
Immunization with live attenuated simian
immunodeficiency virus induces strong type 1
T helper responses and b-chemokine production
Marie-Claire Gauduin*, Rhona L. Glickman*, Shabbir Ahmad†, Tilahun Yilma†, and R. Paul Johnson*‡§

*Division of Immunology, New England Regional Primate Research Center and Harvard Medical School, Southborough, MA 01772; †VM Pathology,
Microbiology and Immunology, International Laboratory of Molecular Biology for Tropical Disease Agents, University of California, Davis, CA 95616;
and ‡Infectious Disease Unit and Partners AIDS Research Center, Massachusetts General Hospital, Charlestown, MA 02115

Edited by Anthony S. Fauci, National Institutes of Health, Bethesda, MD, and approved September 9, 1999 (received for review June 29, 1999)

Immunization with live attenuated simian immunodeficiency virus
(SIV) strains has proved to be one of the most effective strategies
to induce protective immunity in the SIVymacaque model. To
better understand the role that CD41 T helper responses may play
in mediating protection in this model, we characterized SIV-specific
proliferative and cytokine responses in macaques immunized with
live attenuated SIV strains. Macaques chronically infected with live
attenuated SIV had strong proliferative responses to SIV proteins,
with stimulation indices of up to 74. The magnitude of the prolif-
erative response to SIV Gag varied inversely with the degree of
attenuation; Gag-specific but not envelope-specific responses
were lower in animals infected with more highly attenuated SIV
strains. SIV-specific stimulation of lymphocytes from vaccinated
macaques resulted in secretion of interferon-g, IL-2, regulated-
upon-activation, normal T cells expressed and secreted (RANTES),
macrophage inflammatory protein (MIP)-1a, and MIP-1b but not
IL-4 or IL-10. Intracellular flow cytometric analysis documented
that, in macaques vaccinated with SIVmac239Dnef, up to 2% of all
CD41T cells were specific for SIV p55. The ability of live attenuated
SIV to induce a strong, sustained type 1 T helper response may play
a role in the success of this vaccination approach to generate
protection against challenge with wild-type SIV.

One of the significant barriers to the development of an
effective AIDS vaccine has been the lack of understanding

regarding what type of immune responses are able to protect
against HIV infection. Studies in HIV-exposed but uninfected
individuals and HIV-infected subjects with low viral loads and
normal immune function have suggested that induction of both
neutralizing antibody and cytotoxic T lymphocyte (CTL) re-
sponses may be associated with effective control of HIV (1, 2).
However, it has been difficult to draw definitive conclusions
from these studies, in part because of the lack of information as
to whether these subjects are truly protected from HIV infection
or disease. The impressive ability of live attenuated SIV vaccines
to induce protection against challenge with pathogenic strains of
SIV (3) has generated a valuable model in which to examine the
potential mechanisms responsible for protection. A number of
studies have demonstrated that animals vaccinated with live
attenuated SIV resist intravenous and mucosal infection with
pathogenic SIV strains (3–5). Animals vaccinated with live
attenuated SIV develop neutralizing antibodies (3, 6), and a
relatively vigorous CTL response (7–9) associated with the
production of soluble antiviral factors, including the b-chemo-
kines regulated-upon-activation, normal T cells expressed and
secreted (RANTES), macrophage inflammatory protein (MIP)-
1a, and MIP-1b (10). However, the relationship of these immune
responses to protective immunity remains poorly understood.

CD41 T helper cells play an important role in maintaining
effective immunity against viral pathogens (11). In murine
models, virus-specific T helper responses are important in
maintaining effective CTL responses against viral pathogens
such as lymphotropic murine herpesvirus-68 (12) and lympho-

cytic choriomeningitis virus (13). In the absence of CD41 T cell
responses, virus-specific CTL may either be eliminated or persist
yet be nonfunctional (14). In HIV and SIV infection, virus-
specific T helper responses as assessed by standard proliferation
assays are generally low to absent (15, 16). However, recent
studies have demonstrated that vigorous HIV-1-specific CD41 T
lymphocyte proliferative responses can be detected in HIV-1-
infected long-term nonprogressors and in subjects treated with
antiretroviral therapy early in the course of HIV infection (17).
Defining the mechanisms resulting in the development or failure
of T helper cell responses and their correlation with immune
protection should help elucidate the immunopathogenesis of
SIV and HIV-1 infection and may provide valuable insight into
therapeutic interventions and vaccine development.

