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Abstract
Purpose—Systemic administration of recombinant interleukin (IL)-2 is used to support the
expansion and persistence of adoptively transferred antigen-specific CTLs in patients with cancer.
However, IL-2 also expands regulatory T cells (Treg) that in turn impair the antitumor activity of
CTLs. As recombinant IL-15 is approaching clinical applications, we assessed the effects of this
cytokine on the proliferation and antitumor activity of CTLs in the presence of Tregs. We used the
model of adoptive transfer of Epstein–Barr virus (EBV)-CTLs, as these cells induce responses in
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patients with EBV-associated Hodgkin lymphoma, and Tregs are frequently abundant in these
patients.

Experimental Design—Tregs were isolated from the peripheral blood of healthy donors and
patients with Hodgkin lymphoma or from Hodgkin lymphoma tumors and assessed for their
ability to inhibit the proliferation and antitumor activity of EBV-CTLs in the presence of IL-15 or
IL-2. Specific molecular pathways activated by IL-15 were also explored.

Results—We found that in the presence of Tregs, IL-15, but not IL-2, promoted the
proliferation, effector function, and resistance to apoptosis of effectors T cells and EBV-CTLs.
IL-15 did not reverse or block Tregs but instead preferentially supported the proliferation of CTLs
and effector T cells as compared with Tregs.

Conclusions—IL-15 selectively favors the survival, proliferation, and effector function of
antigen-specific CTLs in the presence of Tregs, and thus IL-15, unlike IL-2, would have a
significant impact in sustaining expansion and persistence of adoptively transferred CTLs in
patients with cancer, including those infused with EBV-CTLs for treatment of EBV-associated
malignancies.

Introduction
Adoptive transfer of antigen-specific CTLs is a promising therapy for patients with cancer
(1–3). Specifically, we have previously shown that the adoptive transfer of Epstein–Barr
virus–specific CTLs (EBV-CTL) in patients with EBV-associated Hodgkin lymphoma is
well tolerated and induces objective clinical responses (4, 5). However, several clinical trials
have shown significant correlation between the in vivo persistence of adoptively transferred
CTLs and the achievement of sustained tumor regression (6, 7), indicating that strategies
aimed at enhancing CTL persistence in vivo should translate in better clinical outcomes.

Growth factors play a crucial role in sustaining survival and proliferation of different T-cell
subsets. In particular, CTLs expanded ex vivo are highly dependent on cytokines such as
interleukin (IL)-2 or IL-15 for their growth (8). However, these cytokines are frequently
unavailable in the tumor environment, rendering CTLs short living, as they are immediately
starved from these crucial survival factors. To overcome this limitation, recombinant human
IL-2 is frequently administered in patients to support the expansion of adoptively transferred
CTLs (9, 10). Although high doses of IL-2 may be effective, their benefits are frequently
hampered by severe systemic toxicities (11–13). Moreover, IL-2 also facilitates the
expansion of CD4+ T lymphocytes with regulatory activity (14–17). These regulatory T cells
(Treg), characterized by the constitutive expression of the high-affinity IL-2 receptor alpha
(IL-2Rα, CD25) and of the forkhead box P3 (FoxP3) protein, actively inhibit the
proliferation and function of effector T lymphocytes (18). Tregs are particularly relevant in
patients with cancer, as these cells are frequently increased in the peripheral blood and in
tumor biopsies (19–21). In addition, their presence often correlates with poor clinical
outcome (20, 21). In the specific case of Hodgkin lymphoma, Tregs are found particularly
abundant both in the circulation and at the tumor site (22–24), so that the use of IL-2 to
sustain the in vivo expansion of adoptively transferred EBV-CTLs is highly discouraged.

