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ABSTRACT
CD4� Th cells are important for the induction and
maintenance of antigen-specific CD8� T cell function,
so their loss or dysfunction in HIV-infected or cancer
patients could reduce the patients’ ability to control
viral infection. Previous work in murine systems indi-
cated that IL-15 codelivered with vaccines could
overcome CD4� Th cell deficiency for induction of
functionally efficient CD8� T cells and maintenance of
viral-specific CTLs, but its efficacy in helping primary
human CD8� T cell responses is unknown. In the
present study, a peptide-pulsed, DC-based human
coculture ex vivo system was used to study the role
of IL-15 in overcoming CD4� Th deficiency to elicit
CD8� T cell responses in CD4-depleted PBMCs from
healthy individuals and PBMCs from HIV-1-infected
patients. We found that IL-15 could overcome CD4�

Th deficiency to induce primary and recall memory
CD8� T cell responses in healthy individuals. More-
over, in CD4-deficient, HIV-1-infected patients with di-
minished CD8� T cell responses, IL-15 greatly en-
hanced CD8� T cell responses to alloantigen. These
results suggest that IL-15 may be useful in the develop-
ment of therapeutic and preventive vaccines against can-
cers and viral infections in patients defective in CD4� Th
cell. J. Leukoc. Biol. 90: 205–214; 2011.

Introduction
Effective antigen-specific CD8� T cells, often functioning as
CTLs, are critical for establishment of protective immunity
against a number of pathogens and cancers [1]. CD4� Th
cells are essential for the induction and maintenance of these

antigen-specific CD8� T cell functions [2–4]. Loss and dys-
function of CD4� T cells often occur in chronic viral infec-
tions such as lymphocytic choriomeningitis virus, HCV, and
HIV infection, as well as in cancer. CD4� T cell deficiency re-
sults in the generation of dysfunctional CD8� T cells and im-
pairs viral clearance, further leading to disease progression
[5–7]. It is therefore important to explore ways to overcome
CD4� Th cell deficiency to induce efficient CTL responses.

IL-15, one of the common cytokine receptor �-chain family
cytokines, displays multiple immunomodulatory activities in
innate and adaptive immune systems [8, 9]. Our previous work
in murine systems indicated that IL-15, codelivered with vac-
cines, could overcome CD4� Th cell deficiency for induction
of long-lived CD8� T cells resistant to TRAIL-mediated apo-
ptosis during secondary responses [10]. In another influenza
virus challenge mouse model, administration of an optimized
plasmid encoding IL-15 could significantly enhance the func-
tion and longevity of CD8� T cells that are partially indepen-
dent of CD4� T cell help [11]. These results highlight the cru-
cial role of IL-15 in the generation of efficient CTL function
in murine systems. However, whether the finding that IL-15
could overcome CD4� Th deficiency to induce efficient pri-
mary CD8� T cell responses can be translated to humans re-
mains to be investigated. For vaccines, it is especially impor-
tant to be able to induce a primary rather than a recall re-
sponse.

In the present study, a peptide-pulsed, DC-based coculture
ex vivo system was used to explore the role of IL-15 in over-
coming CD4� Th deficiency for the induction of recall and
primary antigen-specific CD8� T cell responses in CD4-de-
pleted PBMCs from healthy individuals. DC-pulsed influenza
antigen for induction of recall CD8� T cell responses and DC-
pulsed HCV antigen for induction of primary CD8� T cell re-
sponses were used in our system. In parallel with the healthy
individuals, the ability of IL-15 to overcome CD4� Th defi-
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ciency for the induction of the CD8� T cell responses to al-
loantigen in HIV-1-infected individuals was also investigated.

MATERIALS AND METHODS

Reagents and mAb
HLA class I-restricted, HCV-specific peptides C7A2 (DLMGYIPLV) and in-
fluenza-specific peptide matrix (GILGFVFTL) were from NeoMPS (San Di-
ego, CA, USA) [12, 13]. Tet 830-modified Th epitope from tetanus toxoid
for CD4� T cell stimulation was from AnaSpe (San Jose, CA, USA). TLR4
ligands–LPS were purchased from Calbiochem (San Diego, CA, USA).
TLR3 ligand and TLR7/8 ligands were purchased from Invivogen (San Di-
ego, CA, USA). A commercial ELISA kit for IL-15 detection was from R&D
Systems (Minneapolis, MN, USA).

The following antihuman mAb reagents were purchased from eBiosci-
ence (San Diego, CA, USA): PE anti-human CTLA-4, PE-Cy7 anti-human
TNF-�, and allophycocyanin anti-human program death-1. Anti-human
IL-15 fluorescein mAb was from R&D Systems. MDDCs were stained with
CD1a, CD11c, CD14, HLA-DR, CD80, CD86, CD83, and CD40. For intracel-
lular staining, cells were stained with mAb to IL-2, TNF-�, IFN-�, and perfo-
rin. All mAb were purchased from BioLegend (San Diego, CA, USA) unless
indicated otherwise.