To better understand the role that CD41 T helper responses
may play in protective immunity in the SIVymacaque model, we
characterized SIV-specific proliferative and cytokine responses
in rhesus macaques immunized with live attenuated SIV strains.
Using both standard proliferation assays and new techniques
that allow visualization of CD41 T helper cells on a single-cell
basis, we now demonstrate that vaccination with live attenuated
SIV results in the induction of a vigorous and sustained type 1
T helper response.

Materials and Methods
Animals. Rhesus macaques used for this study were infected for
3 to 9 years with the following live attenuated SIV strains:
SIVmac239Dnef, which contains a single 182-bp deletion in nef
(18); SIVmac239D3 [deficient in nef, vpr, and the upstream
sequences (US) of the long terminal repeat (6)]; SIVmac239D3x
(deficient in nef, vpx, and US sequences); or SIVmac239D4
(deficient in nef, vpr, vpx, and US) (19). A subset of these animals
had been challenged 1 to 7 years before our study either with
cloned pathogenic SIVmac239 or uncloned pathogenic SIV-
mac251. All challenged macaques remained healthy without
evidence for wild-type SIV infection at the time of our study (3,
5, 6), and no animal received any booster immunizations at any
time. A second group of rhesus macaques used for this study
included animals infected with the pathogenic strains SIV-
mac239 or SIVmac251. At the time of the study, macaques
infected with pathogenic SIV strains had relatively advanced
disease, with CD4 counts 5 300 mm3. Uninfected normal
macaques from our conventional colony served as negative
controls. All rhesus macaques were maintained in accordance
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with the guidelines of the local institutional animal-use commit-
tees and the National Institutes of Health (39).

Preparation of Rhesus Macaque Peripheral Blood Mononuclear Cells
(PBMCs). Rhesus macaque PBMCs were isolated from fresh
heparinized blood by density gradient centrifugation (Ficoll
1077, Sigma) and resuspended in RPMI medium 1640 (Sigma)
supplemented with 10% non-heat-inactivated fetal calf serum
(Sigma), 10 mM Hepes, 2 mM L-glutamine, 50 units of penicillin
per ml, and 50 mg of streptomycin per ml (R-10 medium). Where
indicated, PBMCs were separated into CD81 and CD41 T
lymphocyte subsets by negative selection with immunomagnetic
beads (Dynabeads; Dynal, Oslo, Norway) as described previ-
ously (10).

Proliferation Assays. Whole PBMCs or fractionated cell popula-
tions were cultured in triplicate or quadruplicate wells at 1 3 105

cells per well in a total volume of 200 ml of R-10 medium in the
presence of SIV recombinant proteins, control protein, or
medium alone for 6 days. The SIV p55 protein (20) and Mr
160,000 glycoprotein (gp160) (21) were derived from SIV-
mac239 and produced in a baculovirus expression system as
previously described. The vesicular stomatitis virus-nucleocapsid
(VSV-N) protein, also produced by using a baculovirus expres-
sion system, was used as a control antigen (22). Unless otherwise
indicated, SIV p55 was added at concentrations ranging from 5
to 2.5 mgyml, whereas gp160 was added at a concentration of 1
mgyml. 3H-labeled thymidine (1.0 mCi) was then added to each
well and harvested after 18 h with an automated cell harvester
(TOMTEC; Wallac, Turku, Finland). 3H-labeled thymidine in-
corporation was determined with a Microbeta Plus liquid scin-
tillation counter (Wallac) and results were expressed as counts
per minute (cpm), or as a stimulation index (S.I.), defined as the
ratio of the mean cpm of wells incubated with SIV antigen per
mean CPM of wells incubated with medium alone. Controls
included VSV-N at concentrations ranging from 5 to 2.5 mgyml
and concanavalin A (ConA, Sigma) at 5 mgyml. Based on 10
assays with six uninfected controls, an S.I. $ 3 was considered
positive.