IL-15 is another γ-chain cytokine that supports the proliferation and maintenance of effector
T lymphocytes (25). Previous studies in mice have shown that the administration of IL-15 or
the transgenic expression of IL-15 by effector T cells (26–28) enhance their antitumor
effects. Recently, IL-15 has been tested in nonhuman primates, showing a favorable toxicity
profile, with a preferential increase in CD8+ T lymphocyte counts and minimal effects on
the absolute numbers of circulating Tregs (29, 30).
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The effects of IL-15 on human Tregs remain largely unclear due to differences in the doses
used and in the origin of effector T cells and Treg subpopulations tested between studies
(31–41). Here, we modeled ex vivo culture conditions to assess the impact of IL-2 and IL-15
on the effector function of a specific subset of clinically relevant antigen-specific CTLs
(EBV-CTLs), in the presence of Tregs isolated from both healthy donors and patients with
Hodgkin lymphoma. In addition, in our experimental conditions we used doses of IL-2 and
IL-15 that correspond to in vivo–measured cytokine trough levels (29, 30, 42), which makes
the observed effects physiologically relevant.

Materials and Methods
Isolation of Tregs from healthy donors

We isolated peripheral blood mononuclear cells (PBMC) from the buffy coats of 10 healthy
volunteers (Gulf Coast Regional Blood Center, Houston, Texas) by centrifugation on a
density gradient (Ficoll, Axis-Shield PoC AS). Naturally occurring Tregs were enriched on
the basis of CD4 and bright expression of CD25 using immunomagnetic selection, as
previously described (43). Briefly, the CD25bright fraction was positively selected using
nonsaturating concentrations (2 μL/1 × 107 PBMC) of anti-human CD25 magnetic beads
(Miltenyi Biotech) and further selected using anti-human CD4 magnetic beads (Miltenyi)
following the manufacturer’s instructions. The selection process resulted in a significant
enrichment in cells coexpressing CD4, CD25, and FoxP3 (Supplementary Fig. S1A). As
control, we used cells obtained from the CD4+ population after depletion of the CD25bright

subset (CD4+CD25depleted; defined as “control cells” throughout the article), which lacked
substantial FoxP3 expression (Supplementary Fig. S1B). In selected experiments, Tregs
were isolated using a MoFLo sorter (Beckman Coulter Inc.) based on CD4, CD25, and
CD45RA expression to obtain CD4+CD25++CD45RA+, CD4+ CD25+CD45RA+, or
CD4+CD25+CD45RA− cells as previously described (44; Supplementary Fig. S2). To
evaluate the effects of Tregs on specific T-cell subsets, we used immunomagnetic selection
to enrich CD45RO+CD62L+, CD45RO+ CD62L−, or CD45RA+CD62L− cells from PBMC.
Purity of isolated cells was more than 95% and the reanalysis included CCR7 expression
(Supplementary Fig. S1C).

Isolation of Tregs from Hodgkin lymphoma samples
Peripheral blood and/or tumor biopsies from 21 patients with Hodgkin lymphoma were
provided by the lymphoma bank of a National Cancer Institute–funded lymphoma SPORE
(Baylor College of Medicine, Houston, TX). PBMC were isolated by centrifugation on a
density gradient, whereas biopsies were gently smashed. Because of the limited number of
cells usually obtained from these samples, Tregs were selected on the basis of their
CD25bright expression without any further enrichment (Supplementary Table S1).

Activation of CD4+CD25bright cells
CD4+CD25bright cells were used directly in experiments or cultured for 7 days in
RPMI-1640 medium (HyClone, Thermo Scientific) supplemented with 5% human AB-
serum (Valley Biomedical), 1% penicillin/streptomycin (Sigma), 1% glutamine
(BioWhittaker Inc.), 0.1% 2β-mercaptoethanol (Invitrogen), anti-CD3 antibody (OKT3,
Orthoclone; 0.5 μg/mL), and γ-irradiated (40 Gy) allogeneic PBMC as feeders (at a
PBMC:feeder ratio of 2:1). We added recombinant human IL-2 (25 IU/mL; Teceleukin,
Hoffmann-LaRoche) or recombinant human IL-15 (2.5 ng/mL; PeproTech Inc.) in
experiments, as indicated.
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Single-cell cloning of Tregs
In selected experiments, Tregs isolated from healthy donors and Hodgkin lymphoma
samples were single-cell cloned by limiting dilution. Briefly, 1 × 103 Tregs were
resuspended in RPMI-1640 medium supplemented with 5% human AB-serum, 1%
penicillin/streptomycin, 2 mmol/L L-glutamine, 0.1% 2β-mercaptoethanol, OKT3 (50 ng/
mL), γ-irradiated (40 Gy) allogeneic feeders, and IL-2 (100 IU/mL). Tregs were plated in
96-wells plates at the concentration of 1 Treg per well with the described activation mixture
and incubated for 3 to 4 weeks. Cells were fed weekly with IL-2. Growing cells were then
screened for inhibitory activity using the Cell Lab Quanta SC MPL (Beckman Coulter Inc.).
Inhibitory clones were further reexpanded using allogeneic γ-irradiated feeders, irradiated
EBV-immortalized lymphoblastoid cell lines (LCL), OKT3, and IL-2 (100 IU/mL) to reach
sufficient numbers for further experiments, including suppression and antitumor assays in
the presence of cytokines. Clonality was confirmed by Vβ-repertoire phenotype (data not
shown). As control for experiments using Treg-derived clones, we expanded in parallel
clones that lacked suppression activity when screened by the Cell Lab Quanta SC MPL.