Patient samples and cell cultures
Blood samples were obtained from healthy blood donors and HIV-1-in-
fected patients. HLA-A*0201-positive PBMC concentrates were collected
using a CS3000 Plus blood cell separator (Baxter Healthcare, Fenwal Divi-
sion, Deerfield, IL, USA) from healthy donors in the DTM, Clinical Center,
NIH (Bethesda, MD, USA). All donors signed an informed consent ap-
proved by a NIH Institutional Review Board. Monocytes were isolated from
the PBMC concentrates on the day of collection by elutriation (Elutra,
Gambro BCT, Lakewood, CO, USA), according to the manufacturer’s rec-
ommendations. Heparinized research blood specimens from HIV-1-infected
individuals were obtained on HIV and AIDS Malignancy Branch, Protocol
01-C-0038, with informed consent. PBMCs were separated by Ficoll density
centrifugation (GE Healthcare, Waukesha, WI, USA). Naı̈ve CD8� T cells
with phenotype CD8�CD45RA� were isolated from PBMCs by using a naı̈ve
CD8� T cell isolation kit from Miltenyi Biotec (Auburn, CA, USA). CD4� T
cells were depleted from PBMCs using CD4 microbeads kit (Miltenyi Bio-
tec). The selected cell populations contained �1% CD4� T cells, as mea-
sured by FACS analysis. In our ex vivo coculture system, the CD4� T cell
number did not change during the culture in the CD4� T cell-depleted
condition in the presence or absence of IL-15, as measured by FACS analy-
sis. Cells were cultured in RPMI 1640 with L-glutamine containing 10%
FCS and antibiotics. Human rIL-2 (20 U/ml) and 10 ng/ml IL-15 (Pepro-
Tech, Rocky Hill, NJ, USA) were added to the culture system as indicated
in each experiment.

Preparation of MDDCs
Elutriated monocytes were cultured at 1 �106 cell/ml in six-well plates or
25 cm2 cell-culture flasks. Human rIL-4 and GM-CSF (2000 U/ml, Pepro-
Tech) were added at Days 0 and 2. On Day 3, MDDCs were matured with
LPS (100 ng/ml) in combination with IFN-� (1000 U/ml) for 24 h before
use. The imDC and mDC were used as APCs.

Induction of antigen-specific CD8� T cell responses
using allogeneic MDDCs or peptide-pulsed,
autologous MDDCs

Induction of recall antigen-specific T cell responses in autologous
PBMC-DC coculture systems. MDDCs were pulsed with the specific HLA-
A2.1-restricted FMP (GILGFVFTL) at 2 �g/ml for 2 h at 37°C [13]. To
provide a stimulus to CD4� T cells, these MDDCs were also pulsed with a
specific Th epitope from tetanus toxoid at 4 �g/ml. Pulsed or nonpulsed

MDDCs (1�105)/well were seeded in 96-round-bottom well plates. Autolo-
gous PBMCs, unfractionated (1�106/well) or CD4� T cell-depleted
(4�105/well), were added to MDDCs at a 10:1 ratio. The percentage of
CD8� T cells within total PBMCs and CD4� T cell-depleted PBMCs was
determined by FACS analysis so that an equal input of CD8� T cells could
be plated whether unfractionated or CD4� T cell-depleted. Peptide-pulsed
MDDCs were cocultured with PBMCs or CD4� T cell-depleted PBMCs for 7
days. Cytokine IL-2 (20 U/ml) or IL-15 (10 ng/ml) was added in CD4� T
cell-depleted experiments where indicated.

Induction of primary antigen-specific T cell responses in autologous
PBMC-DC coculture systems. MDDCs were pulsed with the specific HLA-
A2.1-restricted HCV peptide C7A2 at 10 �g/ml and Th epitope from teta-
nus toxoid at 4 �g/ml for 2 h at 37°C. The peptide-pulsed MDDCs were
then cocultured with autologous PBMC for 7 days. The cocultures were
restimulated with C7A2-pulsed MDDCs on Day 7 and incubated for another
7 days.

Induction of primary allogeneic antigen-specific T cells in an allogeneic
PBMC-DC coculture system. For allogeneic, mature MDDC stimulation,
unfractionated or CD4� T cell-depleted PBMCs were added to alloge-
neic, mature MDDCs at a 10:1 ratio and cultured for 4 days. The cul-
tures were restimulated overnight by the addition of 5 � 104 freshly
thawed allogeneic monocytes in the presence of Brefeldin A, followed
by intracellular staining.

