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The CD81-T-cell response to human immunodeficiency virus type 1 (HIV-1) is considered to be important
in host control of infection and prevention of AIDS. We have developed a single-cell enzyme immunoassay
(enzyme-linked immunospot assay) specific for gamma interferon (IFN-g) production stimulated by either
autologous B-lymphoblastoid cell lines (B-LCL) infected with vaccinia virus vectors expressing HIV-1 proteins
or synthetic peptides representing known HIV-1 CD81 cytotoxic T-lymphocyte (CTL) epitopes. Single-cell
IFN-g production stimulated by HIV-1 Gag-, Pol-, and Env-expressing B-LCL was a reliable measure of
HIV-1-specific T-cell immunity in peripheral blood CD81 T cells from HIV-1 infected individuals. This method
was more sensitive than stimulation of IFN-g by direct infection of the cultures with HIV-1–vaccinia virus
vectors. Comparable results were found for IFN-g production in CD81 T cells from HIV-1-negative, cytomeg-
alovirus (CMV)-seropositive, healthy donors stimulated with B-LCL expressing the CMV pp65 lower matrix
protein. HIV-1 peptides were immunodominant for both CD81 single-cell IFN-g production and CTL precur-
sor frequencies. The number of cells producing IFN-g decreased in individuals with late-stage HIV-1 infection
and was temporally enhanced during combination antiretroviral therapy with two reverse transcriptase
nucleoside inhibitors and a protease inhibitor.

Maintenance of memory CD81 cytotoxic T-lymphocyte pre-
cursors (CTLp) specific for human immunodeficiency virus
type 1 (HIV-1) is important in resistance to progression of
disease during HIV-1 infection (2, 25, 33). We (23, 24) and
others (9, 15, 32) have noted that higher levels of peripheral
blood CTLp specific for various HIV-1 proteins are associated
with slower progression of HIV-1 infection and lack of disease
development in long-term nonprogressors. The anti-HIV-1
CTLp limiting dilution assay, however, is very labor-intensive
and is dependent on the capacity of the CD81 T cells to remain
viable and proliferate in vitro over a 2-week culture period.

Consequently, we were interested in a simple, sensitive, and
quantitative method to monitor the T-cell response against
HIV-1 antigens. Recently, enumeration of gamma interferon
(IFN-g)-secreting cells specific for other viruses by the en-
zyme-linked immunospot (ELISPOT) assay has been reported
to be a more sensitive measure of CD81 T-cell reactivity than
quantification of CTLp (3, 17, 19, 28). Cytokine release in this
assay can be measured on the single-cell level, allowing direct
calculation of antiviral T-cell frequencies (4, 10, 26, 27). It is
not clear, however, whether this assessment of CD81 T-cell
function is a reliable indicator of anti-HIV-1 host response
relative to disease progression.

We have therefore investigated anti-HIV-1 CD81 T-cell
responses measured as single-cell IFN-g production by the
ELISPOT assay. Our results show that detection of the num-
ber of IFN-g-producing cells in response to vaccinia virus
(VV) vectors encoding HIV-1 genes and to HIV-1 peptides is
a reliable method for assessing anti-HIV-1 CD81 T-cell reac-
tivity.

MATERIALS AND METHODS

Study subjects. The study population included 11 HIV-1-seropositive homo-
sexual men from the Pittsburgh, Pa., portion of the Multicenter AIDS Cohort
Study, a study of the natural history of HIV infection (14), and 10 HIV-1-
seropositive adults enrolled at the Pittsburgh site of the Merck 035 trial (8) who
received triple-combination antiretroviral therapy (zidovudine [ZDV], lamivu-
dine [3TC], and indinavir [IDV]). Seventeen HIV-1-seronegative, heterosexual
individuals, including six cytomegalovirus (CMV)-seropositive subjects, were
used as controls. This study was approved by the University of Pittsburgh Insti-
tutional Review Board.

Effector cells and T-cell isolation. Venous blood anticoagulated with heparin
was separated on Ficoll-Hypaque gradients to obtain peripheral blood mononu-
clear cells (PBMC). The cells were frozen and stored at 2135°C prior to thawing
for use in the ELISPOT or CTLp assay. For some experiments, CD81 or CD41

T cells were enriched from PBMC by negative selection using immunomagnetic
beads (DYNAL, Lake Success, N.Y.). Briefly, PBMC were incubated with a
cocktail of beads containing anti-CD4 or anti-CD8 monoclonal antibodies and
anti-CD19 and anti-CD56 antibodies to remove the CD41 or CD81 T cells, B
cells, and NK cells. The levels of purity of CD81 and CD41 T cells were
approximately 98 and 90%, respectively, as analyzed by flow cytometry.