Immunofluorescent Staining and Flow Cytometric Analysis. Three- or
four-color immunophenotyping was performed by using mAbs
specific for CD3, CD4, and CD8. mAbs used for flow cytometric
analysis were conjugated with fluorescein isothiocyanate, phy-
coerythrin, allophycocyanin, or peridinin chlorophyl protein.
These antibodies included CD4 (Leu-3a) and CD8 (Leu-2a),
which were obtained from Becton-Dickinson Immunocytometry
Systems, and CD3 (6G12), which was kindly provided by John-
son Wong (Massachusetts General Hospital, Boston, MA) (23).
Briefly, after antigen-specific stimulation, 0.5 3 106 PBMCs
were washed with PBS containing 2% fetal calf serum and
incubated with conjugated antibodies for 30 min at 4°C. After
staining, the cells were washed, resuspended in 2% paraformal-
dehyde, and analyzed on a FACScan or FACSCalibur (Becton
Dickinson).

Detection of intracellular cytokines in PBMCs was assessed by
multiparameric flow cytometric analysis with antibodies previ-
ously shown to cross-react with rhesus cytokines (24). These
antibodies included anti-IL-2 (clone MQ1–17H12), anti-IL-4
(clone 8DA-8), anti-IL-10 (clone JES3–9D7), anti-interferon-g
[(IFN-g) clone 4S.B3)], mouse anti-human RANTES, and
mouse anti-human MIP-1a. Control antibodies included mouse
and rat Ig isotypes (IgG1 and IgG2a) (Becton Dickinson). To
optimize stimulation of macaque PBMCs with processed SIV
antigen, autologous adherent cells were prepared by plating 5 3
106 to 10 3 106 PBMCs per well of a 24-well plate. Nonadherent
cells were washed away after 1 to 2 h and kept at 37°C overnight
in R-10 medium. The remaining cells were pulsed overnight with

SIV p55 or control antigen VSV-N (both at a final concentration
of 2.5 mgyml) and then incubated with 2 3 106 peripheral blood
lymphocytes (PBL) ml21 per well. After 24 h, cells were incu-
bated for 4 h in the presence of 2 mM monensin (Sigma).
Intracellular cytokine and b-chemokine analyses were then
performed, and expression was determined in T lymphocyte
subsets as previously described (24). For each analysis, a mini-
mum of 20,000 events was acquired. Lymphocytes were gated on
forward and side scatter, and the proportion of lymphocytes
expressing the cytokine or chemokine of interest was determined
using CELLQuest (Becton Dickinson). Gates for the determi-
nation of cytokine-staining cells were determined so as to yield
less than 0.5% cytokine-expressing cells after stimulation with
the control antigen VSV-N.

Cytokine and b-Chemokine Production. Production of the cytokines
IFN-g, IL-2, IL-4, and IL-10 and the b-chemokines RANTES,
MIP-1a, and MIP-1b was determined by ELISA (IFN-g, Cyto-
screen Immunoassay, BioSource International, Camarillo, CA;
IL-2, Genzyme; IL-4 and IL-10, Immunotech, Westbrook, ME;
RANTES, MIP-1 a, and MIP-1-b, R&D Systems). Briefly, 1 3
106 PBMCs in 1 ml of R-10 medium were incubated in individual
wells of a 24-well plate with SIV p55 at 2.5 mgyml. Supernatants
were collected from days 1 to 6 and analyzed for cytokine and
b-chemokine production by ELISA as recommended by the
manufacturer.

Enzyme-Linked Immunospot (ELISPOT) Assays for IFN-g-Secreting
Cells. ELISPOT assays for IFN-g-secreting cells were performed
with a commercial kit (U-Cytech bu, Utrecht, The Netherlands),
based on a previously published technique adapted for rhesus
macaques (25). Briefly, 96-well microtiter U-bottom plates
(Greiner, Nurtingen, Germany) were coated overnight at 4°C
with 100 ml per well of a murine mAb (MD1) specific for human
IFN-g that also crossreacts well with rhesus IFN-g (25). CD41

T cells were stimulated with autologous adherent cells pulsed
with SIV p55 or VSV-N, as described above, for 24 h and then
added at 2.5 3 105, 5 3 105, and 10 3 105 cells per well. After
incubation, the plates were washed followed by incubation with
a polyclonal, biotinylated anti-IFN-g antibody (25). Spot-
forming cells were then identified by using an alkaline-
phosphatase anti-biotin antibody, followed by incubation with a
silver-containing substrate and enumeration of spots with an
inverted microscope. The number of p55-specific cells was
calculated by subtracting the number of IFN-g-producing cells
after stimulation with VSV-N from the number of spots ob-
served after stimulation with SIV p55.