Intracellular staining and FACS analysis
The cocultures of autologous PBMC-DCs were restimulated by the addition
of 5 � 104 freshly thawed, autologous peptide (10 �g/ml)-pulsed mono-
cytes in the presence of 10 �g/ml Brefeldin A (BioLegend) and were then
incubated overnight. The cultures were harvested and tested for CD8� T
cell responses by intracellular cytokine staining.

After cell surface staining with anti-CD8 and anti-CD3, cells were perme-
abilized with Cytofix/Cytoperm (PharMingen, San Diego, CA, USA) in ac-
cordance with the manufacturer’s recommendations. Intracellular staining
was performed with anti-IFN-�, anti-IL-2, and anti-TNF-�. Cells were ana-
lyzed on a FACSCalibur, FACSAria, or LSR II (BD Biosciences, San Jose,
CA, USA) flow cytometer and analyzed by using CellQuest software (BD
Biosciences) or FlowJo software (TreeStar, San Carlos, CA, USA). In all
cases, at least 200,000 live events were collected for analysis.

Statistics
The data were compared for significance (P�0.05) with the nonparametric
Mann-Whitney test. The correlations between fold increase of CD8� T re-
sponses by addition of IL-15 and the CD4� T cell counts were calculated
using Spearman’s correlation.

RESULTS

MDDCs matured with TLR4 ligands induced more
efficient CD8� T cell responses than immature
MDDCs
LPS is U.S. Food and Drug Administration-approved to be
used as an ancillary agent to mature DCs in vitro for clinical
use and is currently being used with IFN-� by the NIH Clinical
Center, DTM, to mature DCs for clinical trials [14]. We first
confirmed whether this regimen, in clinical use of LPS (a
TLR4 ligand) in combination with IFN-�, could induce matu-
ration of MDDCs, as this was reported to be one of the most
effective ways to mature DCs [14]. Compared with immature
MDDCs, a variety of DC maturation markers, such as CD83,
MHC class II, CD80, and CD40, was up-regulated in LPS and
IFN-�-matured MDDCs (Supplemental Fig. 1). Moreover, high
levels of IL-12 production and CCR7 expression were also ob-
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served previously [14]. Furthermore, more cells expressing
surface IL-15 were also observed among matured MDDCs
(ranging from 7% to 40%; Fig. 1A), suggesting that they had
also up-regulated the IL-15R�, as surface IL-15 must be
bound to that receptor. Indeed, it has been demonstrated
previously that the combination of LPS and IFN-� strongly
up-regulates expression of the IL-15R� on human DCs [15].
We reasoned that IL-15R� expression on DCs, if not all oc-
cupied by endogenous IL-15, could enhance the effect of
exogenous IL-15 further via transpresentation to increase
CD8� T cell responses, thus making the mDCs more effec-
tive in this system. These findings are consistent with obser-
vations that DCs empowered by TLR4 ligands to enhance
CTL responses could be used as immunotherapy for HIV-1
infection and cancers [16, 17]. As shown in Fig. 1B, when
pulsed with FMP, matured MDDCs elicited more efficient
antigen-specific CD8� T cell responses compared with im-
mature MDDCs (Fig. 1B). The frequency of recall, influenza-
specific CD8� T cells measured by intracellular IFN-� stain-
ing was more than twofold greater in the PBMC � mDC �
FMP group than in the PBMC � imDC � FMP group. In
contrast, low antigen-specific CD8� T cell responses were
observed in the CD4� T cell-depleted PBMCs with either
type of DC. This result in agreement with previous studies
suggests that in the ex vivo culture system, CD4� T cells
play a critical role for optimal stimulation to induce recall
responses of CD8� T cells [2, 18]. Of note, neither mDCs
nor imDCs alone could substitute for CD4� T cell help to
induce antigen-specific CD8� T cell responses. Thus, it ap-
pears that even these mDCs that express some IL-15, which
we have detected, must not make enough IL-15 without
CD4� T cell help, as exogenous IL-15 is needed in the ab-
sence of help (see below).

IL-15 substituted for CD4� T cell help to induce
high-quality recall CD8� T cell responses
Using the above ex vivo cell culture system, the role of
IL-15 in overcoming CD4� T deficiency to induce recall
CD8� T cell responses was addressed. The cells were iso-
lated from healthy HLA-A*0201� donors who had likely
been exposed historically to influenza virus infection. Fig. 2
shows results of several independent cultures under each
condition of cells from two different representative healthy
HLA-A*0201� blood donors. Under CD4� T cell-depleted
conditions, the addition of IL-15 was able to increase IFN-�-
producing, antigen-specific CD8� T cell responses to the
level seen with unfractionated PBMCs (Fig. 2 and Supple-
mental Fig. 2). The antigen-specific, IFN-�-producing CD8�

