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Human immunodeficiency virus type 1 (HIV-1)-specific T-cell reactivity has been related to protection
from disease progression. Optimal T-cell reactivity to HIV-1 presumably requires antigen processing and
presentation by professional antigen-presenting cells, particularly dendritic cells (DC). Here we examined
whether multiple HIV-1-specific T-cell functions are enhanced by stimulation with HIV-1 peptide-loaded
DC derived from HIV-1-infected subjects on antiretroviral therapy. We first found that mature DC
increased the number of gamma interferon (IFN-�)-producing T cells detected by enzyme-linked immu-
nospot assay to overlapping 15-mer peptides of HIV-1 Gag and Nef, compared to stimulation with
peptide-loaded, immature DC or to peptides without DC. IFN-� production was lower in response to large
pools of the Gag and Nef peptides, regardless of presentation by DC. We further observed that HIV-1
peptide-loaded, mature DC stimulated greater CD8� and CD4� T-cell proliferation than did the peptides
without DC and that T-cell proliferation was lower in response to larger pools of the peptides. The lower
T-cell IFN-� and proliferation responses to the larger peptide pools were related to lower T-cell viability.
Finally, the number of polyfunctional CD8� and CD4� T cells stimulated by HIV-1 peptide-loaded, mature
DC, defined as positive by intracellular staining for more than one immune mediator (IFN-�, interleukin
2, tumor necrosis factor alpha, macrophage inhibitory protein 1�, or CD107a), was greater than that
stimulated by the peptides alone. These results indicate that DC can enhance multiple types of HIV-1-
specific T-cell functions.

Considerable evidence supports the idea that T-cell immu-
nity to human immunodeficiency virus type 1 (HIV-1) is im-
portant in control of HIV-1 infection (10). Specific correlates
of T-cell immunity that are associated with protection against
or progression of HIV-1 infection have nonetheless been dif-
ficult to determine. Such immune correlates could be useful in
defining the efficacy of prophylactic and therapeutic vaccines
for HIV-1 infection. Many studies of T-cell immunity in HIV-1
infection have shown that the number of T cells exhibiting
gamma interferon (IFN-�) production in the enzyme-linked
immunospot (ELISPOT) assay is decreased in association with
progressive infection (4, 51). Proliferation of T cells in re-
sponse to HIV-1 antigens as measured by uptake of the suc-
cinimidyl ester of carboxyfluorescein diacetate (CFSE) has
also been related to less progressive HIV-1 infection (19, 33,
53). Recently, the quality of the CD8� T-cell functional re-
sponse to HIV-1 peptides as defined by intracellular cytokine
staining (ICS) for more than one immune mediator, i.e.,
IFN-�, interleukin 2 (IL-2), tumor necrosis factor alpha (TNF-
�), macrophage inhibitory protein 1� (MIP-1�), and/or cyto-
toxic degranulation molecule CD107a (11, 44), has been asso-
ciated with slow progression and better control of HIV-1
infection (5).

Although these are all valid measures of anti-HIV-1 T-cell

immunity, they usually do not account for a role of professional
antigen-presenting cells (APC), particularly dendritic cells
(DC), which are necessary for optimal processing and presen-
tation of antigens to T cells (2). Indeed, it is likely that during
HIV-1 infection, DC are required to take up, process, and
present HIV-1 antigens via their major histocompatibility com-
plex (MHC) class I and II molecules for priming and boosting
of anti-HIV-1 CD8� and CD4� T-cell responses (40). We have
previously shown that IFN-� production by CD8� T cells from
HIV-1-infected persons is enhanced by stimulation with DC
loaded with HIV-1 antigens and matured with CD40L or a
cocktail of various proinflammatory cytokines and a Toll-like
receptor 3 ligand (15, 20, 21). Myeloid DC loaded with pep-
tides representing dominant epitopes of HIV-1 proteins stim-
ulated significantly more epitope-specific, IFN-�-producing
CD8� T cells than did peptides added directly to peripheral
blood mononuclear cells (PBMC). There is little information,
however, as to whether these professional APC can similarly
enhance other T-cell functions that could be critical to control
of HIV-1 infection, particularly their proliferative capacity and
ability to produce multiple immune mediators. Moreover,
many current approaches for measuring the magnitude and
breadth of T-cell responses use pools of various numbers of
synthetic peptides, usually 15 or 20 amino acids (aa) in length,
which overlap by 10 to 11 aa (1, 3, 7, 9, 13, 14, 17, 24, 25, 27,
32, 37, 45, 48, 49), developed by Kern et al. (26) and Maecker
et al. (31). Such studies have not accounted for a role of APC
in processing that is required to reduce these peptides to their
optimal, 8- to 10-mer length for presentation by MHC class I
molecules to CD8� T cells (43), or to 13- to 17-mers for
presentation by MHC class II to CD4� T cells (46). These are
important considerations in determining correlates of T-cell
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immunity in HIV-1 infection and in response to HIV-1 vac-
cines.

We have analyzed the magnitude of several types of T-cell
responses during HIV-1 infection stimulated by autologous
DC loaded with different-size pools of overlapping HIV-1
peptides. We assessed T-cell responses in HIV-1- infected
persons for single-cell IFN-� production by using a conven-
tional ELISPOT assay; for CD8� and CD4� T-cell prolifera-
tion by using uptake of CFSE dye; and for production of
IFN-�, IL-2, TNF-�, MIP-1�, and CD107a by CD8� and
CD4� T cells by using ICS. We found that, in addition to
enhancing IFN-� production detected by ELISPOT assay, DC
loaded with HIV-1 peptide singlets or smaller pools of HIV-1
peptides enhanced HIV-1-specific T-cell proliferation and
polyfunctional CD8� and CD4� T-cell responses.

MATERIALS AND METHODS

Study subjects. Ten HIV-1-seropositive homosexual men were studied from
the Pittsburgh, PA, portion of the Multicenter AIDS Cohort Study, an investi-
gation of the natural history of HIV infection. Ten HIV-1-seropositive subjects
were all on antiretroviral therapy (ART) (CD4� T-cell count: median, 501/�l;
range, 340 to 1,110/�l; HIV-1 RNA: �40 copies/ml for nine subjects and 9,244
copies/ml for one subject. Five HIV-1-seronegative persons were included as
controls.