Statistical Analysis. Linear regressions, ANOVA, and Mann-
Whitney tests were performed by using StatView (StatView
Reference, Abacus Concepts, Berkeley, CA)

Results
Detection of Vigorous SIV-Specific T Cell-Proliferative Responses in
Macaques Immunized with Live Attenuated SIV. We initially ana-
lyzed SIV-specific proliferative responses in rhesus macaques
chronically infected with SIVmac239Dnef or SIVmac239D3 and
compared these responses with those from uninfected normal
animals and animals infected with wild-type SIV strains. Pro-
liferation assays were performed 4 to 6 times on each animal with
highly reproducible results. As shown in Fig. 1, the overall
stimulation of PBMCs with SIV p55 resulted in vigorous antigen-
specific proliferative responses in three SIVmac239Dnef-
immunized macaques, with S.I.s up to 74. The range of stimu-
lation indices in these three SIVmac239Dnef-immunized ani-
mals was 53 to 74 (mean S.I., 63) with net Dcpm ranging from
10,448 to 18,160 (mean Dcpm 5 14,304). Macaques vaccinated
with SIVmac239D3 also had significant proliferative responses
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to SIV p55, although lower than SIVmac239Dnef-vaccinated
animals, with S.I.s up to 8. Strong proliferative responses to
gp160 were also detected in all three macaques immunized with
SIVmac239Dnef or SIVmac239D3. In contrast, macaques in-
fected with pathogenic SIV had undetectable- to low-level
proliferative responses to SIV p55 or gp160 (S.I.s , 4), except
for one macaque (animal 468.95) that had detectable responses
to SIV p55 (S.I. 5 14). Proliferative responses to ConA were also
significantly suppressed in SIV-infected animals. Proliferative
responses to SIV p55 or gp160 in six uninfected controls yielded
S.I.s of ,3 (data not shown). Fractionation of cells by using
immunomagnetic beads demonstrated that SIV p55-specific
proliferative responses were mediated by CD41 T cells, and
inhibition assays with mAbs demonstrated that these responses
were class II MHC-restricted (26).

SIV p55-Specific Proliferative Responses in Macaques Immunized with
Live Attenuated SIV Vaccine Vary Inversely with the Degree of
Attenuation. Based on the apparent decreased proliferative re-
sponses to SIV p55 in macaques infected with SIVmac239D3 as
compared with SIVmac239Dnef, we examined the relationship
between SIV-specific proliferative responses and the degree of
attenuation of the infecting virus in a larger cohort of vaccinated
animals. Several different groups of SIV-infected macaques
were studied, including animals immunized with the live atten-
uated SIV strains SIVmac239Dnef (n 5 5), SIVmac239D3 (n 5
11), SIVmac239D3x (n 5 10), or SIVmac239D4 (n 5 6) or
animals infected with pathogenic SIV strains (n 5 4) and
uninfected normal animals (n 5 5). These strains, listed in

increasing order of attenuation, varied by over 100-fold in in vivo
replicative capacity (19). SIV p55-specific proliferative re-
sponses were significantly greater in animals infected with
SIVmac239Dnef as compared with animals infected with more
attenuated SIV strains or wild-type SIV-infected animals
(ANOVA, P , 0.002 for all comparisons) (Fig. 2A). It is
interesting that we did not observe a significant effect between
SIV attenuation and proliferative responses to gp160 (Fig. 2B).
Although several vaccinated animals had been previously chal-
lenged with pathogenic SIV and found to be uninfected, no
differences in SIV-specific proliferative responses were observed
between unchallenged and challenged-vaccinated animals.

SIV-Specific Stimulation of T Lymphocytes from Macaques Immunized
with Live Attenuated SIV Induces Secretion of IFN-g and IL-2, but Not
IL-4 or IL-10. To assess the range of cytokines produced by
SIV-specific CD41 T cells in vaccinated macaques, we investi-
gated the production of IFN-g, IL-2, IL-4, and IL-10 after
stimulation of PBMCs with SIV p55. Using PBMCs from
SIVmac239Dnef-immunized macaques, we observed specific
release of IFN-g ranging from 2500 pgyml to 4120 pgyml (Fig.
3A). Stimulation with the control antigen VSV-N induced only
up to 200 pgyml of IFN-g from vaccinated animals, and no
significant release of IFN-g (,55 pgyml) was observed after
stimulation of PBMCs from normal animals with p55 (data not
shown). Similarly, IL-2 production from PBMCs from immu-
nized animals was increased by five- to sixfold after stimulation
with SIV p55 as compared with control antigen. However, SIV
p55 stimulation did not result in specific production of IL-4

Fig. 1. Detection of strong SIV-specific proliferative responses in macaques immunized with live attenuated SIV. Controls included the negative control antigen
VSV-N and the positive control ConA.