Recombinant VV and synthetic peptides. The VV constructs used in this study
for expression of HIV-1 genes were vABT 141, which contains the gag coding
sequence for p55 (VV-Gag); vABT 204, which contains the full-length pol gene,
consisting of the reverse transcriptase (RT), protease, and integrase genes (VV-
Pol); and vABT 408, which contains the combined gag-pol and env coding se-
quences (VV-GPE). These vectors contain coding sequences from the BH10 and
HxB2 strains of HIV-1 (Therion Biologics, Cambridge, Mass.). The other HIV-1
vector was vPE 11, which contains the env coding region of the HIV-1 strain
BH10 minus the signal sequence (VV-Env) (B. Moss, National Institutes of
Health) (21). VV-CMV expressed the human CMV matrix tegument phospho-
protein pp65 (a gift of S. Riddell, Fred Hutchinson Cancer Research Center,
Seattle, Wash.) (5). The NYCBH strain of VV (VV-Vac) was used as the control
virus (Therion).

Synthetic peptides of HLA A2- and HLA B27-restricted, HIV-1 CTL epitopes
were prepared by the University of Pittsburgh Cancer Institute Peptide Synthesis
Facility (Table 1). A series of peptides with lengths of 20 amino acids (aa) that
overlapped by 10 aa and that spanned aa 133 to 357 of HIV-1 Gag were provided
by Washington Singer Labs, University of Exeter (Exeter, United Kingdom).
HLA testing was done by sequence-specific oligonucleotide probe hybridization
at the University of Pittsburgh Medical Center.

Preparation of stimulator cells. The stimulator cells were autologous B-LCL
immortalized by infection with Epstein-Barr virus (EBV) (filtered supernatant
from the EBV-transformed B95-8 marmoset cell line; American Type Culture
Collection, Manassas, Va.) (11). In some experiments, the stimulator cells were
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frozen and thawed autologous PBMC. The B-LCL or PBMC were counted, and
106 cells were transferred to a 15-ml conical centrifuge tube and spun at 450 3
g for 10 min at room temperature. Supernatant was discarded, and the cells were
resuspended in 1 ml of RPMI medium containing antibiotics (complete medium)
with 5% fetal calf serum (FCS). VV constructs were added at an input virus-to-
cell multiplicity of 4 to 1. The virus-cell mixture was then spun at 700 3 g for 30
min at room temperature. Supernatant was discarded, and the cell pellet was
dispersed and then washed with complete medium containing 5% FCS. The cells
were resuspended in 1 ml of complete medium with 15% FCS and incubated for
16 h at 37°C in a 5% CO2 atmosphere. Expression of the VV-GPE vector is
consistent in .70% of these infected B-LCL (11). The cell suspension was then
transferred into a 60- by 15-mm petri dish and mixed with 3.5 ml of cold complete
medium containing 5% FCS and 0.5 ml of psoralen (Sigma Chemical Co., St.
Louis, Mo.). The mixture was exposed to long-wave UV light irradiation for 5
min to inactivate the VV and any residual, endogenous HIV-1. The cells were
washed with warm complete medium containing 5% FCS and counted to deter-
mine the number and viability of irradiated-VV-infected cells. The irradiated-
VV-infected cells were then resuspended in complete medium containing 15%
FCS. One hundred microliters of this cell suspension was added to responder
cells at an responder-to-stimulator cell ratio of 10:1 in a microwell with a nitro-
cellulose membrane of a 96-well plate (Milliliter; Millipore, Bedford, Mass.) for
the ELISPOT assay or of a round-bottom 96-well cell culture plate for the CTLp
assay.