T cells were negligible in the coculture of PBMC with non-
peptide-pulsed DCs (pulsed only with serum containing
multiple irrelevant peptides; Fig. 2), confirming the specific-
ity of the responses. There was a significant decrease in the
CD4� T cell-depleted cultures versus undepleted PBMC cul-
tures. The addition of IL-15 to CD4� T cell-depleted cul-
tures significantly restored the antigen-specific, IFN-�-pro-
ducing CD8� T cells in all of the cultures from both do-
nors. Although the degree of enhancement was variable
among the different donors, the ability of IL-15 to restore
CD8� T cell responses under the CD4� T cell-depleted con-
dition was consistent in all of the experiments. In addition
to IL-15, IL-2 could substitute for CD4� T cell help to pro-
mote recall CD8� T cell responses in agreement with a pre-
vious study [18].

The above results indicated that the IL-15 could promote
induction of antigen-specific CD8� T cell recall responses
in the absence of the CD4� T cell help. We further asked
whether IL-15 could substitute for help in inducing a simi-
lar quality of antigen-specific CD8� T cells producing multi-
ple cytokines such as IFN-�, IL-2, and TNF-�. As shown in
Fig. 3A, the profile of single, double, and triple cytokine
(IFN-�, IL-2, and TNF-�) production by the CD8� T cells in
the presence of CD4� T cell help was virtually the same as
that of CD4-depleted PBMC with exogenous IL-15. The dis-
tribution of IFN-�, TNF-�, and IL-2 is equivalent among the
groups, and the rank order of cytokine production is IFN-�
�TNF-� � IL-2 in all of the groups. Lack of a response pre-
cluded the measurement of this profile in PBMCs without
help or IL-15, but at least we can conclude that the T cell
quality induced when IL-15 is substituted for help is not dif-
ferent from that induced by Th cells. As perforin produced
by CD8� T cells could mediate apoptosis in target cells, its
production was used to assess the cytotoxic capacity of hu-
man CD8� T cells [19]. As shown in Fig. 3B, a high fre-
quency of IFN-� and perforin-producing CD8� T cells was
detected in the total PBMC and in CD4� T cell-depleted
PBMC given exogenous IL-15. These results further con-
firmed that IL-15 can substitute for CD4� T cell help to
stimulate recall CD8� T cell responses, as the pattern of
IFN-��Perforin� cells in the different groups in Fig. 3B par-
allels that for IFN-� responses in the donors shown in Fig.
2. The results also indicate that the ability to replace CD4�
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Figure 1. Characterization and function of DCs used. (A) Up-regulated
expression of IL-15 on mature MDDCs was observed as compared with
immature MDDCs. MDDCs were stained with allophycocyanin anti-human
CD11c and FITC anti-human IL-15, analyzed by FACS. (B) Mature MD-
DCs could induce more efficient antigen-specific recall CD8� T cell re-
sponses as compared with immature MDDCs when DCs were pulsed with
HLA-A2.1-restricted FMPs. Data represent means � sem of the triplicate
cultures. The experiment was repeated with similar results.
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T cell help applies to a variety of response measurements,
not just IFN-� production, and that IL-15 induces a similar
quality of CD8� response as does CD4� T cell help.

IL-15 can overcome CD4� Th cell deficiency to
induce primary CD8� T cell responses
Our murine study indicated that IL-15 codelivered with vac-
cines could overcome CD4� Th cell deficiency for induction
of primary and secondary CD8� T cell responses [10]. For
vaccines, induction of primary immune responses by naı̈ve
T cells is most important. In the present study, the ability of
IL-15 to replace CD4� T cell help to stimulate primary re-
sponses in human CD8� T lymphocytes was examined using
allogeneic MDDCs and HCV peptide-pulsed, autologous
MDDCs. As the normal blood bank donors were never ex-
posed to HCV infection (based on blood bank screening),
HLA-A2.1-restricted, HCV-specific peptide C7A2 (DLMGYIPLV) was
considered as a new antigen to which the blood donors
were naı̈ve [12]. After the CD8� T cell population was stim-
ulated twice with HCV peptide-pulsed, autologous MDDCs,
antigen-specific, primary CD8� T cell responses were detect-
able (Fig. 4A and B). For the primary responses, purified,
naı̈ve CD8� T cells were used to rule out responses by cross-
reactive memory T cells (Supplemental Fig. 3). The naı̈ve
CD8� T cells were isolated by using a naı̈ve CD8� T cell
isolation kit from Miltenyi Biotec with purity �90% (data
not shown). The antigen-specific, IFN-�-producing CD8� T
cells were negligible in the coculture of CD4�-depleted
PBMC with nonpeptide-pulsed DCs (pulsed with serum con-
taining irrelevant peptides) in the presence of IL-15 (Fig.