Generation of EBV-CTLs
EBV-CTLs were generated from the PBMCs obtained from EBV-seropositive healthy
donors and patients with Hodgkin lymphoma (peripheral blood collected according to the
local Institutional Review Board–approved protocols, Baylor College of Medicine) by
weekly stimulation with γ-irradiated (40 Gy) autologous LCL with the addition of IL-2 (50
IU/mL) as previously described (1, 2, 4, 5).

Immunophenotyping
Cells were stained with fluorescein isothiocyanate (FITC)-, phycoerythrin (PE)-, peridinin–
chlorophyll–protein complex, or allophycocyanin-conjugated monoclonal antibodies (mAb).
We used CD3, CD4, CD8, CD19, CD45RA, CD45RO, CD62L, and CD25 from Becton
Dickinson (BD Biosciences), CCR7 from R&D System, and FoxP3 from eBioscience Inc.
IL-15 private receptor (IL-15Rα) expression was detected using an anti-IL-15Rα mAb
(R&D Systems) in conjunction with a FITC-goat anti-mouse IgG1 (SouthernBiotech).
Control samples were labeled with appropriate isotype-matched antibodies. T cell receptor
(TCR) Vβ-repertoire was studied using a specific kit for flow cytometry analysis (IOTest
Beta Mark TCR-Vβ Repertoire Kit, Beckman Coulter). We analyzed STAT5
phosphorylation after stimulation with IL-15 for 15 minutes using the anti-phospho-STAT5
(Y694) mAb-Alexa-Fluor-647-conjugate (BD Phosflow Reagents). We measured BCL-2
expression in the presence of IL-15 in EBV-CTLs after stimulation with autologous LCLs,
as well as in T cells and Tregs after activation with OKT3 and irradiated feeders, using the
PE-conjugated-hamster anti-human BCL-2 (6C8; BD Biosciences). Phosphorylation of
S6K1 after T-cell activation in the presence of IL-15 was assessed using phospho-S6-
ribosomal protein (Ser235/236) rabbit mAb-Alexa-Fluor-647-conjugate (Cell Signaling
Technologies), according to manufacturer’s instruction. Cells were analyzed using a BD
FACScalibur system equipped with the filter set for quadruple fluorescence signals and the
CellQuest software (BD Biosciences). For each sample, we analyzed a minimum of 10,000
events.

Carboxyfluorescein diacetate succinimidyl ester–based assays
Proliferation of EBV-CTLs, T cells and Tregs was assessed by carboxyfluorescein diacetate
succinimidyl ester (CFSE) dilution. Cells were labeled with 1.5 μmol/L CFSE (Invitrogen)
and activated with LCLs, or OKT3 (0.5 μg/mL) and irradiated feeders (ratio 2:1) in the
absence or in the presence of IL-2 (25 IU/mL) or IL-15 (2.5 ng/mL). CFSE dilution was
measured by flow cytometry after 7 days of culture. To evaluate suppressive activity of
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Tregs and Treg-clones, PBMC were labeled with 1.5 μmol/L CFSE and activated with
OKT3 (0.5 μg/mL) and feeders (ratio Tregs: feeders of 2:1), in the presence of Tregs/Treg-
clones or control cells at a 1:1 (T cells:Tregs) ratio, and IL-2 (25 IU/mL or at the indicated
doses for the titration experiment) or IL-15 (2.5 ng/mL or at the indicated doses) or of the
IL-15/IL-15Rα complex. In selected experiments, the ratio of T cells and Tregs was titrated
to 2:1 and 4:1. After 7 days, cells were labeled with CD8 and CD4, analyzed by
fluorescence-activated cell sorting (FACS) and cell division assessed by CSFE dilution. In
selected experiments, the suppressive activity of CD4+CD25++CD45RA+,
CD4+CD25+CD45RA+, or CD4+CD25+CD45RA− cells was evaluated.