ELISPOT assay for IFN-g release from single, antigen-specific T cells. Our
single-cell assay was a modification of that described by Tanguay and Killion (29)
and Lalvani et al. (17). Nitrocellulose membranes in microwells of 96-well plates
(Millipore) were coated overnight at 4°C with 50 ml of anti-IFN-g antibody (10
mg/ml; Mabtech, Stockholm, Sweden) per well. The antibody-coated plates were
washed four times with phosphate-buffered saline (PBS; BioWhittaker, Walk-
ersville, Md.) and blocked with 180 ml of RPMI medium (Life Technologies,
Grand Island, N.Y.) containing 10% human serum (Sigma) per well over 1 h at
37°C. PBMC or CD81 cells (CD42, CD192, and CD562) (105 to 106) enriched
by magnetic bead separation (DYNAL) and B-LCL or PBMC infected with VV
vectors (104 to 105) were added to the wells in 200 ml of AIM V medium (Life
Technologies) and incubated overnight at 37°C in 5% CO2. In certain experi-
ments, PBMC or CD81 cells were incubated overnight at 37°C in 5% CO2 with
HLA-restricted HIV-1 peptides (10 mg/ml) in 96-well plates with nitrocellulose
membranes. The plates were washed four times with PBS containing 0.05%
Tween 20 (Sigma), and the secondary antibody (biotin-conjugated anti-IFN-g
monoclonal antibody; Mabtech) was added at 2 ml/ml in 100 ml/well. Plates were
washed four times with PBS containing 0.05% Tween 20 after 2 h of incubation
at 37°C in 5% CO2, and avidin-bound, biotinylated horseradish peroxidase H
(Vectastain Elite kit; Vector Laboratories, Burlingame, Calif.) was added to the
wells for 1 h at room temperature. The plates were washed three times with PBS
containing 0.05% Tween 20 and three times with PBS, followed by 5 min of
incubation with 100 ml of 3-amino-9-ethylcarbazole (Sigma) per well. The reac-
tion was stopped with running tap water. The spots were counted with a dissect-
ing microscope (Fostec microscope; Fryer, Pittsburgh, Pa.). Medium or phorbol
12-myristate 13-acetate (PMA) at 1 ng/ml (Sigma) and ionomycin at 1 mM/ml
(Sigma) were used as negative and positive controls, respectively. In some ex-
periments, VV-infected stimulator cells were incubated with anti-major histo-
compatibility complex (MHC) class I or anti-MHC class II antibody (1:100
dilution; Coulter, Miami, Fla.) for 45 min at 37°C in 5% CO2 before being added
to the wells containing the responder cells. The results were expressed as either
the numbers of spot-forming cells per 106 cells or the net numbers of spot-
forming cells per 106 cells, i.e., the numbers of spots per 106 PBMC or CD81 T
cells specific for HIV-1 antigen minus the numbers of non-HIV-1-specific spots
per 106 PBMC or CD81 T cells.

Detection of memory CTL reactivity by limiting-dilution precursor frequency
analysis. The precursor frequencies of anti-HIV-1 CTLp were determined by
limiting-dilution assay of freshly isolated and frozen and thawed PBMC (11).
PBMC were seeded in complete medium containing 15% FCS at 0 (control), 250,
500, 1,000, 3,000, 6,000, 12,000, and 16,000 cells per well in 24 replicate wells of
96-well, round-bottom microtiter plates. To each well were added 2.5 3 104

gamma-irradiated allogeneic PBMC from one or two HIV-1-seronegative nor-
mal donors as feeder cells, 100 U of interleukin-2, and stimulator cells (1,600
stimulator cells per well) consisting of VV-GPE-infected, psoralen- and UV-
inactivated B-LCL. The cells were cultured for 14 days at 37°C in a 5% CO2
atmosphere, with fresh complete medium containing 15% FCS and recombinant
interleukin-2 being added every 5 days. On day 14, the cultured cells were
divided, transferred to two new wells, and adjusted to 100 ml with complete
medium containing 15% FCS.

For target cells, autologous B-LCL (3 3 106) were infected with VV–HIV-1
and VV-Vac control vectors at an input multiplicity of 4 to 1 and labeled with 150
mCi of Na2

51CrO4 in 1 ml of complete medium containing 15% FCS for 16 h at
37°C in a 5% CO2 atmosphere (11). The B-LCL were then washed three times
with cold complete medium containing 5% FCS. The numbers and viability of
the cells were monitored microscopically by trypan blue dye exclusion. Target
cells were resuspended to a concentration of 105 cells/ml in complete medium
containing 10% FCS. Each target cell solution (12.5 ml) was transferred into a
LumaPlate-96 in duplicate wells, and cells were counted in a scintillation counter
(Packard, Meriden, Conn.) as maximum counts per minute. The target cells were
then added at 104 cells in 100 ml per well to 24 replicate wells of effector cells and
incubated for 4 h at 37°C in a 5% CO2 atmosphere. Afterward, 25 ml of cell-free
supernatant was transferred from each well into a LumaPlate-96 plate and
radioactivity was assessed. The fraction of nonresponding wells was the number
of wells in which the 51Cr release did not exceed the mean spontaneous release
plus 10% of the 51Cr incorporation (total 51Cr release 2 spontaneous 51Cr
release) divided by the number of wells assayed. The precursor frequency was
estimated by the maximum-likelihood method with a statistical program pro-
vided by S. Kalams (Boston, Mass.). CTLp activity was expressed either as the
precursor frequency and 95% confidence interval per 106 PBMC or as net
precursor frequency per 106 PBMC, i.e., the number of CTLp per 106 PBMC
specific for HIV-1 antigen minus the number of CTLp per 106 PBMC specific for
non-HIV-1-expressing, VV-Vac-infected target cells.