Fig. 2. Comparative analysis of T cell-mediated proliferative responses in macaques immunized with live attenuated SIV strains. Data from a total of 22
vaccinated animals are shown, including data from animals presented in Fig. 1. Horizontal bars show median values, boxes indicate 75% confidence intervals,
and error bars show 95% confidence intervals. The solid horizontal lines indicate the lower limit for significant SIV-specific stimulation indices. p55-specific
proliferative responses in SIVDnef-immunized animals are significantly greater compared with responses in animals infected with more attenuated SIV strains
(P , 0.002, ANOVA).
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(,10–30 pgyml) or IL-10 expression (,35 pgyml, data not
shown). Stimulation with PMAyCa21 ionophore or ConA led to
release of up to 463 pgyml of IL-4 and 439 pgyml of IL-10 (data
not shown). Immunization with live attenuated SIV thus induces
a type 1 T helper response, characterized by production of IL-2
and IFN-g, but not IL-4 or IL-10.

b-Chemokine Secretion by SIV p55-Stimulated T Lymphocytes from
SIVmac239Dnef-Immunized Macaques. Chemokines are secreted by
both CD41 and CD81 T cells during the generation of an
immune response. The b-chemokines RANTES, MIP-1a, and
MIP-1b are able to inhibit replication of both HIV (27) and SIV
(10, 28). In addition, release of RANTES has been reported to
enhance the function of HIV-specific CTL (29). We therefore
evaluated whether T lymphocytes from macaques immunized
with live attenuated SIVmac239Dnef were able to produce these
b-chemokines after SIV p55 stimulation (Fig. 3B). Incubation of
PBMCs isolated from SIVmac239Dnef-immunized animals with
SIV p55 induced secretion of 1 to 8 ngyml RANTES, MIP-1a,
and MIP-1b, levels that were 8- to 15-fold greater than those
observed by using PBMCs from an uninfected control. No
significant increase of b-chemokines was observed after stimu-
lation with control antigen in either immunized animals or

controls. These results suggest that secretion of RANTES,
MIP-1a, and MIP-1b may be another mechanism by which
induction of virus-specific CD41 T helper responses may directly
suppress SIV replication in macaques.

ELISPOT Analysis of SIV p55-Specific CD41T Cells in Macaques Immu-
nized with Live Attenuated SIV. Although lymphocyte proliferation
assays have traditionally been used to evaluate antigen-specific
T helper responses, these assays have a number of limitations,
including difficulties with precise quantitation of responses. The
observation that stimulation with SIV p55 led to relatively
vigorous production of IFN-g allowed us to use recently devel-
oped techniques that include detection of IFN-g-secreting cells
as an alternative approach to examine SIV-specific CD4 re-
sponses. Freshly isolated CD41 T cells from SIVmac239Dnef
(n 5 4)- and SIVmac239D3 (n 5 3)-immunized macaques were
stimulated with SIV p55 and then antigen-specific cells were
identified by ELISPOT analysis with antibodies specific for
IFN-g. As previously observed for proliferative responses, ani-
mals immunized with SIVmac239Dnef had higher levels of
spot-forming CD41 T cells than did animals infected with
SIVmac239D3 (mean 6 SD of 147 6 26 vs. 15 6 10 cells per 106

cells; P , 0.001, Mann–Whitney U test) (Fig. 4 A and B). In

Fig. 3. Production of cytokines and b-chemokines in PBMC from SIVmacDnef-vaccinated animals after antigen-specific stimulation. (A) Production of IFN-g and
IL-2 after SIVp55-specific stimulation of PBMCs from three SIVmacDnef-immunized animals. Positive controls included tetradecanoylphorbol 13 acetateycalcium
ionophore or ConA-stimulated PBMCs (*). (B) Production of b-chemokines RANTES, MIP-1a, and MIP-1b after SIV p55-specific stimulation.