DC cultures. To obtain immature DC, CD14� monocytes were positively
selected from PBMC using anti-CD14 monoclonal antibody (MAb)-coated mag-
netic microbeads (Stem Cell Technologies, Vancouver, Canada) to a purity of
�96% and cultured for 5 to 6 days at 37°C in AIM V medium (Gibco, Grand
Island, NY) containing 1,000 U/ml of recombinant human IL-4 (R & D Systems,
Minneapolis, MN) and 1,000 U/ml recombinant granulocyte-monocyte colony-
stimulating factor (Amgen, Seattle, WA) (21). Fresh medium with human IL-4
and granulocyte-monocyte colony-stimulating factor was added every other day.
These immature DC were treated with CD40L (0.5 �g/ml; Alexis, San Diego,
CA) for 40 h to induce DC maturation.

The number of viable DC was determined by typical DC morphology in trypan
blue dye-stained preparations. The maturation status of the DC was assessed by
flow cytometry as the percent positive and mean fluorescent intensity of expres-
sion of HLA class II (HLA-DR), HLA class I (HLA ABC), CD80, CD86, and
CD83 (15, 21). The cells displayed a characteristic DC morphology and cell
surface marker expression and responded to stimulation with CD40L.

Synthetic peptides. A library of HIV-1 peptides (consecutive 15-mers over-
lapping by 11 aa) spanning the HIV-1 Gag and Nef (clade B consensus se-
quences) was obtained from the NIH AIDS Research and Reference Reagent
Repository and distributed into various-sized pools ranging from 9 to 122 pep-
tides. The Gag pools were Gag A30 (30 p17 15-mer peptides; aa 1 to 131), B30
(30 p24 peptides; aa 117 to 251), C30 (30 p24 peptides; aa 241 to 371), D32 (32
p24, p2, and p7 peptides; aa 361 to 500), Gag E60 (60 peptides of p17 and p24),
F62 (62 peptides of p24, p2, and p7), and Gag G122 (122 peptides of p17, p24,
p2, and p7). Nef pools were A10 (10 15-mer peptides; aa 1 to 51), B10 (10
peptides; aa 41 to 91), C10 (10 peptides; aa 81 to 131), D10 (10 peptides; aa 21
to 170), E9 (nine peptides; aa 161 to 207), Nef F25 (25 peptides; aa 1 to 111), Nef
F24 (24 peptides; aa 101 to 207), and Nef H49 (49 peptides; aa 1 to 207). The
final peptide concentration was adjusted to 5 �g/ml in singlets or pools. Peptides
included HLA A*0201-restricted, Epstein-Barr virus (EBV) BMLF1280–288

(GL9; GLCTLVAML), its N-terminal flanking sequence (AL15; AIQNAG-L),
and its C-terminal flanking sequence (GW15; G-LEETIFW). HIV-1 p1777–85

(SL9; SLYNTVATL), 15-mers of its N-terminal flanking sequence (GL15; GS
EELRS-L) and C-terminal flanking sequence (SR15; S-LYCVHQR), the 15-mer
from the NIH Gag peptide library containing SL9 (EC15; EELRSLYNTVATL
YC), and a 20-mer containing SL9 (GQ20; GSEELRSLYNTVATLYCVHQ)
were also used. Other peptides were HLA B27-restricted HIV-1 p24263–272

(KK10; KRWIILGLNK) and HLA A*0201-restricted HIV-1 peptide RT476–484

(IV9; ILKEPVHGV). All of these peptides were prepared by the Protein Re-
search Lab, University of Illinois, Chicago, IL. A pool of four cytomegalovirus,
15 EBV, and 12 influenza virus peptides representing a cross section of MHC
class I dominant epitopes (8) was provided by the NIH AIDS Research and
Reference Reagent Program. Preliminary dose- response experiments were done
to determine the optimal concentration of peptides to be used in the functional
assays.

ELISPOT assay. An ELISPOT assay modified from AIDS Clinical Trials
Group protocol A5181 was used to determine single-cell IFN-� production
(B. J. C. Macatangay et al., unpublished data). The immature or mature DC were
added to ELISPOT plates and loaded with peptides (5 �g/ml) for 2 h at 37°C.
The responder cells (PBMC) were added to the peptide-loaded DC at a respond-
er-to-stimulator [R:S] cell ratio of 10 to 1 and stimulated overnight at 37°C.
Negative control (without peptides), positive control (chicken embryo fibro-
blasts, 1 �g/ml), and staphylococcus enterotoxin B (0.5 �g/ml; Sigma, St. Louis,
MO) were included in each assay. After the plates were processed for staining of
IFN-�, the spots were counted with an ELISPOT reader system (Cell Technol-
ogy, Columbia, MD). Data were expressed as spot-forming cells (SFC) per 106

cells. A positive result was defined as the number of SFC in the peptide-
stimulated cultures being greater than the mean plus 2 standard deviations of
SFC in the negative controls.

For comparison of peptide loading of DC before and after CD40L treatment
for induction of IFN-�, DC from HIV-1-uninfected and -infected subjects were
loaded with peptides for 2 h before and after CD40L treatment and used to
induce IFN-� production in autologous PBMC. To determine competition by
peptide pools, HLA A*0201-restricted EBV GL9, AL15, and GW15 peptides
were mixed with singlets or pools of HIV-1 Gag peptides and used to stimulate
IFN-� production in PBMC from HLA A*0201, HIV-1-seronegative, EBV-
seropositive subjects in the ELISPOT assay.

Lymphocyte proliferation CFSE assay. Frozen-thawed cells (1 � 106 cells/
antigen stimulation or unstimulated controls) were washed and resuspended in
250 �l of 0.2% bovine serum albumin–phosphate-buffered saline. Two hundred
fifty microliters of CFSE dye (10 �g CFSE in 1 ml of 0.2% bovine serum
albumin–phosphate-buffered saline; Molecular Probes, Eugene, OR) was incu-
bated with the cell suspension at 37°C for 10 min. After incubation, 5 ml of cold
complete medium was added and incubated on ice for 5 min. Cells were washed
with cold RPMI 1640 medium (Gibco, Grand Island, NY) containing 10%
heat-inactivated human AB� serum (Sigma), 1% L-glutamine, 1% HEPES
buffer, and 1% penicillin-streptomycin and cultured with peptides (5 �g/ml) with
or without DC in a 24-well plate for 6 days at 37°C in 5% CO2. The responder
cells (PBMC) were mixed with peptide-loaded (5 �g/ml) DC at a ratio of 10 to
1, R:S cell ratio. After 6 days of incubation, the cells were harvested, washed, and
stained for surface markers by using anti-CD8-peridinin chlorophyll protein and
anti-CD4-phycoerythrin (PE) MAb (BD Biosciences). Following staining, the
cells were washed, fixed, and analyzed in a FACS Canto II flow cytometer (BD
Immunocytometry Systems, San Diego, CA). Negative controls (no peptides)
and positive controls (phytohemagglutinin, 5 �g/ml; Sigma) were included in
each assay. The results are expressed as net % CFSE-positive T cells (% positive
peptide-stimulated T cells 	 % medium control).