Statistics. Comparisons of the different cumulative parameters were done by
Student’s t test. Data among different groups were assessed by analysis of vari-
ance with the Scheffe multiple-comparison test and analyzed for associations
between different parameters by the Pearson correlation coefficient test. A P
value of .0.05 was considered not significant.

FIG. 1. Effect of time of stimulation on the number of IFN-g-producing cells.
PBMC of HIV-1-infected subject E12 (CD41 T-cell count, 1,017 cells/mm3;
HIV-1 RNA load, ,50 copies/ml; treated with 3TC, d4T [stavudine], and IDV)
and HIV-1-negative donor L27255 were stimulated with medium alone (negative
control), PMA-ionomycin (positive control), VV-Vac, or VV-GPE.

TABLE 1. HLA class I-associated viral epitopes
used in this study

HLA Epitope Sequence (reference)

A2 Gag p24151–159 TLNAWVKVV (20)
A2 Pol RT476–484 ILKEPVHGV (31)
A2 Env gp120192–199 KLTSCNTSV (1)
A2 Gag p1777–85 SLYNTVATL (30)
A2 Influenza virus M158–66 GILGFVFTL (6)
A2 HTLV-1a Tax11–19 LLFGYPVYV (16)
B27 Gag p24263–272 KRWIILGLNK (7)

a HTLV-1, human T-cell leukemia virus type 1.
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RESULTS

Optimal antigen stimulation conditions for inducing single-
cell IFN-g production with VV vectors. We initially determined
the optimal conditions for antigen stimulation of IFN-g-secret-
ing, HIV-1-specific, CD81 T lymphocytes in HIV-1-seroposi-
tive subjects. First, PBMC from HIV-1-infected subjects were
cultured with graded doses of VV–HIV-1-infected stimulator
cells, at responder cell-to-stimulator cell ratios of 2, 5, 10, 50,
and 250 to 1, for various time periods (6, 16, 24, and 48 h). To
account for possible immunomodulating effects of HIV-1 in-
fection on this response, we also determined the optimal con-
ditions for CMV antigen-specific, single-cell IFN-g production
induced by VV-CMV-infected stimulator cells in PBMC from
HIV-1-seronegative–CMV-seropositive, healthy subjects. PMA-
ionomycin was included as a positive control for stimulated
IFN-g production. We found that the optimal ratio of re-
sponder to stimulator cells for both HIV-1 and CMV antigens
was 10 to 1 (data not shown) and that the optimal incubation
time was 16 h, with higher specific ELISPOT frequencies and
lower backgrounds than those of VV-Vac or medium controls
(a representative example for the HIV-1 antigen is shown in
Fig. 1A).

Seventeen HIV-1-negative persons had no HIV-1-specific
IFN-g responses (representative data are shown in Fig. 1B).
The cumulative mean numbers (6 standard errors [SE]) of
spot-forming cells per 106 PBMC for the 17 persons were 9
(64) with medium alone, 20 (65) with VV-Vac stimulation, 28
(64) with VV-Gag stimulation, 18 (65) with VV-Pol stimula-
tion, and 31 (610) with VV-Env stimulation. CMV-specific
IFN-g was produced by PBMC from six of these HIV-1-neg-
ative individuals who were CMV seropositive and not by six
who were CMV seronegative; i.e., numbers of spot-forming
cells with VV-CMV stimulation were 230 (680) for the six

CMV seropositive donors and 15 (67) for the six CMV sero-
negative donors (P , 0.01).