4A). In parallel, as allogeneic, mature MDDC-primed CD8�

T cell responses could be detected with one stimulation, we
also examined primary allogeneic responses (Fig. 4C). In
experimental allogeneic and autologous HCV antigen mod-
els, antigen-specific CD8� T cell responses were observed in
the presence of CD4� T cell help. In the absence of CD4
help, antigen-specific CD8� T cell responses were reduced
significantly but were fully restored by exogenous IL-15
(Fig. 4A–C). CD8� T cell responses to autologous mature,
unpulsed MDDCs were negligible and similar to those of
PBMC alone. Of note, in the primary allogeneic response,
in contrast to the recall response to FMP, IL-2 was much
less effective than IL-15 over a range of titrated concentra-
tions compared consistently with a more stringent require-
ment for help to induce primary responses of naı̈ve T cells
(Fig. 4D). These results indicated that IL-15, but not IL-2,
could overcome CD4� T cell helper deficiency to induce
primary CD8� T cell responses to alloantigen. To our
knowledge, this is the first demonstration of the superiority
of IL-15 over IL-2 in such primary in vitro human CD8� T
cell responses.

IL-15 enhanced CD8� T cell responses from HIV-1-
infected patients to allogeneic antigen
CD4� Th cell deficiency often accompanies chronic viral infec-
tions and is a hallmark of HIV-1-infected individuals. CD4� T
cell help is necessary to maintain effective CD8� T cell re-
sponses to HIV-1 [5–7]. To address whether the CD4� Th cell
deficiency could be compensated by IL-15, we examined six
HIV-1-infected individuals who were being treated with effec-

Figure 2 . Cytokine substitution for CD4� T cell help in recall CD8� T cell responses. Autologous MDDCs were pulsed with HLA-A2.1-re-
stricted FMP at 2 �g/ml and Th epitope from tetanus toxoid at 4 �g/ml for 2 h at 37°C. FMP-pulsed or unpulsed MDDCs were cocultured
with total PBMC, CD4� T cell-depleted PBMC, or CD4� T cell-depleted PBMC plus IL-15 or IL-2, respectively, for 7 days. The cocultures
were restimulated by autologous peptide (10 �g/ml)-pulsed monocytes and cultured overnight. The cocultures were harvested and tested
for CD8� T cell responses by intracellular IFN-� staining. The panels show results for two representative blood donors, representative of five
tested for IL-15 and four tested for IL-2 with similar results. Each point represents a separate independent culture with the stimulation con-
ditions shown. The left panel shows normalized results for all donors combined, with the result for PBMC � DC � FMP taken as 100% for
each donor.
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tive cART and who had plasma HIV-1 RNA levels below 50
copies/ml. Nevertheless, most of these patients had low CD4�

T cell counts (Table 1). We compared these with 10 healthy
controls.

As shown in Fig. 5A, CD8� T cell responses of PBMCs
from HIV-1-infected individuals to alloantigen were signifi-
cantly lower than those of PBMCs from healthy donors
(P�0.05). Importantly, when IL-15 was added, CD8� T cell
responses to alloantigen increased to the level of healthy
donor responses in every case (P�0.05). By contrast, the
enhancement of CD8� T cell responses to allogeneic
MDDCs in PBMCs of healthy donors (without CD4 defi-
ciency) by IL-15 was not significant. Among the six patients
examined, the four patients who had CD4� T cell counts
below 300 had 1.7- to 3.5-fold increases of CD8� T re-
sponses with addition of IL-15 not seen in those with higher
CD4 counts or normal donors (Table 1). When we analyzed
the relationship between the fold increase of CD8� T re-
sponses and CD4� T cell counts in HIV-1-infected individu-
als and healthy donors, we found that the fold increase of
CD8� T responses in the presence of IL-15 was inversely
correlated with the CD4� T cell counts (Fig. 5B). These
findings suggested that IL-15 could enhance primary CD8�

T cell responses from HIV-1-infected individuals to alloanti-
gen, especially when responses were diminished as a result
of a deficiency in CD4� T cell help.

Interestingly, a previous study showed that IL-15 levels are
decreased significantly in the sera of HIV-infected/AIDS pa-
tients compared with healthy control sera [20]. In agree-
ment with this previous study, upon stimulation by the
TLR3 ligand and TLR7/8 ligands, significantly less up-regu-
lation of IL-15 levels in the culture supernatants of PBMC
from HIV-1-infected patients compared with healthy donors
was observed in our present study (Fig. 5C). Taken together
with the results above, these data suggested that IL-15 ad-
ministration might help to restore the immune function of
HIV-1-infected patients, especially when delivered under the
cover of cART to prevent increases in viral load and when
given locally in conjunction with a vaccine to act at the
same draining LNs as the vaccine rather than delivered sys-
temically.