Surface staining and ICS. Frozen-thawed PBMC at 2 � 106/ml in RPMI 1640
medium containing antibiotics and 10% heat-inactivated fetal calf serum (Gem-
ini Bio-Products, West Sacramento, CA) (complete medium) were rested over-
night at 37°C. PBMC were then cultured with T-cell costimulatory MAb specific
for CD28 and CD49d (�CD28/49d) (1 �g/ml; BD Biosciences), monensin (5
�g/ml; Sigma), brefeldin A (5 �g/ml, Sigma), CD107a-PE-Cy5 (BD PharMingen,
San Diego, CA), and peptides or peptide pools (5 �g/ml per peptide) (29). In
some experiments, peptide-loaded DC (R:S ratio, 10:1) were used without
�CD28/49d. Negative controls (without peptides) and positive controls (staphy-
lococcal enterotoxin B, 1 �g/ml) were included in each assay. Cells were incu-
bated for 6 h at 37°C and then kept at 4°C for 16 h. The cells were washed, fixed
using the Cytofix/Cytoperm kit (BD PharMingen), and stained with MAb CD8-
allophycocyanin Cy7, CD4-allophycocyanin Cy7, and IL-2–allophycocyanin (BD
Biosciences); CD3-PE Cy7, IFN-�–fluorescein isothiocyanate and MIP-1�–PE
(BD PharMingen); and TNF-�–Pacific blue (eBiosciences). Following staining,
the cells were washed, fixed, and analyzed with an LSR II flow cytometer (BD
Immunocytometry Systems), with 200,000 to 1,000,000 events collected per sam-
ple. All data were background subtracted using the non-antigen-stimulated con-
trol and analyzed by FlowJo (version 7.2.5; TreeStar, Ashland, OR) and SPICE
(version 4.1.6). The expression of IL-2, IFN-�, TNF-�, MIP-1�, and CD107a and
that of T-cell surface markers were quantified separately and in combination.

Statistical analysis. We used the analysis of variance with the Scheffe multiple
comparison test, the Student t test, and the chi-square test for statistical analysis.

RESULTS

Single-cell IFN-� production stimulated by DC loaded with
HIV-1 peptides before and after maturation. Our previous
research showed that CD40L-matured DC loaded with mini-
mal-length, immunodominant 9-mer peptides, or 15-mers with
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either N- or C-terminal extensions, were superior to immature
DC at stimulating T-cell production of IFN-� assessed by the
ELISPOT assay (20, 21). In the present study, we extended this
work by examining stimulation of T cells by CD40L-matured
DC that were loaded before or after maturation with 15-mers
containing N- or C-terminal extensions. We found that T-cell
responses induced by the DC that had been loaded with 9-mer
peptide EBV GL9 or HIV-1 SL9 before or after maturation
with CD40L were similar but were both greater than T-cell
responses induced by peptides alone or peptide-loaded imma-
ture DC (Fig. 1). However, using 15-mer, N-terminal exten-
sions of these two epitopes, we noted that adding peptide after
maturation of the DC with CD40L enhanced T-cell reactivity.
This enhancing effect of CD40L-matured DC on T-cell re-
sponses to 15-mers was also observed with C-terminal exten-
sions of SL9 but not GL9. Therefore, in all further experiments
we used DC loaded with the peptides after maturation for
stimulation of T-cell responses.

Enhanced single-cell IFN-� production stimulated by DC
loaded with HIV-1 peptides and peptide pools. There is little
information on the magnitude of T-cell reactivity to DC loaded
with various-sized pools of overlapping HIV-1 peptides com-
pared to single peptides within each pool. We therefore com-
pared the conventional method of direct stimulation of PBMC
with single peptides or different-sized peptide pools to DC that
were loaded with these peptides or peptide pools in eight
HIV-1-infected subjects on ART. For Gag, we compared the
complete pool of 122 HIV-1 Gag 15-mer peptides (G122) to
two pools of 60 to 62 peptides (60/62; E60 and F62), four pools
of 30 to 32 peptides (30/32; A30, B30, C30, and D32), and the
122 individual Gag peptides. For Nef, we compared the com-
plete pool of 49 Nef 15-mer overlapping peptides (H49), to two
pools of 24 to 25 peptides (25/24; F25 and G24), five pools of
9 to 10 peptides (10/9; A10, B10, C10, D10, and E9), and the
49 individual Nef peptides.

The results show that Gag and Nef peptide-loaded DC in-

FIG. 1. Maturation of DC enhances their ability to induce IFN-� production by T cells as detected by the ELISPOT assay. Data shown are
means 
 standard errors from four HIV-1-uninfected subjects (A) and four HIV-1-infected subjects on ART (�50 copies/ml of HIV-1 RNA) (B),
using HLA A*0201-restricted 9-mer peptide GL9 (A) or SL9 (B) or N- or C-terminal flanking sequences containing these 9-mer peptides. The GL9
and SL9 loaded before (DC � peptide � CD40L) or after (DC � CD40L � peptide) maturation with CD40L stimulated higher levels of IFN-�
production than did the peptide without DC (no DC � peptide) or DC loaded with peptide without CD40L treatment (DC � peptide) (F—F,
P � 0.05). IFN-� production by T cells stimulated by DC loaded with N- or C-terminal flanking sequences was greater than production by those
induced by peptides alone or immature DC and the peptides (P � 0.05, except for GW15).
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duced higher levels of peptide-specific IFN-� production in
PBMC than did the peptides without DC (P � 0.05), except for
the Gag G122 pool (P � not significant [NS]) (Fig. 2A and B).
The compiled results indicate that single 15-mer peptides of
Gag or Nef stimulated greater HIV-1-specific IFN-� produc-
tion than did the Gag and Nef peptide pools, with or without
DC (P � 0.01). Moreover, DC loaded with the Gag 30/32 pools
stimulated higher HIV-1-specific IFN-� production than did
DC loaded with Gag 60/62 or Gag 122 pools, and the Gag
60/62 pools stimulated greater T-cell reactivity than did the
Gag G122 pool (P � 0.05) (Fig. 2A). Similarly, DC loaded with
Nef 10/9 or Nef 25/24 pools stimulated higher HIV-1-specific
IFN-� production than did the Nef H49 pool (P � 0.05) (Fig.

