Isolation and fractionation of lymphocyte populations in blood. PBLs were
isolated from EDTA-anticoagulated blood of the monkeys by Ficoll-diatrizoate
gradient centrifugation. CD4" lymphocytes were purified by using monoclonal
anti-CD4 antibody-conjugated Dynabeads (Dynal, Inc., Great Neck, N.Y.) as

described previously (3). PBLs were incubated with these immunomagnetic
beads for 30 min at room temperature and then selected in two cycles with a
magnetic particle concentrator. The cells isolated by this method were more than
97% CD,4 " lymphocytes.

Monoclonal antibodies and flow-cytometric analysis. The following anti-hu-
man monoclonal antibodies that cross-react with corresponding macaque anti-
gens were used: phycoerythrin (PE)-conjugated anti-rhesus monkey CD3 (FN18;
Biosource, Camarillo, Calif.), PE-conjugated anti-human CD4 (Ortho Diagnos-
tic Systems, Raritan, N.J.), and PE-conjugated anti-human CD8 (Dako Corpo-
ration, Carpinteria, Calif.). Whole-blood staining was employed according to the
instructions accompanying the immunolysis kit (ImmunoPrep; Coulter Corp.,
Hialeah, Fla.). Two-color flow-cytometric analyses were performed on a Coulter
XL flow cytometer. Lymphocytes were gated by forward- and side-scatter char-
acteristics, and up to 10,000 gated cells were analyzed.

mRNA extraction and cDNA synthesis. mRNA was extracted from purified
CD4" lymphocytes, using guanidinium thiocyanate and oligo(dT) spin columns
(mRNA extraction kit; Pharmacia, Piscataway, N.J.). The first-strand cDNA
was synthesized in a 20-pl final volume at 42°C for 1 h, using 0.2 to 1 pg of
mRNA, 1 ug of random hexanucleotides, and 5 U of reverse transcriptase
(Promega, Madison, Wis.). The samples were heated for 5 min at 95°C to
terminate the reaction.

TCR Vp family expression. PCR-based quantitation of VB family expression
was undertaken as previously described (3). Briefly, cDNA isolated from each
lymphocyte sample was aliquoted into 25 tubes, each containing a sense Vf
family-specific primer and an antisense CB primer. As an internal control, each
reaction tube also contained a pair of primers that amplified a 105-bp fragment
of the constant region of the macaque TCR « chain. The radiolabeled PCR
products were electrophoresed through a 5% polyacrylamide gel, dried, and
exposed to X-ray film. The radioactivity in the separated VB-CB and Ca-Ca
bands was measured with an Ambis 100 (Ambis, San Diego, Calif.). Using this
assay system, we assessed VB family expression in CD4" T cells obtained from
monkeys 315 and 320. In these experiments, we were unable to identify a
significant expansion or deletion at the level of V family expression. This finding
was consistent with our previous observation suggesting the relative conservation
of a given VB family among genetically unrelated monkeys (3).

TCR B-chain CDR3 length analysis. CDR3 profiles were analyzed by both
autoradiogram display of CDR3 lengths and Genescan-based spectrotyping (10,
12, 30). For autoradiogram display, cONAs were amplified by PCR for expres-
sion of 24 VB families, using individual VB-specific primers and a CB-specific
primer as described previously (3, 4, 17, 30). The second round of PCR was
performed with nested VB primers and a CB primer, designed as described
previously (30). The internal C8 primer was labeled at its 5" end with 3P. The
first-round PCR products were amplified for 15 cycles of 95°C for 30 s, 55°C for
30 s, and 72°C for 30 s. The amplified TCR B chains bearing various CDR3
lengths were visualized as a series of radiolabeled bands 3 bases apart on a 6%
polyacrylamide sequencing gel. Reactions demonstrating selected VB families
that exhibited a change in CDR3 length were repeated at least once by the same
method, followed by quantitation by the Genescan method. For the spectrotyp-
ing analysis of CDR3 profiles, the first-round PCR products were amplified in a
second-round PCR using individual nested VB primers and the internal CB
primer coupled with the Fam fluorophore (Applied Biosystems, Foster City,
Calif.). The 15-cycle PCR was performed in a 15-pl volume with 0.2 uM each
primer under the conditions described above for autoradiographic analysis. One
microliter of each reaction product was mixed with deionized formamide and a
ROCK-500 size standard and then electrophoresed on a 5% acrylamide gel on a
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FIG. 2. Pathogenic SIV infections were associated with the appearance of dominant CDR3-bearing CD4™ T cells in certain VB-expressing CD4™ PBL subpopu-
lations. Shown are histograms for spectrotyping analysis of CDR3 lengths employed by selected VB-expressing PBL subpopulations of SIV FGb-infected pig-tailed