It has recently been reported that IFN-g can be induced
directly in PBMC by replicating VV vectors expressing HIV-1
genes (18). We therefore compared this antigen stimulation
system to our VV-infected autologous B-LCL system and also
with a system in which VV vector-infected PBMC are used as
antigen-presenting cells (APC). PBMC stimulated with VV–
HIV-1- or VV-CMV-infected, autologous B-LCL as APC had
responses equal to or higher than those of PBMC stimulated
directly with these VV vectors in most HIV-1-infected subjects
(Fig. 2A and B) and HIV-1-negative, CMV-seropositive nor-
mal donors (Fig. 2C and D). These results were supported by
the higher, cumulative results obtained with our technique
(P , 0.01 for both anti-HIV-1 and anti-CMV CTL). VV–
HIV-1- or VV-CMV-infected autologous B-LCL also had bet-
ter APC function than did VV vector-infected, autologous
PBMC (data not shown).

Single-cell IFN-g production induced in cryopreserved
PBMC. Use of cryopreserved PBMC is essential for doing
long-term, nonconcurrent prospective studies of T-cell im-
mune function. The IFN-g-producing cell frequency mediated
by frozen and thawed PBMC was therefore compared to the
frequency for fresh PBMC in HIV-1-infected subjects and in
CMV-seropositive, HIV-1-seronegative normal donors. The
frequency of IFN-g-producing cells induced in frozen and
thawed PBMC was comparable to that in freshly donated,
matched PBMC from the same person tested prior to freezing
for four HIV-1-infected subjects (Fig. 3A) and four HIV-1-
negative, CMV-seropositive normal donors (Fig. 3B) (P value
was not significant).

T-cell phenotype and HLA restriction patterns of the IFN-
g-producing cells. PBMC were enriched for CD81 and CD41

FIG. 2. Comparison of results with inactivated, autologous B-LCL APC after direct infection with active, replication-competent VV–HIV-1 or VV-CMV vectors
for stimulation of IFN-g production in PBMC from seven HIV-1-infected subjects (A and B) and four HIV-1-negative, CMV-positive healthy donors (C and D). Results
are shown as the net numbers of IFN-g-producing cells after subtraction of the background reactivity to the VV-Vac-infected B-LCL (A and C) or to VV-Vac alone
(B and D). CD4, CD41 T-cell counts per mm3; RNA, copies of HIV-1 RNA per milliliter of plasma. None of the seven HIV-1-infected subjects except E12 were
receiving antiretroviral therapy; E12 was receiving 3TC, d4T (stavudine), and IDV. NA, not available; ID, identification.
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T cells from HIV-1-infected subjects, stimulated by VV-GPE-
infected autologous B-LCL, and tested by the ELISPOT assay
for IFN-g production. CD81 T cells but not CD41 T cells
responded to all three HIV-1 proteins (Gag, Pol, and Env) (a
representative example is shown in Fig. 4). This activity was
blocked by anti-HLA class I antibody but not by anti-HLA
class II antibody. The IFN-g was therefore produced by HIV-
1-specific, HLA class I-restricted, CD81 T cells.

Comparison of the frequencies of HIV-1-specific T cells by
single-cell IFN-g and CTLp assays. The ELISPOT and limit-
ing-dilution assays were done on 28 paired PBMC samples
from 10 HIV-1-infected subjects on various types of antiretro-
viral therapy. The results showed that there was a significant
correlation between the numbers of IFN-g-producing cells and
CTLp in response to Env (r 5 0.64, P , 0.01) but not in
response to Gag (r 5 0.26, P was not significant) or Pol (r 5
0.31, P was not significant). The mean net levels (6 SE) of
IFN-g-producing cells and the net numbers of CTLp per 106

PBMC for these samples were 111 (627) and 43 (613), re-
spectively, with Gag (P 5 0.01), 146 (645) and 227 (694) with
Pol (P was not significant), and 96 (625) and 92 (637) with
Env (P was not significant). The background, mean numbers
(6SE) of IFN-g-producing cells from the HIV-1-seropositive
subjects for the medium and VV-Vac controls were 23 (69)
and 87 (618), respectively, and were 53 (612) for the VV-Vac
CTLp control.

Optimal antigen stimulation conditions for inducing single-
cell IFN-g production with synthetic peptides. PBMC from
HIV-1-infected subjects were tested for the optimal IFN-g
response to HIV-1 peptides by stimulation with various con-
centrations of peptides representing known CD81 CTL

epitopes (Table 1). Data in Fig. 5A show that 10 mg of HLA
Bp27 Gag p24263–272 peptide per ml stimulated the highest
IFN-g responses in an HLA Ap02 Bp27-positive individual.
PBMC from this study subject did not respond to another
HIV-1 peptide, Gag p24151–159, specific for HLA Ap02. This
concentration of peptide was also optimal for induction of
IFN-g for the HLA-Ap02 HIV-1 Gag p17, RT, and Env pep-
tides listed in Table 1 in other HIV-1-positive subjects (data
not shown). There was no IFN-g response in PBMC from
HIV-1-positive or -negative persons to a known human T-cell
leukemia virus type 1 Tax HLA Ap02 peptide (negative con-
trol), whereas IFN-g was produced in PBMC from many but
not all of these persons in response to 10 mg of the influenza A
virus matrix HLA Ap02 peptide (positive control) per ml (rep-
resentative examples are shown in Fig. 5). Therefore, the 10-
mg/ml concentration of peptide was used in all subsequent
experiments.