2B). Finally, we found no T-cell reactivity to the Gag or Nef
peptide pools from three HIV-1-seronegative controls (data
not shown).

Taken together, the results show that the numbers of IFN-
�-producing T cells in HIV-1-infected subjects as assessed by
the ELISPOT assay were lower in response to direct stimula-
tion with pools of Gag or Nef peptides than those stimulated
by mature DC loaded with the peptide pools. This extends our
previous finding that DC enhanced IFN-� production in T cells
to immunodominant 9- to 10-mer HIV-1 peptides (20, 21).
Furthermore, we found that lower T-cell reactivity was induced
by larger pools of overlapping Gag and Nef peptides, with or
without DC.

FIG. 2. DC enhance IFN-� production to single peptides or pools of Gag and Nef 15-mer peptides, with decreased responses to larger pools
of peptides. The optimal size of pools for ELISPOT without mature DC was compared to that for mature DC loaded with single peptides or
different sizes of peptide pools in HIV-1-infected subjects on ART (n � 7 subjects with �50 copies/ml of HIV-1 RNA, 1 subject with 9,244
copies/ml). Bars represent cumulative data of SFC per million PBMC for single peptides or the peptide pools. The cumulative ELISPOT responses
showed that CD40L-treated DC induced higher levels of Gag (A) and Nef (B) peptide-specific IFN-� production by PBMC than that in PBMC
alone (no DC) (F—F, P � 0.05), except for the Gag G122 pool (P � NS). With or without DC, Gag or Nef single peptides stimulated greater
HIV-1-specific IFN-� production than did the Gag or Nef peptide pools (P � 0.01). DC loaded with the Gag 30/32 pool stimulated higher
HIV-1-specific IFN-� production than did the Gag 60/62 or Gag G122 pools, and the Gag 60/62 pools stimulated greater T-cell reactivity than did
the Gag G122 pool (P � 0.05) (A). DC loaded with Nef 10/9 and Nef 25/24 pools stimulated higher HIV-1-specific IFN-� production than did the
Nef H49 pool (P � 0.05) (B).
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Effects of larger peptide pools on T-cell stimulation. We
next determined if lower cell viability or competition among
the viral peptides was related to the lower number of IFN-�-
producing T cells induced by the larger peptide pools. First, we
determined the number of viable cells in the peptide-stimu-
lated cultures by trypan blue dye exclusion. Compared to the
viability of cells in the PBMC control not stimulated with
peptides (92% 
 6%, n � 6), the viability was lower in the
cultures stimulated by the larger peptide pools (84% 
 11%
for Gag 30/32, P � NS; 65% 
 11% for Gag 60/62, P � 0.05;
59% 
 10% for Gag G122, P � 0.01; 88% 
 5% for Nef 10/9,
P � NS; 81% 
 10% for Nef 25/24, P � NS; 70% 
 13% for
Nef H49, P � 0.05).

Next, we assessed the capacity of HIV-1 Gag peptides to
interfere or compete with T-cell reactivity of EBV-seroposi-
tive, HIV-1-seronegative, HLA A*0201 subjects to peptides
representing a known immunodominant, HLA A*0201 epitope
of EBV. We mixed HLA A*0201-restricted EBV GL9 (5 �g/
ml) with low (1 �g/ml) or high (10 �g/ml) concentrations of
HLA A*0201-restricted, HIV-1 peptides IV9 and SL9 or HLA
B27-restricted HIV-1 peptide KK10. These peptide mixtures
were then loaded into DC from three HLA A*0201, EBV-
positive and HIV-1-negative subjects and used to stimulate
autologous T cells in the ELISPOT assay. The results indicate
that there was no difference in GL9-specific IFN-� production
when this peptide was mixed at the two concentrations with the
9-mer HIV-1 peptides (P � NS; data not shown). We next
mixed EBV GL9 or its 15-mer N- and C-terminal extensions
AL15 and GW15 with the different sizes of HIV-1 Gag 15-mer

peptide pools, loaded into DC and used in the ELISPOT assay
with PBMC from three HLA A*0201, EBV-positive, HIV-1-
negative persons. The data show that there were similar T-cell
responses to GL9 and AL15 without DC but lower IFN-�
production in response to GW15 (Fig. 3). This concurs with
our previous results that C-terminal extensions of some immu-
nodominant epitopes have lower capacity to stimulate IFN-�
production than the minimal epitope or N-terminal-extended
peptides (21). The results further indicate that there was no
difference in GL9-specific IFN-� production when this peptide
was mixed with any of the Gag peptide pools without DC (P �
NS) (Fig. 3A). There were, however, decreases in AL15-spe-
cific IFN-� production by T cells when this peptide was mixed
with the Gag 60/62 pools (P � 0.05) and the Gag G122 pool
(P � 0.001) and in GW15-specific IFN-� production when this
peptide was mixed with the Gag G122 pool (P � 0.05) (Fig.
3A). With the use of peptide-loaded DC as APC, there were
significant decreases in GL9-, AL15-, and GW15-specific
IFN-� production when these EBV peptides were mixed with
Gag 60/62 pools or the Gag G122 pool (P � 0.01 and P �
0.001, respectively; Fig. 3B). However, with or without DC,
there were no differences in EBV peptide-specific IFN-� pro-
duction when these peptides were mixed with Gag 30/32 pools
(P � NS).

Taken together, these results indicate that the lower T-cell
responses to the larger pools of Gag peptides were related to
lower T-cell viability and possibly competition among the pep-
tides.