macaques. Monkey designations are noted at the top. VB families are indicated, with different months (M) following SIV infection shown at the upper left corners of
the histograms. Fragment length in nucleotides is on the x axis, and fluorescence intensity is on the y axis. The numbers of nucleotides in different CDR3 lengths were
determined in control experiments (see Materials and Methods) and are expressed as predicted numbers of amino acids. The short line at the bottom of each histogram
represents the length of a CDR3 molecule with 10 amino acids. Shown are only those histograms of VB families in which a significant change in CDR3 was observed
after SIV infection. Histograms of two families that do not exhibit consistent changes in CDR3 are also shown as controls (Cont).

model 377 DNA sequencer (Applied Biosystems). Size and fluorescence inten-
sity were analyzed by using the Genescan software. Experiments performed with
samples obtained at three different times from four normal monkeys indicated
that these CDR3 length analyses were highly reproducible and VB specific.
Further cloning and sequencing in conjunction with the CDR3 length display
allowed for the prediction of CDR3 lengths. These lengths were expressed as
predicted numbers of amino acids. As controls for SIV-induced changes in
CDR3 profiles, normal macaques were inoculated with virus-free culture super-

natant from CEM174 cells, the cells that were used to expand the SIVmac virus.
We saw no significant changes in CDR3 profiles during the =5 weeks of fol-
low-up after the inoculation with the supernatant (30).

Molecular cloning and sequencing of selected TCR CDR3-bearing cDNA.
Cloning of TCR CDR3-bearing cDNA was done by a PCR-based technique (6,
18). Briefly, dominant CDR3 length-bearing cDNA, determined by CDR3 length
display studies (see Fig. 3B) (17, 30), was cut out of the gel and recovered by
boiling at 100°C followed by ethanol precipitation. The recovered DNA was then
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FIG. 3. Histograms from spectrotyping (A) and autoradiographic (B) analyses of CDR3 lengths employed by selected VB-expressing PBL subpopulations in
SIVmac-infected rhesus macaques. Spectrotyping data are displayed as described in the legend to Fig. 2. For autoradiographic analysis of CDR3 lengths, 3*P-
incorporated CDR3 lengths were separated for display in a 5% sequencing gel as previously described (4, 30).

amplified by PCR using corresponding VB-specific primers containing EcoRI
restriction sites and a CP primer containing an Xbal restriction site (22, 23).
cDNAs generated from CD4* PBL and lymph node samples obtained from the
monkeys before SIV infection were included as controls. PCR was performed for
30 cycles as previously described (17, 30). To minimize PCR-generated misin-
corporation, Pfu DNA polymerase was used in the PCRs. The PCR products
were digested with EcoRI and Xbal and ligated into the plasmid pSP65 (Pro-
mega) for cloning and sequencing. At least 20 clones were analyzed for each
c¢DNA sample. The frequencies of the clonotypic sequences were determined
based on the percentage of each clone in the total clones representing the same
VB family.