We next compared VV p55 Gag-infected B-LCL to an im-
munodominant HLA Ap02 peptide, Gag p1777–85, for stimu-
lation of IFN-g in 55 PBMC samples from eight HLA Ap02,
HIV-1-infected subjects at different times during HIV-1 infec-
tion. The number of cells producing IFN-g stimulated by the
p17 peptide (1,088 6 405/106 PBMC) was significantly higher
than that stimulated by VV-Gag (163 6 29/106 PBMC) (P 5
0.002). The frequency of cells producing IFN-g in response to
the p17 peptide, however, correlated with that stimulated by
VV-Gag (r 5 0.51, P , 0.01). In total, four of the eight HLA
Ap02, HIV-1-infected subjects tested had a positive response
to the p17 peptide, using a cutoff of 39 spot-forming cells per
million PBMC (defined as the mean 62 SD of the value for the
medium control). Thus, this Gag p17 peptide sequence ap-

FIG. 3. Comparison of levels of IFN-g production in freshly donated PBMC from four HIV-1-infected subjects and four HIV-1-negative, CMV-positive, healthy
donors tested prior to freezing of PBMC (A and C) and in matched, frozen and thawed PBMC (B and D). Results are expressed as means 6 SE. The HIV-1-infected
subjects were not receiving antiretroviral therapy and had CD41 T cell counts of 663 6 116/mm3 and HIV-1 RNA loads of 19,856 6 8,493 copies/ml.
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pears to be a major CD81 T-cell epitope for IFN-g production
in HIV-1 infection.

To further identify immunodominant epitopes for HIV-1-
specific IFN-g production, PBMC from three HIV-1-infected,
HLA-Ap02 Bp27 subjects were stimulated with a series of 22
overlapping 20-aa peptides covering Gag residues 133 to 357.
All three subjects had positive ELISPOT responses to stimu-
lation with VV p55 Gag and p24 Gag but not with p17 Gag
(Fig. 6). IFN-g responses from these three subjects were in-
duced by adjacent Gag p24253–272 (NPPIPVGEIY-KRWIILG
LNK) and Gag p24263–282 (KRWIILGLNK-IVRMSPTSI)
peptides (Fig. 6). We then showed that a known CTL epitope
within this region, HLA Bp27 Gag p24263–272 (KRWIILGL
NK) (7), was immunogenic in all three subjects by peptide
concentration-dependent, IFN-g reactivity (data not shown).
The same immunodominant HLA Bp27 Gag p24263–272
epitope was also recognized in a 51Cr release CTL assay by
PBMC from the three subjects and by T-cell clones generated
from two of the subjects (N3 and 1180; clones were not gen-
erated from subject N4) (data not shown). Thus, the same

HLA Bp27 Gag p24 epitope was dominant for both IFN-g
production and CTL reactivity in these three subjects.

Single-cell IFN-g responses in individuals at different
stages of HIV-1 infection and antiretroviral treatment. IFN-g
responses to HIV-1 were examined in 10 early-stage, HIV-1-
infected subjects who were not receiving any antiretroviral
therapy (mean CD41 T-cell count, 609 6 56/mm3; mean
plasma HIV-1 RNA load, 32,886 6 12,552 copies/ml). These
responses were compared to those of 10 HIV-1-infected, late-
stage subjects who had received ZDV alone for at least 6
months (termed week 0 in Fig. 7) (mean CD41 T-cell count,
180 6 33/mm3; mean plasma HIV-1 RNA load, 59,554 6
11,842 copies/ml) after receiving triple-combination therapy
for averages of 29 (68) weeks (mean CD41 T-cell count,
334 6 31/mm3; mean plasma HIV-1 RNA load, 905 6 519
copies/ml) and 89 (68) weeks (mean CD41 T-cell count,
430 6 33/mm3; mean plasma HIV-1 RNA load, 837 6 818
copies/ml). For this comparison, the ELISPOT data were cal-
culated as the numbers of IFN-g-producing cells per 106 CD81

cells to normalize the results.