FIG. 3. Larger pools of HIV-1 peptides result in lower IFN-� production by EBV-specific T cells. HLA A*0201-restricted EBV GL9 and its
N (AL15)- and C (GW15)-terminal extensions (5 �g/ml) were mixed with different sizes of HIV-1 Gag peptide pools (5 �g/ml), with and without
DC, in the ELISPOT assay. Data are mean SFC 
 standard errors from three HIV-1-negative subjects. The data show that without DC (A) there
was no difference in GL9 peptide-specific IFN-� production when it was mixed with any of the Gag peptide pools (P � NS). There were decreases
in AL15-specific IFN-� production when this peptide was mixed with either the Gag 60/62 pool (F—F, P � 0.05) or the Gag G122 pool (F—F,
P � 0.001), and there were decreases in GW15-specific IFN-� production when this peptide was mixed with the Gag G122 peptide pool (P � 0.05).
When used with DC (B), there were significant decreases in GL9, AL15, and GW15 peptide-specific IFN-� production when the peptides were
mixed with either the Gag 60/62 pool or the Gag G122 pool (P � 0.01).
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Enhanced T-cell proliferation stimulated by DC loaded with
HIV-1 Gag and Nef peptides. We next assessed peptide-spe-
cific, T-cell proliferation to DC loaded with viral peptides using
a CFSE staining procedure (for a representative analysis, see
Fig. S1 in the supplemental material). The initial results with
peptide singlets indicated that DC from HIV-1-uninfected,
EBV-seropositive persons that were loaded with EBV GL9,
AL15, or GW15 peptide enhanced CD8� T-cell proliferation
compared to stimulation by the peptides without DC. Similar
to IFN-� production, greater T-cell proliferation was found for
the N-terminal AL15 peptide than the C-terminal GW15 pep-
tide. As expected with these MHC class I-restricted peptides,
there was no stimulation of CD4� T-cell proliferation (data
not shown). We then assessed T-cell proliferation to the Gag
and Nef peptide pools presented with or without DC from
HIV-1-infected subjects on ART. The cumulative data show
that there were lower T-cell responses to pools containing the
larger numbers of Gag (Fig. 4A) and Nef (Fig. 4B) peptides.
However, peptide-loaded DC induced significantly enhanced,
CD4� T-cell proliferative responses to the Gag 30/32 pools,
and increases in proliferation of both CD4� T and CD8� T
cells to the Nef 10/9 and 25/24 pools, compared to these pep-
tide pools without DC (P � 0.05). Enhanced proliferative
responses were also noted for CD4� T cells in response to DC
loaded with the Nef 10/9 pools compared to the Nef H49 pool
(P � 0.05) and for CD8� T-cell responses to Nef 25/24 pools
compared to the Nef H49 pool (P � 0.05).

On day 6 when the CFSE assay was completed, the cell

viability as detected by trypan blue dye uptake was lower in the
cultures stimulated by the largest, Gag G122 peptide pool
compared to the control cultures not stimulated with peptides,
i.e., 40% 
 10% versus 66% 
 21%, respectively (n � 3; P �
0.05). There was also a trend of lower T-cell viability in cultures
stimulated with the other peptide pools, i.e., 54% 
 7% for
Gag 30/32, 46% 
 7% for Gag 60/62, 64% 
 7% for Nef 10/9,
61% 
 9% for Nef 25/24, and 53% 
 12% for Nef H49 (P �
NS compared to the control). A decrease in cell viability was
related to the lower T-cell proliferative response to the larger
peptide pools as evidenced by a lower number of live cell
events measured in the CFSE assay (data not shown).

Taken together, these results indicate that viral peptide-
specific T-cell proliferation was enhanced by DC loaded with
single peptides, or with pools of �30/32 Gag peptides and �10
Nef peptides. Without DC, the number of Gag and Nef pep-
tides in a pool had minimal effects on T-cell proliferation, but
with DC, the small pools (�25 peptides) of HIV-1 Nef pep-
tides stimulated greater T-cell proliferation than did the larger
pools. The lower T-cell proliferation to the largest Gag G122
peptide pool was associated with lower cell viability.

Polyfunctional T-cell responses induced by DC loaded with
Gag and Nef peptides. We next assessed the effects of DC on
polyfunctional T-cell responses. For this, we compared stimu-
lation of PBMC with peptide-loaded DC to peptide with and
without the addition of �CD28/49d on production of T-cell
immune mediators detected by ICS. DC from four HIV-1-
infected subjects were loaded with the immunodominant, HLA

FIG. 4. T-cell proliferation stimulated by pools of HIV-1 Gag and Nef peptides as determined by CFSE dye uptake. The different Gag (A) and
Nef (B) peptide pools were compared for stimulation of T-cell proliferation with or without DC (n � 4 subjects; �50 copies/ml HIV-1 RNA). The
bars represent the cumulative net percentages of T-cell proliferation for the peptide pools. DC enhanced the proliferative responses of CD4� T
cells to the Gag 30/32 pools and the responses of both CD4� T and CD8� T cells to the Nef 10/9 and Nef 25/24 pools, compared to stimulation
with these peptides with no DC (*, P � 0.05). The data also show that with DC there were higher proliferative responses of CD4� T cells to the
Nef 10/9 pool than to the Nef H49 pool (F—F, P � 0.05) and higher proliferative responses of CD8� T cells to the Nef 25/24 pool than to the
Nef H49 pool (P � 0.05).
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A*0201-restricted, HIV-1 SL9 peptide and 15-mer and 20-mer
extensions EC15 and GQ20 and used as APC in the ICS assay
with autologous PBMC as responders. A representative anal-
ysis is shown in Fig. S2 in the supplemental material. Com-
pared to the peptides alone (Fig. 5A) or peptides using
�CD28/49d as a surrogate for APC (Fig. 5B), peptide-loaded
DC (Fig. 5C) induced a greater magnitude of CD8� T-cell

polyfunctional responses (P � 0.01 and P � 0.05, respectively).
Stimulation with peptides and �CD28/49d induced a level of
ICS responses similar to that with the peptides alone (Fig. 5;
P � NS).

The pattern of polyfunctional T-cell responses to these pep-
tides differed among the three APC systems. Compared with
peptide alone or the conventional ICS system with �CD28/49d,