RESULTS

Dominance of selected CDR3-bearing CD4" T cells was
identified in PBLs of SIV-infected monkeys whose CD4™* PBL
counts were decreased. While CD4™ T cells are destroyed by
HIV-1 and SIV during the course of an infection, it is possible
that some CD4™" T cells may expand clonally in response to
these viruses. To explore this possibility, six macaques were
infected with two pathogenic SIV isolates, SIV FGb (22) and
SIVmac251 (6). The statuses of these SIV-infected macaques
were investigated prospectively by examining their virus loads
and CD4" PBL counts. In addition, CD4™" T cells were puri-
fied and assessed for alterations in the CDR3 profiles of each
of the 24 VB gene families. These macaques exhibited a
marked decline in their CD4" PBL counts 2 to 5 months after
SIV infection (Fig. 1). Associated with this decline in CD4"
PBL counts were changes in CDR3 profiles in some V{3 family-
expressing CD4" PBL subpopulations (Fig. 2). CDR3 length
changes were evident only in selected VB gene families in the
SIVmac-infected monkey, with the majority of VB families
showing no evolution (Fig. 2 and data not shown). Similarly, a
change in CDR3 profiles from multiple lengths to one- or
two-length dominance was identified in certain V@ families in
the SIV FGb-infected macaques (Fig. 2 and data not shown).
This dominance of selected CDR3 length-bearing CD4* T
cells persisted in the PBLs of the SIV-infected macaques, in
some animals as long as 14 months, although the disappear-
ance of other dominant CDR3-bearing cells was seen over time
in those same VB families (Fig. 2 and 3 and data not shown).

These results, therefore, provide evidence that the persistent
infection of two macaque species with different SIV isolates
results in the dominance of selected CDR3-bearing CD4" T
cells.

Selected CDR3-bearing CD4™ T cells exhibited a monoclo-
nal or oligoclonal dominance during chronic SIV infection of
macaques. We then assessed the CDR3 sequences employed
by the dominant CDR3-bearing CD4" T cells in chronically
SIVmac-infected monkeys. Since the dominance of selected
CDR3-bearing CD4™ T cells was most readily appreciated
in monkeys with particularly low CD4" PBL counts (data
not shown), longitudinal molecular analyses of single CDR3
length-bearing TCR B-chain cDNA corresponding to the dom-
inant CDR3 were undertaken (17, 30) throughout the clinical
course of the SIV infections. Interestingly, monoclonal or oli-
goclonal sequences were observed in the PCR-derived DNA
clones isolated from VB cDNA bearing the selected CDR3
lengths, suggesting that selected CDR3-bearing CD4™ T cells
in the infected monkeys had undergone clonal expansion (Fig.
4). In accordance with the results revealed by these CDR3
profile analyses, the dominance of these clonal sequences was
consistently identified in those V@ family-expressing CD4"
PBL subpopulations of the monkeys for up to 14 months (Fig.
2 to 4). In fact, dominance of these clones during early infec-
tion was confirmed by a frequency analysis of the clones bear-
ing the same CDR3 lengths (Fig. 4). These molecular analyses
suggest that SIV infections are temporarily associated with the
dominance of selected CDR3-bearing CD4™ T-cell clones in
chronically infected macaques.

Inoculation of SIV-infected macaques with autologous SIV-
infected CD4™ T cells induced or enhanced the dominance of
selected CDR3-bearing CD4™ T-cell clones. Since the dom-
inance of selected CDR3-bearing CD4" T cells was most
readily appreciated in clinically advanced SIVmac infections, it
was important to determine whether the clonal dominance of
these CD4™ T cells was associated with SIV rather than with
opportunistic pathogens. To address this issue, chronically
SIVmac-infected monkeys were superinfected by intravenous
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inoculation of SIVmac-infected autologous CD4* T-cell lines
and then assessed for changes in both virus loads and CDR3
profiles in each of the 24 VB families. The superinfection of
two chronically STVmac-infected monkeys resulted in up to an
80-fold increase in plasma SIV RNA (Fig. 5A). Associated
with these changes in viral loads was a transient increase in
absolute CD4" T-cell counts in PBLs and a sampled lymph
node (Fig. 5B). Despite these changes, PCR-based TCR rep-
ertoire analyses did not reveal a significant expansion of indi-
vidual VB families (there was less than 2.5-fold increase in
expression [data not shown]). However, when individual VB
families were assessed for changes in CDR3 profiles, these
transient increases in virus load were shown to be associated
with new or an increased magnitude of the dominance of
selected CDR3-bearing CD4™" T cells in PBLs and lymph node
cells (Fig. 5C). These results strengthen the association be-
tween the dominance of selected CDR3-bearing CD4™ T cells
and viral antigen in the SIV-infected macaques.