Evaluation of antitumor activity
EBV-CTLs generated from 6 healthy donors were cultured in the presence of autologous
LCLs with control cells or activated Tregs freshly isolated from healthy donors (at the EBV-
CTLs:LCLs:Tregs ratio of 1:2:1) and in the absence or presence of IL-2 (25 IU/mL) or
IL-15 (2.5 ng/mL). Similarly, EBV-CTLs generated from 3 patients with Hodgkin
lymphoma were cultured in the presence of autologous LCLs with control cells or activated
Hodgkin lymphoma–derived Treg-clones. After 7 days, cells were collected, stained with
CD8, CD4, and CD3 to identify T cells, and CD19 to quantify residual tumor cells, and
analyzed by FACS. To define tumor cells, we considered only CD19+ cells and not
CD3+CD19+ cells, as the latter likely represent T cells that had acquired positivity for the
CD19 through trogocytosis (45).

Evaluation of apoptosis
EBV-CTLs, T cells and Tregs were activated with LCLs or OKT3 (0.5 μg/mL) and
irradiated feeders (ratio 2:1) in the absence or presence of IL-2 (25 IU/mL) or IL-15 (2.5 ng/
mL) and, after 7 days, collected, washed, and labeled with Annexin-V–PE–conjugated and
7-Amino-actinomycin D (7AAD; BD Biosciences) according to the manufacture’s
instruction. The percentage of Annexin-V+7AAD− cells was measured by FACS analysis.
For each sample, at least 100,000 events were analyzed.

ELISA
The presence of the complex IL-15/IL-15Rα in our culture supernatant was quantified using
a commercially available specific-ELISA kit (R&D Systems). PBMC (1 × 106/well) were
activated with OKT3, feeders, IL-15 (2.5 ng/mL), and supernatants harvested every 24 hours
for 7 days and analyzed for the presence of the IL-15/IL-15Rα complex. As positive control,
we preincubated IL-15 (2.5 ng/mL or 0.6 ng/mL) with recombinant human IL-15Rα/Fc
Chimera (R&D System) for 30 minutes at room temperature (46).

Statistical analysis
Unless otherwise noted, data were summarized by means and SEM. Student t test was used
to determine the statistical significant differences between samples, with P value less than
0.05 indicating a significant difference.

Results
Putative Tregs are increased in peripheral blood and tumor samples from patients with
Hodgkin lymphoma

We first analyzed peripheral blood samples and/or lymphonode biopsies from 21 patients
with Hodgkin lymphoma for the presence of putative Tregs based on the expression of CD4,
CD25, and FoxP3 markers, and compared it with that of peripheral blood samples obtained
from healthy donors. We observed a significant increase in the frequency of circulating and
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tumor-infiltrating CD4+ CD25bright cells (7.4% ± 1.7% and 8.7% ± 0.9%, respectively) and
CD4+FoxP3+ cells (5.3% ± 1.6% and 6.2% ± 1.2%, respectively) in samples from patients
with Hodgkin lymphoma as compared with those detected in the peripheral blood of healthy
donors (2.5% ± 1.1% for CD4+ CD25bright and 2.4% ± 0.96% for CD4+FoxP3+ cells,
respectively; Fig. 1A). To ensure that CD4+CD25bright cells detected in peripheral blood and
tumor biopsies were indeed functional Tregs, we isolated these cells by immunomagnetic
selection and conducted suppression assays to assess their inhibitory properties. Although
limited by the starting amount of blood/tissues from patient’s samples (Supplementary Table
S1), we isolated sufficient numbers of enriched putative Tregs from the majority of samples
for further functional characterization. When tested in a CFSE-based suppression assay,
CD4+CD25bright cells from both healthy donors (Fig. 1B) and patients with Hodgkin
lymphoma (Fig. 1C) showed inhibitory activity. Specifically for healthy donors, the addition
of Tregs to the cultures inhibited the proliferation of CD8+ and CD4+ cells by 68% ± 6%
and 71% ± 7%, respectively, as compared with the addition of control cells (P < 0.001 for
both; Fig. 1B). Similarly, the addition of Tregs isolated from patients with Hodgkin
lymphoma inhibited the proliferation of CD8+ and CD4+ cells by 43% ± 14% and 50% ±
11%, respectively, as compared with control cells (P < 0.05 for both; Fig. 1C). Although not
statistically significantly, we attributed the relatively less efficient T-cell inhibition by Tregs
isolated from patients with Hodgkin lymphoma to the isolation procedures used when
starting from patients versus healthy donors samples, which lacked the CD4 selection step
due to the limited size of the samples (Supplementary Table S1).