FIG. 5. Effect of DC on HIV-1 peptide-specific, polyfunctional immune mediator responses determined by ICS. PBMC from HLA A*0201,
HIV-1-infected subjects on ART (n � 4 subjects; �50 copies/ml HIV-1 RNA) were stimulated with HLA A*0201-restricted Gag SL9, EC15, and
GQ20 (5 �g/ml) without �CD28/49d or DC (A); with peptide with �CD28/49d (B); or with peptide with mature DC (C). The five-color pie charts
show the relative proportions of immune mediators produced by the CD8� T cells in groups of one to five per T cell, and the three-color bar graphs
represent the actual percentages of T cells responding to SL9, EC15, and GQ20 peptides. The horizontal bars with different colors present the
combinations of five, four, three, two, or one function. Each dot represents production of IL-2, IFN-�, TNF-�, MIP-1�, or CD107a. Peptide-loaded
DC induced greater CD8� T-cell polyfunctional responses than did the peptides alone or peptides with �CD28/49d (P � 0.01 and P � 0.05,
respectively). The magnitude of stimulation of T cells with peptides and �CD28/49d was not different from that for the peptides alone (P � NS).
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the SL9 peptide-loaded DC induced a higher number of poly-
functional T cells producing CD107a, IFN-�, MIP-1�, and
TNF-� (P � 0.05) (Fig. 5C). There was also a notable absence
of IL-2 production by the CD8� T cells in response to SL9-
loaded DC (P � 0.05). The 15-mer peptide-loaded DC in-
duced a higher number of polyfunctional T cells producing
CD107a, IFN-�, IL-2, MIP-1�, and TNF-� (P � 0.05). With
�CD28/49d or the DC, the 20-mer peptide induced lower num-
bers of polyfunctional T cells than those induced by 9-mer or
15-mer peptides (P � 0.05). Thus, the conventional ICS system
using �CD28/49d and the peptide revealed more polyfunc-
tional T cells than did the peptides alone (pie charts in Fig. 5A
and B). However, DC loaded with these peptides activated
more polyfunctional T cells than did either peptide alone or
peptide and �CD28/49d. We also observed a similar pattern of
polyfunctional T-cell responses to EBV GL9 and its N-termi-
nal flanking extension (AL15) and C-terminal flanking exten-
sion (GW15) in T cells from two HIV-1-uninfected subjects
(data not shown).

Due to the great complexity of using eight-color ICS to
compare single Gag and Nef 15-mer peptides to the peptide
pools for stimulation of T cells, we next determined ICS re-
sponses to different-sized HIV-1 peptide pools without DC.
The cumulative data from five HIV-1-infected subjects on
ART show that there were similar CD4� and CD8� T-cell
reactivities to the different-sized Gag pools (Fig. 6A and C).
Notably, there were greater numbers of CD4� and CD8� T
cells producing CD107a than the four other immune mediators
in response to the smaller Gag pools (A30, B30, C30, and D32)
(P � 0.05) and IL-2 compared to IFN-�, TNF-�, and MIP-1�

(P � 0.05). Interestingly, the ICS responses to the larger pools
of Gag peptides were similar to those to the smaller pools of
Gag peptides, in contrast to the lower single-cell IFN-� and
proliferative T-cell responses to the larger Gag peptide pools.
As expected, we found that the viability of cells in the unstimu-
lated T-cell control (88% 
 6%) as detected by trypan blue dye
uptake was lower in the ICS cultures stimulated with the pools
containing the larger numbers of peptides (82% 
 12% for
Gag 30/32, P � NS; 75% 
 11% for Gag 60/62, P � 0.05;
60% 
 13% for Gag G122, P � 0.01; 84% 
 13% for Nef 10/9,
P � NS; 83% 
 11% for Nef 25/24, P � NS; 72% 
 13% for
Nef H49, P � 0.05). However, we found that both CD4� and
CD8� T cells from HIV-1-negative, uninfected controls pro-
duced several of these immune mediators in response to pools
containing larger numbers of Gag peptides. That is, T cells
from HIV-1-uninfected subjects had positive ICS responses to
Gag 60/62 and Gag G122, which were TNF-� plus CD107a
(three/three subjects), IL-2 alone (two/three subjects), IFN-�
alone (one/three subjects), and MIP-1� alone (one/three sub-
jects), but not to the smaller pools of Gag peptides (data not
shown). Similar results were seen in the cultures stimulated
with pools containing a lower concentration of these peptides
(2 �g/ml compared to 5 �g/ml; data not shown).

The CD4� and CD8� T-cell responses to Nef pools con-
taining larger numbers of peptides, i.e., Nef H49, were lower in
T cells stimulated with the larger Nef peptide pools (Fig. 6B
and D) (P � 0.05). We did not find a nonspecific response of
T cells from HIV-1-seronegative persons to the larger pools of
Nef peptides, as we did for the Gag peptides (data not shown).
There also were greater numbers of CD4� T cells producing

FIG. 6. Cumulative immune mediator expression by CD8� and CD4� T cells to HIV-1 Gag and Nef peptide pools as determined by ICS. The
bars represent cumulative data on percentages of IL-2, IFN-�, TNF-�, MIP-1�, and CD107a produced by T cells from HIV-1-infected subjects
on ART (n � 5 subjects; �50 copies/ml HIV-1 RNA) in response to the Gag and Nef peptide pools (5 �g/ml). The data show that there were no
differences in production of the immune mediators by CD4� and CD8� T cells stimulated by the various Gag pools (A and C) and a trend of lower
T-cell responses to the larger Nef peptide pools (B and D) (P � NS).
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IL-2 compared to IFN-� and MIP-1� after stimulation with the
small Nef pools (A10, B10, C10, D10, and E9) (P � 0.05). The
number of CD8� T cells producing IL-2 and CD107a after
stimulation by the small Nef pools was greater than the num-
ber of those producing IFN-�, TNF-�, CD107a, or MIP-1�
(P � 0.05). Finally, the number of CD8� T cells producing
CD107a was greater than the number of cells producing IFN-�,
TNF-�, CD107a, and MIP-1� as assessed by ICS (P � 0.05).

These results indicate that the optimal size of peptide pools
for the most efficient stimulation of anti-HIV-1 CD8� and
CD4� polyfunctional T cells was �30/32 Gag and �10 Nef
peptides. Therefore, we next focused on whether DC loaded
with the Gag 30/32 or Nef 10/9 pools stimulated production of
multiple immune mediators by CD4� and CD8� T cells. We
found that DC loaded with the four Gag 30/32 pools stimulated
a broad array of polyfunctional CD4� and CD8� T-cell re-
sponses that did not differ in magnitude or pattern (Fig. 7A
and B) (P � NS). The anti-Nef CD8� T-cell polyfunctional
responses were greater than the CD4� T-cell responses for the
combinations of four plus five, three plus four plus five, and
two plus three plus four plus five immune mediators (Fig. 8A
and B) (P � 0.038, 0.0003, and 0.00001, respectively). There

were no differences in the patterns of immune mediators pro-
duced by either CD4� or CD8� T cells in response to the Nef
peptides, except that there was no detectable production of
MIP-1� by CD4� T cells.