FIG. 4. Comparison of numbers of HLA-associated, IFN-g-producing cells in CD81 T cells, CD41 T cells, and PBMC. HIV-1-infected subject E5 (on no
antiretroviral therapy) had a CD41 T cell count of 920/mm3 and a plasma HIV-1 RNA load of 9,050 copies/ml. Ab, antibody.
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There was a significantly greater number of IFN-g-produc-
ing, CD81 cells detected in the untreated, early-stage HIV-1-
infected subjects than in the late-stage subjects receiving ZDV
monotherapy (with Gag, P , 0.04; with Pol, P , 0.10; with
Env, P , 0.09; with CMV, P , 0.01) (Fig. 7). An enhancement
in the number of IFN-g-producing cells was found in the late-
stage subjects after 29 weeks of combination antiretroviral
therapy compared to the week 0 levels (with Gag, P , 0.01;
with Pol, P , 0.02; with Env, P , 0.04; with CMV, P 5 0.08).
This enhancing effect was no longer evident in late-stage sub-
jects after 89 weeks compared to numbers of IFN-g-producing
cells before initiation of combination therapy (with Gag, P 5
0.92; with Pol, P 5 0.32; with Env, P 5 0.29; with CMV, P 5
0.37).

DISCUSSION

This study shows that single-cell IFN-g production as de-
tected by the ELISPOT assay is a reliable measure of anti-
HIV-1 CD81 T-cell function. The data support the use of
inactivated, autologous B-LCL that are infected overnight with
VV vectors expressing Gag, Pol, and Env as APC for stimula-

tion of HIV-1-specific, HLA class I-restricted IFN-g produc-
tion. The ELISPOT assay is similar to our method for stimu-
lation of anti-HIV-1 CTLp (11), except that it requires only an
overnight, 16-h incubation for detection of the IFN-g-produc-
ing cells, rather than the 2 weeks of in vitro culture necessary
for expansion of the CTLp. Like the CTLp assay, the ELIS-
POT assay can be performed using cryopreserved cells, allow-
ing retrospective and batch testing. We also found comparable
results for CMV antigen-stimulated IFN-g production by
CD81 T cells from HIV-1-negative, CMV-seropositive,
healthy persons. Thus, as has been noted by other investigators
(3, 17, 19, 28), we believe that the single-cell IFN-g assay has
an advantage over the CTLp assay in not requiring replication
of CD81 T cells in vitro, with the potential variance of differ-
ential cell growth. The relatively short-term ELISPOT assay
may also primarily measure direct, HIV-1 antigen-specific
IFN-g production, rather than secondary IFN-g production
due to nonspecific, paracrine effects of cytokines on the CD81

cells.
The number of IFN-g-producing CD81 cells in response to

the VV p55 Gag vector correlated with that induced by the
HLA Ap02 p17 Gag77–85 peptide. We have also found that this

FIG. 5. IFN-g responses of PBMC from an HIV-1-infected, HLA Ap02 Bp27 subject (N4; CD41 T cell count, 828 cells/mm3; HIV-1 RNA load, not available; not
receiving antiretroviral therapy) and an HIV-1-negative, healthy HLA Ap02 subject (7791) to various concentrations of viral peptides representing predetermined
CD81 CTL epitopes. HTLV-1, human T-cell leukemia virus type 1.
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IFN-g reactivity correlated with the number of CD81 cells
expressing T-cell receptor for this peptide as determined by
HLA class I tetramer staining (24a). Moreover, four of eight
HLA Ap02 HIV-1-infected subjects had IFN-g reactivity to the
p17 Gag77–85 peptide. Use of VV–HIV-1 vectors for expres-
sion of antigens in the APC, however, obviates the necessity of

matching HLA genotypes of the study subjects, as is required
for T-cell tetramer staining or reactivity to peptides.

Our results confirm and extend those of Larsson et al. (18),
who showed that VV–HIV-1 vectors can be used to stimulate
single-cell IFN-g production by CD81 T cells, which can be
detected by the ELISPOT assay. Our method of stimulating
PBMC with VV–HIV-1- or VV-CMV-infected, inactivated B-
LCL as APC, however, proved more sensitive than their
method of stimulation of IFN-g-producing cells directly in the
cultures by replicating VV vectors (18) or by VV vector-in-
fected, inactivated PBMC used as APC. This greater sensitivity
may be due to a higher level of expression of viral antigen
processed overnight through the HLA class I pathway in the
infected B-LCL APC. It may also be related to the potential
immunodysfunctional effects of replicating VV on the IFN-g
pathway (13) in the directly infected PBMC cultures. Another
potential advantage of our system is that it controls for the
number of APC and the level of viral antigen in the assay
system.