Fig. 4. ELISPOT analysis of SIV-specific CD41 T cells from vaccinated macaques. CD41 T cells from animals immunized with SIVmac239nef (A) or SIVmac239D3
(B) were stimulated with autologous antigen-presenting cells pulsed with SIV p55 and IFN-g-producing cells identified by using ELISPOT analysis. (C) Correlation
of SIV p55-CD41 T cells as assessed by ELISPOT with proliferative responses by using PBMCs isolated from the Dnef- or D3-immunized macaques.
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uninfected macaques (n 5 2), less than 10 spots per 106 CD41

T cells were observed after stimulation with p55 (data not
shown). In general, the frequency of SIV p55-specific CD41 T
cells as assessed by ELISPOT correlated well with the bulk
proliferative responses (r 5 0.7) (Fig. 4C).

Intracellular Cytokine Analysis of SIV p55-Specific CD41 T Cells. The
use of flow cytometric techniques that allow for the identifica-
tion of cytokine-secreting cells on a single-cell basis has permit-
ted precise quantitation of the frequency of cytokine-secreting
cells (30). We examined expression of intracellular cytokines and
b-chemokines in CD41 T cells after stimulation with autologous
antigen-presenting cells pulsed with SIV p55. Initial studies in a
macaque immunized with SIVmac239Dnef demonstrated a rel-
atively high frequency of SIV p55-specific CD41 T cells after
24 h of stimulation, representing 2.2% and 1.8% of all CD41 T
cells for IFN-g and IL-2, respectively (Fig. 5A). Examination of
antigen-specific responses in multiple animals vaccinated with
SIVmac239Dnef demonstrated similar frequencies of IFN-g-
(1.72 6 0.4%) and IL-2- (1.52 6 0.2%) secreting cells but no
significant production of IL-4 and IL-10 expression (,0.1% for
both; Fig. 5B and data not shown). As assessed by analysis of
either IFN-g or IL-2, the frequency of SIV p55-specific CD41 T
cells was significantly greater in animals immunized with
SIVmac239Dnef as compared with animals immunized with
more attenuated SIV strains (P , 0.001, ANOVA). No IL-2,
IL-4, IL-10, or IFN-g secretion above background (.0.25%
p55-specific staining) was detected after p55 stimulation of
PBMCs from wild-type infected animals or uninfected normal
controls (data not shown). Although levels of expression of the
b-chemokines RANTES, and MIP-1a after 24 h of stimulation
with p55 were not above background, analysis of expression after
4 to 6 days’ stimulation with SIV p55 demonstrated frequencies
of chemokine-expressing CD41 T cells of 4.5% to 2.5%, respec-
tively (data not shown).

Discussion
Despite extensive study, the specific immune responses respon-
sible for protection against HIV and SIV infection remain poorly
understood. In this study, we characterized SIV-specific CD41 T
helper responses in rhesus macaques immunized with live at-
tenuated SIV strains, one of the most effective vaccine ap-
proaches studied in nonhuman primates (31). We now show that
macaques chronically infected with live attenuated virus develop
relatively strong and persistent type 1 T helper response asso-

ciated with secretion of b-chemokines. These virus-specific
CD41 T cells were found at a relatively high frequency in
vaccinated macaques, as demonstrated by flow cytometric anal-
ysis, which revealed that up to 2.0% of all CD41 T cells in
vaccinated macaques were SIV-specific.

The magnitude and characteristics of the virus-specific CD41

T cell response in macaques vaccinated with live attenuated SIV
strains are similar in many respects to the CD41 T cell responses
recently reported in HIV-infected subjects with control of
viremia (17). Long-term nonprogressing HIV-1-infected sub-
jects or subjects who had received antiretroviral therapy early in
the course of infection had responses to viral antigens in bulk
proliferation assays that were comparable to those we observed
in SIVmac239Dnef-vaccinated macaques. Using limiting dilution
analysis proliferation assays, we have observed a frequency of up
to 96 SIV p55-specific precursors per 106 cells for SIVmacDnef-
immunized macaques (26), similar to the frequency of HIV-1
proliferative cells reported by Rosenberg et al. (17). Due to
technical limitations inherent in limiting dilution assays, these
values are quite likely to represent a significant underestimate of
the true frequency of virus-specific T cells (32). In both our study
and the study by Rosenberg et al. (17), virus-specific stimulation
resulted in production of IFN-g, IL-2, and the b-chemokines
RANTES and MIP-1a. Taken together, these studies suggest
that containment of HIV or SIV replication by any one of several
mechanisms allows the development of virus-specific CD41 T
helper responses.