Taken together, these results indicate that DC from HIV-1-
infected subjects enhance both monofunctional and polyfunc-
tional CD8� T-cell reactivity to single HIV-1 peptides repre-
senting the minimal, optimal HLA A*0201 epitope SL9, as
well as to 15-mer and 20-mer extensions of this epitope. These
CD8� T-cell responses were greater than those induced in the
conventional peptide-plus-�CD28/49d ICS assay. This enhanc-
ing effect of DC on CD8� T-cell responses was similarly noted
for EBV HLA A*0201-restricted peptides in EBV-seroposi-
tive, HIV-1-negative subjects. DC loaded with the smaller
pools of Gag or Nef 15-mer peptides stimulated a broad array
of monofunctional and polyfunctional CD8� and CD4� T-cell
responses. As in the single-cell IFN-� production and T-cell
proliferation responses, there were lower numbers of CD8�

and CD4� T cells producing immune mediators in response to
larger pools of Nef peptides. Because dead cells were gated out
in the ICS assay, this inhibitory effect was not likely to be
related to loss of T-cell viability. However, ICS responses to

FIG. 7. Stimulation of HIV-1 Gag-specific T-cell polyfunctional activity by DC loaded with Gag peptide pools. The five-color pie charts show
the relative proportions of one to five immune mediators produced by the CD4� (A) or CD8� (B) T cells. The five-color bar graphs represent the
percentages of T cells responding to the four different Gag 30/32 peptide pools, with different colors representing the combinations of five, four,
three, two, or one function. Each dot represents production of IL-2, IFN-�, TNF-�, MIP-1�, or CD107a. Cumulative immune mediator expression
by the T cells is shown by pie charts, with bar graphs representing the mean % � standard error responses (n � 5 subjects; �50 copies/ml HIV-1
RNA) to the four Gag peptide pools.
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the larger Gag peptide pools were associated with nonspecific
T-cell reactivity in HIV-1-seronegative subjects.

DISCUSSION

HIV-1-specific T-cell responses are considered to be critical
parameters of prevention of HIV-1 infection, host control of
HIV-1 infection, and HIV-1 vaccine efficacy (10, 18, 39). Al-
though processing and presentation of viral peptides by pro-
fessional APC are required for optimal stimulation of CD4�

and CD8� T-cell responses, most studies of anti-HIV-1 T-cell
function have not considered the role of professional APC. We
have previously reported that mature DC from HIV-1-infected
subjects loaded with immunodominant, 9- to 10-mer HIV-1
peptides induce greater numbers of CD8� T cells producing
IFN-� than does stimulation of the T cells with HIV-1 immu-
nodominant peptides without DC or with peptide-loaded im-
mature DC (20, 21). In the present study, we show that DC
loaded with 9-mer viral epitopes or 15-mer, N- and C-terminal
extensions of viral epitopes stimulated greater numbers of
IFN-�-producing T cells detected in the ELISPOT assay than
did peptide-loaded DC. Interestingly, the greatest enhance-
ment of T-cell reactivity was induced by DC that were loaded
with the peptides after maturation with CD40L. Similarly,
Dieckmann et al. (12) showed that DC matured with IL-1�,

IL-6, prostaglandin E2, and TNF-�, but not immature DC, and
then exogenously loaded with MHC class I-restricted peptides
were superior in expanding CD8� primary and recall T-cell
responses to melanoma and influenza A virus immunodomi-
nant peptides, respectively. This contrasts with the prevailing
view that mature DC are less capable than immature DC at
processing of antigens for efficient MHC class I presentation
(2). The mechanistic basis of our results needs to be defined,
given that peptide loading into either immature or mature DC
is relatively inefficient (54).

To address further their antigen-processing and antigen-
presenting capacity and to reflect current conventions in the
field, we loaded the DC with singlets and variously sized pools
of 15-mer HIV-1 Gag and Nef peptides overlapping by 10 aa.
We confirmed that mature DC loaded with singlets of 15-mers
of Gag and Nef induced greater numbers of IFN-�-producing
T cells detected in the ELISPOT assay than did peptides with-
out DC. More importantly, we extended this by showing that
pools of 60 to 62 and 122 Gag peptides, and 24 to 25 and 49
Nef peptides, elicited lower T-cell reactivity than did pools of
smaller numbers of peptides, i.e., pools of 30 to 32 Gag and 9
to 10 Nef peptides. This is similar to the findings of Russell et
al. (45) that pools with lower numbers of overlapping 15-mers
or 20-mers (2 to 10 HIV-1 peptides) induced more IFN-�-
producing T cells than did larger peptide pools (25 to 50 HIV-1

FIG. 8. Stimulation of HIV-1 Nef-specific T-cell polyfunctional activity by DC loaded with Nef peptide pools. The five-color pie charts show
the relative proportions of one to five immune mediators produced by the CD4� (A) or CD8� (B) T cells. The five-color bar graphs represent the
percentages of T cells responding to the five different Nef 10/9 peptide pools, with different colors representing the combinations of five, four, three,
two, or one function. Each dot represents production of IL-2, IFN-�, TNF-�, MIP-1�, or CD107a. Cumulative immune mediator expression by
the T cells is shown by pie charts, with bar graphs representing the mean % � standard error responses (n � 5 subjects; �50 copies/ml HIV-1
RNA) to the five Nef peptide pools.
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peptides). However, we extended this by showing a clear hier-
archical increase in IFN-� responses of the T cells to the
smaller pools of Gag and Nef peptides, with the greatest cu-
mulative responses being to the 15-mer singlets.

It is not clear why the large pools of Gag and Nef peptides
induced lower T-cell reactivity than the smaller pools in the
ELISPOT assay. Notably, we found that stimulation with the
larger pools of HIV-1 peptides was associated with lower T-cell
viability. This was not related to differences in amounts of the
peptides, as we used the same final concentration of 5 �g/ml
for each peptide in the pools. We extended this finding by
showing that T cells from EBV-seropositive, HIV-1-seronega-
tive, HLA A*0201 persons showed lower responses to DC
loaded with the immunodominant EBV GL9 peptide or 15-
mer N- or C-terminal extensions of GL9 if they were also
loaded with the larger pools of HIV-1 Gag peptides, compared
to DC loaded only with these EBV peptides. This competitive
effect of the larger pools of Gag peptides was associated with
lower T-cell viability. We conclude that, because these dying or
dead cells were present in the ELISPOT assay, a toxic effect of
the larger pools of peptides could have resulted in the lower
numbers of IFN-�-producing cells.

Many studies of HIV-1-specific T-cell immunity have used
pools containing from 2 to over 100 HIV-1 synthetic peptides
of 8 to 20 aa in length (3, 7, 9, 14, 17, 24, 25, 31, 32, 34, 37, 49).
These peptides have been added directly to the PBMC or
purified T cells to gauge peptide-specific immune responses in
persons with HIV-1 infection or in anti-HIV-1 drug treatment
and vaccine trials. Our results indicate, however, that stimula-
tion of T cells with mature DC loaded with pools of �32
15-mer peptides of Gag and �10 15-mer peptides of Nef con-
sistently yields greater IFN-� responses in the ELISPOT assay.
By such sensitive DC-based assays, we could detect low levels
of antigen-specific T-cell responses that may otherwise be
missed in such in vitro studies, clinical protocols, and vaccine
trials of HIV-1 infection.