Selected CDR3-bearing CD4™ T cells dominated over a poly-
clonal background in V3-expressing T-cell subpopulations dur-
ing chronic SIV infection. We then examined whether the
dominance of selected CDR3-bearing CD4 " T cells represent-
ed a clonal expansion from a polyclonal lymphocyte population
or, rather, residual clones in a depleted VB-expressing CD4™
T-cell subpopulation. We have recently demonstrated that a
bacterial superantigen, SEB, can stimulate in vivo polyclonal
expansions of reactive VB-expressing cell subpopulations in
macaques (17). We made use of this observation to examine
whether in vivo SEB stimulation could induce a change from
mono- or oligoclonal dominance to polyclonal expansion of
CD4™" T-cell subpopulations in the SIV-infected macaques. As
expected, injection of SIVmac-infected macaques with SEB
resulted in a transient expansion of the SEB-reactive V3™
and VB19" cell subpopulations (Fig. 6). Interestingly, this
SEB-induced expansion of VB3™ and VB19™ T cells coincided
with a change in the clonal representation in these SEB-reac-
tive cell subpopulations of the SIVmac-infected monkeys.
These VB-expressing CD4" T-cell subpopulations underwent
a change from the expression of a single dominant CDR3
length to the expression of multiple CDR3 lengths temporally
coincident with this SEB-induced expansion (Fig. 7). Following
the resolution of these SEB-induced responses, the selected
CDR3-bearing CD4™" T cells reemerged as dominant in the
VB-expressing cell subpopulations. Similarly, sequence
analyses of the cDNA from these monkeys showed that the
SIVmac-driven clonal dominance in the CD4" T cells was
replaced by a polyclonal representation on day 6 after SEB
injection (data not shown), indicating that stimulation by SEB
can override SIV-induced clonal dominance and stimulate
polyclonal expansion in these T-lymphocyte subpopulations.
These SEB-induced changes in clonal representation in the
reactive VB-expressing subpopulations suggest that a diversity
of other expandable clones of CD4* T lymphocytes remains in
chronically SIV-infected macaques.

DISCUSSION

In the present studies, we have evaluated virus infection-
associated CD4" T-cell responses in SIV-infected macaques
through analyses of TCR CDR3 profiles and sequences. We
have shown that dominant CD4" T-cell clones are seen in
SIV-infected macaques following infection. In addition, the
relative frequency of these dominant clones increases or new
dominant clones emerge in the infected macaques following
inoculation with SIV-infected cells. These results suggest that
SIV infection can induce the prolonged expansion of virus-
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FIG. 4. Sequence and frequency analyses showed that SIV infections were
associated with the prolonged clonal dominance of selected CDR3-bearing
CD4™" T cells within certain VB-expressing CD4* PBL subpopulations. cDNA
was prepared from purified CD4* PBLs obtained from SIV-infected macaques.
The selected CDR3-bearing clones were generated from the dominant CDR3
bands and the corresponding bands revealed by the autoradiogram CDR3 dis-
play. The dominant nucleotide and amino acid sequences of the CDR3-restricted
clones are shown at the top of each panel, with their frequencies (x axis) in
different months after SIV infections (y axis) displayed in the graphics. The
frequency of clonotypic sequences is expressed as the percentage of that clone
among the total clones bearing the same CDR3 lengths (17, 30). At least 20
clones were analyzed for each cDNA sample.

specific clonal CD4" T-cell populations in vivo. These findings
also suggest that the dominant VB CD4 " T-cell clones iden-
tified in cross-sectional analyses during the course of HIV-1
infection may represent clonal subpopulations of virus-specific
T lymphocytes (10, 12, 20). Nevertheless, we cannot exclude
the possibility that changes in CDR3 in selected VB families
are also driven by antigens derived from opportunistic patho-
gens replicating in the setting of immunosuppression.