DISCUSSION

Antigen-specific CD8� T cells have a central role in the host re-
sponse to viral infections and cancers. Generation of effective
CTL responses to new antigens is the goal of many vaccination
protocols. The generation of long-lived, functional memory
CD8� T cells requires CD4� T cell help [2, 3, 21, 22]. CD4� T
cell-dependent priming of the CTL responses requires the pres-
ence of APCs, often DCs. CD4� T cells first "condition" the DCs,
which then become empowered to stimulate the response of
naı̈ve CD8� T cells [23–25]. CD4� T cell helper deficiency could
be found in cancer patients, some chemotherapy patients, and
those with chronic viral infection, especially HIV infection [5, 6,
26, 27]. Discovering approaches to overcome CD4� T cell helper
deficiency is helpful in developing effective vaccines and optimal
treatment of these diseases. Numerous studies have shown that
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Figure 3. IL-15 substitutes for CD4� T cell help to stimulate high-quality
recall CD8� T cell responses. (A) The intracellular cytokine staining of
IFN-�, IL-2, and TNF-� was measured in our FMP-pulsed MDDC cocul-
ture system. The frequency of each response based on all possible combi-
nations of IFN-�, IL-2, and TNF-� expression was created with Boolean
gating using FlowJo software and plotted as a pie chart (1, e, single cyto-
kine-positive; 2, shaded, double cytokine-positive; 3, f, triple cytokine-
positive). PMA- and ionomycin-stimulated PBMCs served as a positive con-
trol. The profile of cytokine production is similar among the groups
PBMC � DC � FMP and CD4-depleted � DC� FMP � IL-15. The data
represent results of two independent experiments from two different
healthy donors. (B) The intracellular cytokine staining for IFN-� and per-
forin was measured in our FMP-pulsed DC coculture system. The cells in
our coculture system were surface-stained for CD3 and CD8, followed by
intracellular IFN-� and perforin staining. Events shown were gated on
CD3�CD8� T cells. The double-positive staining of IFN-� and perforin is
0.073 in the PBMC � DC cocultures; 12.2 in PBMC � DC � FMP cocul-
tures; 3.08 in CD4-depleted � DC � FMP cocultures; and 16.8 in
CD4-depleted � DC � FMP � IL-15 cocultures. These results sug-
gested that IL-15 not only substitutes for CD4� T cell help to recall
the antigen-specific CD8� T cell responses but also maintains their
high quality. The data are a representative of three different donors.
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CD40 agonists could replace CD4� T cell help to elicit CD8� T
cell response [18, 23, 24].

In our present study, an alternative substitute for CD4
help, using IL-15 in induction of CD8� T cell responses,

was investigated. IL-15, as a vaccine adjuvant in murine
models, has been shown to enhance CTL responses and
compensate for lack of CD4� T cells, even in the face of
CD4� T cell deficiency [10]. When IL-15 was used in combi-
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Figure 4. Cytokine substitution for CD4� T cell help in primary CD8� T cell responses. (A and B) IL-15 overcomes CD4� Th cell deficiency to induce primary
CD8� T cell responses to naı̈ve antigen C7A2. (A) MDDCs were pulsed with HLA-A2.1-restricted HCV peptide (C7A2) at 10 �g/ml and Th epitope from tetanus
toxoid at 4 �g/ml for 2 h at 37°C. After 7 days coculture of C7A2-pulsed MDDCs or unpulsed MDDC with PBMC, CD4� T cell-depleted PBMC, or CD4� T cell-
depleted PBMC � IL-15, respectively, the cells were restimulated with MDDCs and cocultured for another 7 days. Intracellular IFN-� staining was performed.
(B) Number of IFN-�-producing CD8� T cells to naı̈ve antigen C7A2/10,000 CD8� T cells. Data represent means � sem of three independent experiments
from three different healthy donors. (C and D) IL-15, but not IL-2, overcomes CD4� Th cell deficiency to induce primary CD8� T cell responses to allogeneic
antigen. (C) Allogeneic MDDCs were cocultured with intact PBMCs or CD4� T cell-depleted PBMCs in the presence or absence of IL-15 (10 ng/ml) or IL-2
(20 U/ml�2 ng/ml) for 4 days. The cultures were restimulated overnight by the addition of freshly thawed allogeneic monocytes, followed by intracellular
IFN-� staining. Data represent means � sem of three donors, each stimulated twice. Similar results of IL-15 were reproductive in three independent experi-
ments. (D) Titration of IL-15 and IL-2 in overcoming CD4� Th cell deficiency to induce primary CD8� T cell responses to allogeneic antigen, performed as in
C with different concentrations of IL-2 and IL-15 is indicated (two donors each repeated twice). To compare and combine donors in one plot, the data were
normalized. For normalization, the IFN-�-producing CD8 T cells in the group PBMC � alloDC, among the different donors, were considered as 100%. The
number of the IFN-�-producing CD8 T from different groups was normalized relative to the group of PBMC� allo DC.
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nation with TLR ligands as adjuvant in nonhuman primates,
enhanced antiviral polyfunctional CTL responses were ob-
served in the immunized group [28].