To define the broader capacity of DC to activate antigen-
specific T cells, we assessed memory recall T-cell proliferation
in response to DC loaded with 15-mers that require proteolytic
processing and trafficking for efficient MHC class I presenta-
tion (43). Our results show that, as with IFN-� production, DC
from HIV-1-infected subjects on ART that were loaded with
viral peptides could induce peptide-specific T-cell proliferation
detected by CFSE staining that was superior to stimulation
with the peptides alone. Similarly, there was a hierarchical
proliferative response of CD8� and CD4� T cells dependent
on the number of HIV-1 peptides in the pools, with lower
T-cell reactivity to the larger pools of Gag and Nef peptides.
Further examination of the T-cell proliferation responses re-
vealed lower cell viability in the CFSE assays using the larger
pools of HIV-1 peptides. Thus, cellular toxicity could at least in
part be responsible for the lower T-cell proliferation induced
by the larger peptide pools. Our results expand on the previous
report of Newton et al. (35) that presentation of p24 recom-
binant antigen by DC partially restores impaired HIV-1-spe-
cific CD4� T-cell proliferation associated with HIV-1 infec-
tion. This also indicates that studies of antigen-specific T-cell
proliferation in HIV-1-infected subjects that do not include
antigen-expressing, professional APC could be yielding subop-
timal results.

Further evidence that DC are capable of enhancing multiple
functions of antiviral T cells is provided by our results that
mature DC loaded with HIV-1 peptides induced a broad, poly-
functional T-cell response. We found that production of
IFN-�, IL-2, TNF-�, MIP-1�, and CD107a in various combi-
nations by CD8� T cells was enhanced in response to DC
loaded with the HIV-1 Gag epitope SL9 or its 15-mer and
20-mer extensions compared to these peptides without DC.
This enhancing effect by DC on CD8� T-cell responses was
also observed for EBV HLA A*0201-restricted peptides in
EBV-seropositive, HIV-1-negative subjects. Interestingly,
CD8� T cells did not produce IL-2 in response to SL9 pre-
sented by DC but did produce IL-2 in response to the peptide
without DC. The basis of this difference in IL-2 response is
unclear. It has been reported that CD8� T cells from HIV-1-
uninfected (23) or HIV-1-infected (50) persons that are stim-
ulated for weeks in vitro with SL9 can produce IL-2. Interest-
ingly, the magnitude of polyfunctional T-cell responses to
these single SL9-based peptides was lower than some of the
immune mediator levels reported in studies of HIV-1-infected
progressors and nonprogressors (5). However, the HIV-1-in-
fected study subjects used in these experiments were on long-
term ART and had suppressed viral loads. This is known to
result in lower T-cell reactivity as the HIV-1 antigen burden
decreases, including polyfunctional immune mediator re-
sponses (16, 41).

We observed that the magnitude of the monofunctional and
polyfunctional T-cell responses to DC loaded with SL9 or its
EC15 and GQ20 extended peptides was greater than those
induced by the peptides and �CD28/49d, which is a surrogate
for APC used in most ICS assays (36, 52). This difference in
T-cell activation is not unexpected, given that DC use other
mechanisms for stimulating T cells besides triggering of CD28
and CD49 (2, 40). Indeed, triggering of CD28 via CD80 and
CD86 could also activate regulatory CD4� T cells that can
inhibit T-cell immune effector responses (22).

To extend beyond polyfunctional T-cell responses to single
HIV-1 peptides, we investigated the CD4� and CD8� T-cell
reactivity by ICS to different-sized pools of Gag and Nef pep-
tides without DC. We found that both CD4� and CD8� T cells
produced multiple immune mediators in response to various-
sized pools of Gag and Nef 15-mer peptides. Similar to our
results with single-cell IFN-� production and T-cell prolifera-
tion responses, there were greater numbers of CD8� and
CD4� T cells producing immune mediators detected by ICS in
response to the small pools of 9 to 10 Nef 15-mer peptides than
to the larger, 24- to 25- and 49-Nef peptide pools. In contrast,
there was no such decrease in ICS responses to the larger Gag
peptide pools, even though there was lower cell viability in
these cultures. We noted two possible bases for this result.
First, dead cells were gated out in the ICS assay, thus propor-
tionally increasing the percentage of ICS-positive T cells. Sec-
ond, the larger Gag pools induced production of several of
these immune mediators in T cells from HIV-1-seronegative
persons. Thus, cell toxicity and nonspecific T-cell responses
could have masked a lower, peptide-specific polyfunctional
reactivity to the larger Gag pools and should be considered in
ICS studies of T-cell immunity to Gag peptides in HIV-1-
infected persons.

Importantly, our results show that DC loaded with each of
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the four pools of 30 to 32 Gag 15-mers stimulated a broad
array of monofunctional and polyfunctional CD8� and CD4�

T-cell responses that did not significantly differ in magnitude
or pattern. There was also a polyfunctional response by CD8�

T cells to DC loaded with each of the five small pools of 9 to
10 Nef 15-mers, with various combinations of two, three, and
four immune mediators. There was a less variable CD4� T-cell
response to these Nef peptides, with production of MIP-1� not
being detected by ICS. This was also shown by a greater mag-
nitude of CD8� T-cell polyfunctional reactivity than the CD4�

T-cell responses for various combinations of the five immune
mediators.

This study shows that DC can act as potent APC for activa-
tion of multiple, HIV-1 antigen-specific, T-cell functions.
HIV-1 antigen-specific proliferation and production of multi-
ple immune mediators by CD8� and CD4� T cells induced by
DC could be central to control of HIV-1 infection. Although
studies using conventional antigen stimulation methods with-
out DC show that HIV-1-specific T-cell functions partially
recover during ART (6, 28, 30, 38, 41, 47), our results indicate
that use of autologous, mature DC as APC reveals greater
antigen-specific, CD8� and CD4� T-cell reactivity. This en-
hancing effect on multiple T-cell functions could also occur in
vivo in HIV-1-infected persons receiving preconditioned DC
as immunotherapy or by targeting of resident DC for anti-
HIV-1 T-cell sensitization (42).
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