These results also suggest that the dominant CD4" T-cell
clones identified in HIV-1- or SIV-infected individuals are not
necessarily residual clones in a depleted pool of T cells. A
decrease in the number of clones represented in a given Vf3-
expressing T-cell subpopulation might certainly occur as a re-
sult of virus-induced declines in total CD4™" T-cell counts. This
diminution of background polyclonality would render a clonal
expansion more readily detectable. Nevertheless, an SEB su-
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FIG. 5. Superinfection of two SIVmac-infected macaques with autologous SIV-infected cell lines resulted in an increase in plasma SIV RNA (A), increased numbers
of CD4" T cells (B), and an associated increased dominance of selected CDR3-bearing CD4™ T cells (C). Each macaque was inoculated intravenously with 3 X 107
CD4" T cells (10° copies of STV RNA in 10° cells). Plasma RNA quantitation was done by QC-PCR as described elsewhere (30). Absolute numbers of CD4" PBLs
were calculated from data generated by flow cytometry analyses and complete blood counts, whereas those of lymph node CD4" T cells (LN.C) were derived from flow
cytometry data and total lymphocyte counts of a single lymph node (17). The spectrotyping data are displayed as described in the legend to Fig. 2.

perantigen exposure clearly should be capable of revealing a
limited polyclonal background underlying an SIV-driven clonal
dominance within a selected VB-expressing CD4™ T-cell sub-
population. In the present studies, SEB superantigen-induced
polyclonal expansions were readily detected in the reactive
VB-expressing CD4* T-cell subpopulations that were ex-
panded in response to SIV infection. This finding provides
evidence that the clonal dominance of CD4™ T cells in HIV-1
or SIV infections can represent virus-driven expansions rather
than residual clones in depleted T-cell subpopulations.

Importantly, these studies suggest that infection-driven
CD4™" T cells are detectable during various clinical stages of
AIDS virus infections, although the specificity of the clonal
expansions observed has not been formally established. In fact,
a recent study has demonstrated that HIV-1-specific memory
CD4™" T cells can be readily detected by using in vitro peptide
stimulation of PBLs followed by intracellular cytokine staining
(24). The present studies complement this in vitro character-
ization of HIV-1-specific CD4™ T cells by demonstrating the in
vivo persistence of selected CDR3-bearing CD4 " T-cell clones
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in SIV-infected macaques. These observations suggest that the
development of better assay systems, such as those making use
of the major histocompatibility complex tetramer technology,
should make possible the characterization of the precise spec-
ificities and functions of AIDS virus-specific CD4" T cells in
infected individuals.

The magnitudes of the clonal expansions of SIV-specific
CD4™" T cells observed in the present study differ from those
seen in CD8" T-cell subpopulations in STVmac-infected ma-

caques. Up to threefold expansions of selected VB family-
expressing subpopulations in CD8" PBLs can be detected in
SIVmac- or simian-human immunodeficiency virus-infected
macaques by PCR-based V@ family quantitation (6). Similarly,
substantial numbers of CD8" T cells bound to a tetrameric
major histocompatibility complex class I-peptide complex are
apparent in PBLs of SIVmac-infected macaques and HIV-1-
infected humans (19, 23). In contrast, the clonal expansion of
CD4™" T cells in SIV-infected macaques was detected by CDR3
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FIG. 7. SEB superantigen inoculation of SIVmac-infected macaques revealed a polyclonal background underlying the dominant selected CDR3-bearing CD4* T
cells in SEB-reactive VB families. Transient changes in CDR3 profiles, from a dominant length(s) to multiple CDR3 lengths, occurred after SEB injection. The initial
and end time points shown for macaques 315 and 320 were the periods from months 3 through 7 (Fig. 6). The spectrotyping and audioradiograms are displayed as