In the present study, the number of cells producing IFN-g in
response to HIV-1 Env, but not Gag or Pol, correlated with the
number of anti-HIV-1 CTLp. More extensive results from our
laboratory show that there is a significant correlation between
the number of IFN-g-producing cells and CTLp responses for
all three HIV-1 structural proteins (24a). Of further note is
that our results suggest that Gag p24263–272 is a dominant
immunogen for both IFN-g production and CTL function in
HIV-1-infected, HLA Bp27 persons. This finding extends the
work of others who showed a similar correlation between hu-

FIG. 6. Identification of an immunodominant Gag p24 HLA Bp27 epitope recognized by PBMC from three HLA-Ap02 Bp27-positive, HIV-1-infected subjects
(subject N3: CD41 T cell count, 497/mm3; plasma HIV-1 RNA load, 96,000 copies/ml; no concurrent antiretroviral therapy; subject N4: CD41 T-cell count, 828/mm3;
plasma HIV-1 RNA load, 50 copies/ml; no concurrent antiretroviral therapy; subject 1180: CD41 T-cell count, 450/mm3; plasma HIV-1 RNA load, 2,379 copies/ml;
concurrent treatment with IDV). Med, medium control.

FIG. 7. Single-cell IFN-g responses of individuals with different stages of
HIV-1 infection (means 6 SE). IFN-g responses against each of the HIV-1
proteins were examined for 10 HIV-1-infected, early-stage subjects who were not
receiving any anti-HIV-1 therapy and for 10 HIV-1-infected, late-stage patients
before (week 0) and after 29 (68) weeks and 89 (68) weeks of triple-combina-
tion antiretroviral therapy.
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man and murine PBMC stimulated by CTL peptides of influ-
enza A virus (17), Epstein-Barr virus (28), and lymphocytic
choriomeningitis virus (3, 19). We believe that the cumulative
data suggest that although the same CD81 cells appear to
mediate these functions, they are not totally identical.

We have noted in longitudinal studies of patients receiving
combination antiretroviral therapy that the number of IFN-g-
producing cells stimulated by HIV-1 peptides or APC express-
ing VV–HIV-1 vectors correlates with the number of CD81 T
cells staining with the HIV-1 peptide–HLA A2 tetramer com-
plexes (24a). This result is similar to data in the murine lym-
phocytic choriomeningitis virus model (19) and suggests that
these two assays assess similar CD81 T cell populations. Enu-
meration of IFN-g-producing cells has an advantage over that
in the tetramer assay, however, in that the former assay is
broadly applicable to all HLA types when VV–HIV-1 vector-
expressing APC are used. It also does not require special, HLA
tetrameric reagents when stimulation is done with HIV-1 pep-
tides. These factors make the detection of single-cell produc-
tion of IFN-g by the ELISPOT assay an attractive method for
quantifying HIV-1-specific, CD81 T-cell reactivity.

An important finding in this study is that the number of
anti-HIV-1 IFN-g-producing, CD81 T cells was associated
with the stage of HIV-1 infection. Persons with relatively early
infection, as determined by lower levels of HIV-1 RNA in
plasma and higher numbers of CD41 T cells, had greater
numbers of HIV-1-specific, IFN-g-producing cells than did
later-stage subjects. The IFN-g reactivity increased in these
late-stage subjects after an average of 33 months on triple-
combination therapy, although it did not reach levels found in
the early-stage, untreated persons. These data support an
early, immunoenhancing effect on numbers of circulating, anti-
HIV-1 CD81 CTLp in a subpopulation of late-stage patients
on triple-combination therapy (12, 22, 24a). The enhanced,
HIV-1-specific CTLp and IFN-g responses in these patients
were temporary, however, and decreased to baseline levels by
89 weeks of treatment. This drop in HIV-1 antigen-specific,
CD81 T-cell responses may be due to low HIV-1 antigenic
burden in the patients on long-term combination drug therapy,
which suggests that adjunct, immune-based approaches will be
necessary to induce a sustained, HIV-1-specific T-cell reactiv-
ity in late-stage patients receiving combination antiretroviral
therapy.
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