In agreement with our study in murine models [10],
here, we found that IL-15 could replace CD4� T cell help
for promoting primary (HCV core antigen and alloantigen)
and recall (influenza matrix epitope) antigen-specific CD8�

T cell responses of humans. In other murine studies, IL-15
was also found to enable the induction of antigen-specific
CD8� T cells and humoral immunity, independently of
CD4� T cells [11, 18, 29, 30]. Whereas previous studies
were all in experimental animals, which do not always trans-
late to humans, here, we found that IL-15 could replace
CD4� T cell help for inducing the primary and recall anti-
gen-specific CD8� T cell responses in vitro in human cell
cultures. Moreover, in a human disease characterized by de-
ficient CD4� T cell help, namely HIV infection, IL-15 could
compensate for reduced help to induce primary T cell re-
sponses in those individuals with low CD4 counts, whereas it
was not as necessary and thus, has less impact in those with
higher CD4 counts or in healthy blood donors with normal
levels of help.

IL-2 and IL-15, as members of the common �c cytokine
family, share many functional activities, such as stimulating
the proliferation of T cells and NK cells and facilitating the
induction of CTLs [31–34]. In addition to these similarities,
these cytokines have distinct functions [9]. IL-2 is required
to eliminate self-reactive T cells and avoid autoimmunity,
whereas IL-15 is dedicated to the prolonged maintenance of
CTL responses. In the present study, we found that IL-15,
more effectively than IL-2 over a range of concentrations,
could substitute for CD4� T cell help to stimulate primary

CD8� T cell responses, although IL-2 was nearly as effective
in recall responses. The difference is consistent with other
more stringent requirements for primary rather than sec-
ondary responses. For vaccines to induce responses to new
antigens, primary responses are the main goal. These results
also suggest that IL-15 may be more important in the initial
priming dose of vaccine than in subsequent booster doses,
as will need to be tested in vivo in clinical trials.

When IL-15 replaces CD4� T cell help, the profile of anti-
gen-specific CD8� T cell response is similar to that in the
presence of CD4� T cell help (Fig. 3). As shown in this
study, IL-15 substitutes for CD4� T cell help to recall a simi-
lar quality of antigen-specific CD8� T cell responses in pro-
ducing multiple cytokines and effector molecules such as
IL-2, TNF-�, IFN-�, and perforin. Such polyfunctional CD8�

T cell responses have been found to correlate with protec-
tion [5].

In addition to IL-15 and IL-2, another �c-sharing cytokine,
IL-21, plays a crucial role in inducing potent cytotoxic func-
tion and promotes antiviral activity in human CD8� T cells
[35]. It is interesting to mention that the synergy of IL-21 and
IL-15 in regulating CD8� T cell expansion and function was
observed [36]. It suggested that these �c-sharing cytokines not
only share many functional activities but also manifest their
own distinct functions.

CTL responses are critical to control HIV-1 infection and
slow disease progression [37– 41]. Loss of CTL activity and
AIDS progression is associated with declining CD4� T cell
numbers and function [21]. When we cocultured the PBMC
with allogeneic MDDCs (labeled allo DC), significantly
lower CD8� T cell responses were observed from HIV-in-
fected patients as compared with those of healthy donors.
Importantly, addition of IL-15 to allogeneic DC and PBMC
cocultures from HIV-1-infected individuals with low CD4� T
cell counts significantly enhanced CD8� T cell responses to
alloantigen in every case (Fig. 5). IL-15 has been shown to
enhance the survival and function of murine HIV and tu-
mor-specific CD8� T cells [11, 42– 44]. However, in contrast
to these previous studies, our study examined the primary
human CD8� T cell response to new antigens, to which the
person was naı̈ve, and the ability to substitute for CD4� T
cell help. Moreover, the same was true when highly en-
riched, naı̈ve CD8� T cells were cultured with an antigen
not previously encountered, demonstrating that the re-
sponse is by truly naı̈ve T cells and not T cells primed by
some cross-reactive antigen (Supplemental Fig. 3).

The possible mechanism by which IL-15 substitutes for
CD4� T cell help might be related to prevention of TRAIL-
mediated apoptosis [10, 45, 46]. More importantly, the inter-
action between CD40 on DC and CD40 ligand on CD4� T
cells induces IL-15 production [10, 18], which is important for
CD4� T cell function in the provision of help for CD8� T
cells in mice [10, 24, 25], so it is likely that IL-15 is one of the
important mediators of T cell help for CD8� T cells in hu-
mans as well, accounting for its ability to replace CD4� T cell
help in our studies.