described in the legends to Fig. 2 and 3.
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profile and sequence analyses, but not in studies of V@
family expression (3). These different magnitudes of expan-
sion may be attributable to the fact that CD4™ T cells are
more susceptible than CD8™" T cells to STV-induced destruc-
tion. These differences may also indicate that the mecha-
nisms underlying the clonal expansions of CD4* and CD8"
T cells are distinct.

The present studies suggest that SIV infections may be ca-
pable of driving a prolonged expansion rather than simply a
depletion of certain VB-expressing CD4™ T-cell subpopula-
tions during the progressive decline of total CD4" PBL counts.
In fact, the dominance of certain clones was maintained even
after viral loads returned to baseline following inoculation of
macaques with SIVmac-infected cells. It is likely that the rep-
lication rate of SIVmac and the turnover rate of T cells were
transiently quite high immediately following the inoculation of
the infected monkeys with the infected cells. Yet, despite the
marked decline of plasma SIV RNA levels after this superin-
fection, the immune stimulation by viral antigen was sufficient
to maintain the expansion of selected clones of CD4™ T cells.
There are at least two possible explanations for the persistent
dominance of the clonal SIV-specific CD4* T-cell subpopula-
tions. The prolonged dominance of clones of SIV-specific
CD4™" T cells may result from a balance between the prolifer-
ation and destruction rates of these clones, with the prolifer-
ation rate of the SIV-specific CD4™" T-cell clones being similar
to or higher than the rate of SIV-mediated destruction of
CD4™" T lymphocytes in SIV-infected macaques. In fact, an
increased turnover rate of total CD4™ T cells has recently been
demonstrated in SIV-infected macaques (21, 27). The rapid
turnover of SIV-specific CD4" T-cell clones without clonal
exhaustion could certainly result in a maintenance of the dom-
inance of these cells within particular VB families. On the
other hand, these SIV-specific CD4" T-cell clones may not be
susceptible to SIV-induced destruction. SIV-specific CD4* T
cells may acquire the ability to resist SIV infection if they do
not express the chemokine receptors required for SIV entry (7,
15). In addition, unique cytokines produced by these CD4*
T-cell clones may preclude a productive SIV infection of these
cells (25). This notion is supported by a recent study demon-
strating that some cytokines can override activation-dependent
HIV-1 infection of CD4* T lymphocytes (9).

The finding that SIV-stimulated CD4™ T cells persist in
virus-infected macaques implies that these cells may contribute
to immune containment of SIV. No clear correlation between
the detection of dominant CD4™ T-cell clones and viral clear-
ance has been demonstrated in SIV-infected monkeys. How-
ever, the return of the elevated plasma SIV RNA level to the
set point coincided in this study with an increased dominance
of selected CDR3-bearing CD4 ™ T-cell subpopulations follow-
ing superinfection with SIV-infected cells (Fig. 5C). This result
is consistent with the suggestion that virus-driven CD4™" T cells
contribute to antiviral immune responses. These virus-specific
CD4" T cells may play a role in maintaining or enhancing the
response of virus-specific CD8* T cells, although such T-
helper function is not effective enough to fully control the virus
infection. Treatment with IL-2, a major cytokine produced by
CD4™" T cells, has been shown to increase the level of circu-
lating CD4" T lymphocytes in HIV-1-infected humans on
highly active antiretroviral therapy (HAART) (8). If CD4" T
cells mediate antiviral activity, immune intervention targeting
virus-specific CD4™ T cells in conjunction with HAART may
lead to more-efficient control of HIV-1-induced disease.
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