Assessment of HIV or SIV-specific T helper responses with
standard proliferation assays in subjects infected with patho-
genic viruses has generally revealed low to absent responses (15,
16). The failure to develop strong virus-specific CD41 T helper
responses during pathogenic HIV or SIV infection has been
postulated to be related to the preferential replication of these
primate lentiviruses in activated CD41 T cells and the ability of
infected antigen-presenting cells to transmit virus to responding
CD41 T cells (33). However, a recent report that used intracel-
lular cytokine analysis of antigen-stimulated cells demonstrated
relatively high levels of HIV-specific CD41 T cells even in
subjects with relatively advanced disease (30). The discrepancies
between results obtained with these different techniques may in
part reflect the fact that proliferation assays require culturing of
cells for periods of 3 to 6 days, during which time cells may
undergo apoptosis. However, our results show a general con-
cordance between a variety of different techniques used to assess
CD41 T lymphocyte function in macaques vaccinated with

Fig. 5. Intracellular cytokine analysis of CD41 T cells after stimulation with SIV p55. (A) PBMCs from an SIVmac239Dnef-immunized macaque were stimulated
with SIV p55- or VSV-N-pulsed autologous adherent cells for 24 h, and then intracellular expression of IL-2 and IFN-g in CD41 T lymphocytes was evaluated by
flow cytometry. The numbers shown in the upper right-hand corner of each panel in A correspond to the percentages of CD41 T cells expressing the given
cytokine. (B) Intracellular cytokine expression by SIV p55-specific CD41 T cells from macaques infected with live attenuated SIV strains.
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attenuated SIV strains, including proliferation assays, ELISPOT
analysis, and intracellular cytokine staining. Taken together, all
of these techniques demonstrate a relatively high frequency of
SIV-specific CD41 T cells in macaques immunized with
SIVmac239Dnef and an inverse relationship between Gag-
specific responses and the degree of attenuation of the immu-
nizing strain. In addition, our observations also suggest the
possibility that one cause of relatively vigorous HIV-1-specific
proliferative responses in long-term nonprogressors may be
infection with attenuated HIV-1 strains, as has been reported for
subjects infected with naturally occurring variants deficient in
nef (34).

An interesting and unexpected finding from these studies was
the observation that proliferative responses to Gag but not
envelope correlated inversely with the degree of virus attenua-
tion. In fact, relatively strong proliferative responses (S.I.s of
8–20) to envelope were observed even in animals infected with
the highly attenuated strain SIVmac239D4. The mechanism
responsible for the difference in proliferative responses to Gag
and envelope is not known, but may be related to differences in
presentation of these antigens, in particular, the ability of gp120
to bind directly to and be processed by CD41 T cells (35).

A variety of observations suggests that induction of virus-
specific CD41 T helper responses may be an important charac-
teristic of an effective AIDS vaccine. In several murine models
of chronic viral infection, CD41 T cell responses are required to
maintain an effective CTL response and to achieve sustained
control of viral replication (12, 13). In mice immunized with an
attenuated murine retrovirus, adoptive transfer of both CD41

and CD81 T cells is required for effective protection against a
pathogenic retrovirus (36). Similarly, in a recent vaccine study
with recombinant subunit vaccination (37), protection against

challenge with a chimeric simianyHIV correlated with induction
of a strong and persistent T helper response, as well as with the
titer of neutralizing antibodies and production of b-chemokines
by CD81 T cells. SIV-specific proliferative responses have also
been reported in macaques infected with a different nef-
defective strain, SIVmacpC8, which was also proved effective in
inducing protection against challenge with pathogenic SIV
strains (38). SIV-specific T helper responses might contribute to
protective immunity via several mechanisms including enhance-
ment of SIV-specific CTL responses, either by release of RAN-
TES (29) or other cytokines such as IL-2, direct antiviral effects
of the release of b-chemokines, or enhancement of immune
responses other than CTL.

We have provided evidence that live attenuated SIV vaccines
induce strong, sustained type 1 CD41 T helper responses that
may play an important role in the success of this vaccination
approach to generate protection against challenge with wild-type
SIV. A better characterization of immune responses induced by
live attenuated SIV vaccines may yield clues to the nature of
protective immunity against HIV.
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