A recent study showed that IL-15 treatment during acute
SIV infection increased viral setpoint and accelerated the

TABLE 1. CD4� T Cell Counts from HIV-Infected Individuals
and Their CD8� T Cell Responses to Alloantigen

Patient

Number of positive IFN-�-
producing cells/104 CD8�

T cells

CD4� T cell
count/�l

Fold
increased
with IL-15PBMC � DC

PBMC �
DC � IL-15

1 444 764 233 1.7
2 320 727 189 2.3
3 302 673 274 2.2
4 307 1065 144 3.5
5 450 700 899 1.6
6 950 1290 363 1.4
Healthy
7 1280 1980 899 1.5
8 1140 1700 860 1.5
9 701 680 990 0.97
10 431 513 998 1.2
11 1660 1640 800 0.99
12 623 600 920 0.96
13 636 1070 940 1.68
14 996 1140 980 1.1
15 453 1190 906 2.6
16 778 1090 1000 1.4
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development of simian AIDS [47, 48]. IL-15 has been re-
ported to be increased during acute HIV infection. Peak
viremia is accompanied by immune activation and induces
an intense proinflammatory cytokine production [49]. In
another study, systemic therapy with IL-15 induced massive
CD4� T cell proliferation and countered the protective ef-
fect of a vaccine on setpoint viral load [50]. On the other
hand, in a prophylactic vaccine when coinoculated with IL-
15, SIV/CMV� vif proviral plasmids showed significantly im-
proved SIV-specific CD8� T cell immunity characterized by
increased IFN-� ELISPOT and polyfunctional CD8� T cell
responses. Furthermore, these animals demonstrated a sus-
tained suppression of plasma virus loads after multiple low-
dose vaginal challenges with pathogenic SIVmac251 [51].
Even in a therapeutic setting, whether IL-15 affects viral
load may depend on whether IL-15 is used as a systemic
therapy and affecting CD4� T cells globally or whether it is
delivered to act locally on the immune response to a vac-
cine. Also, the timing may be critical, as early during acute
infection, the immune response to the virus may not have
been established yet. Moreover, earlier studies observed that
IL-15 played a role in anti-HIV responses by stimulating
CD8� T cells and NK cells [52]. Moreover, IL-15 levels are
decreased significantly in the sera of HIV-infected/AIDS pa-
tients, as well as on the stimulation of TLR ligands com-
pared with healthy sera. An increased level of IL-15 was de-
tected in response to effective cART [53]. Interestingly,

high concentrations of IL- 15 in breast milk are associated
with protection against postnatal HIV transmission [54].
The patients whose blood we studied were all on cART and
thus, had suppressed viral loads. However, cART does not
fully restore immune function, so IL-15 may provide help.
For HIV patients on cART, the cART should prevent IL-15
from stimulating virus replication. So the combination may
be beneficial without deleterious effects on viral load.

In conclusion, IL-15 can overcome CD4� Th cell deficiency
to induce recall and primary high-quality human CD8� T cell
responses ex vivo. Moreover, IL-15 enhances primary CD8� T
cell responses from HIV-1-infected individuals to alloantigen,
especially in those for whom endogenous CD4� T cell help is
deficient. These findings suggest that IL-15 may prove useful
in developing therapeutic and prophylactic vaccines for pa-
tients defective in CD4� T cell help to enhance CD8� T cell
responses against cancers and viral infections.
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Figure 5. IL-15 enhances CD8� T cell responses to allogeneic MDDCs in HIV-1-infected individuals. (A) The CD8� T cell responses 6 of HIV-1-
infected patients to allogeneic MDDCs were evaluated in our coculture system in the presence or absence of IL-15 as compared with the 10
healthy donors. Significantly lower CD8� T cell responses were observed in HIVPBMC � allo DC as compared with healthy donors. The responses
of HIV PBMC could be fully restored by addition of IL-15 (*P�0.05). (B) The fold increase of CD8� T responses with or without IL-15 was corre-
lated with the CD4� T cell counts. Each dot represents data from a single donor from HIV-1-infected patients (Œ) and healthy donors (●). The
diagonal line represents the linear regression line for the effect of CD4� T cell counts on the respective CD8� T responses (R2�0.4; P�0.05).
(C) IL-15 levels in the culture supernatants of PBMC. PBMCs from HIV-1-infected patients and healthy donors were stimulated in vitro for 36 h
with TLR3 (indicated as 3) and TLR7/8 ligands (indicated as 7/8), and IL-15 in the culture supernatants was measured by using a commercial
ELISA kit. *P � 0.05.
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