IL-15 but not IL-2 sustains the proliferation of T cells in the presence of Tregs
As the γ-chain cytokines IL-2 and IL-15 can be used to sustain the in vivo persistence of
adoptively transferred CTLs (9, 10), we compared the effects of these cytokines on effector
T cells in the presence of Tregs. We selected doses of IL-2 and IL-15 of 25 IU/mL and of
2.5 ng/mL, respectively, as they correspond to in vivo–measured cytokine trough levels (29,
30, 42). For these experiments, we first used Tregs isolated from healthy donors and then
validated the results using Treg-clones generated from patients with Hodgkin lymphoma.
The establishment of Treg-clones allowed us to overcome the difficulties in carrying out
these experiments using the limited amount of Tregs isolated from patient’s samples. As
shown in Fig. 2A, we found 30% ± 2% inhibition of CD8+ cell proliferation and 33% ± 4%
inhibition of CD4+ cell proliferation in the presence of IL-2 and Tregs isolated from healthy
donors as compared with the addition of IL-2 and control cells (P < 0.01 for both). In
contrast, the inhibition was negligible for both CD8+ and CD4+ cells in the presence of
IL-15 and Tregs as compared with the addition of IL-15 and control cells (7% ± 4% and
10% ± 6%, respectively; P = 0.1 and P = 0.2, respectively; Fig. 2A).

Because the percentage of CD4+ at the beginning of our culture conditions was 47% ± 3%,
in our suppression assay, the ratio CD4 cell:Tregs was approximately 1:2. Although this
excess of Tregs better reflects the unfavorable setting likely present in vivo, to ensure that
the limited ability of IL-2 to drive T-cell proliferation in the presence of Tregs was not
related to the consumption of the cytokine by Tregs, we titrated the number of Tregs in the
suppression assays and tested increased PBMC:Tregs ratios in the presence of IL-2. As
shown in Supplementary Fig. S2A, Tregs maintained their ability to inhibit the proliferation
of both CD4 and CD8, despite the presence of IL-2, thus confirming the limited ability of
IL-2 to support T cells proliferation in the presence of Tregs. In addition, because previous
studies have shown that freshly isolated CD4+ CD25+FoxP3+ cells are functionally
heterogeneous, as they may contain a subpopulation lacking suppressive activity
(CD25+CD45RA− cells), in selected experiments, we isolated Tregs by flow sorting based
on the expression of CD25 and CD45RA, as previously described (44; Supplementary Fig.
S2B and S2C). Using these cell subsets, proliferation of activated T cells remained impaired

Perna et al. Page 6

Clin Cancer Res. Author manuscript; available in PMC 2013 June 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



when CD25+CD45RA+ or CD25++CD45RA− cells (also referred as resting Tregs and
activated Tregs, respectively; ref. 44) were added to the culture in the presence of IL-2 but
not of IL-15, suggesting that the latter cytokine protects T cells from Treg inhibition rather
than preferentially favors the effects mediated by CD25+CD45RA− cells, known to lack
suppressive activity despite the expression of FoxP3 (44).

On the basis of the protective effects of IL-15 using polyclonal Tregs isolated from healthy
donors, we repeated the experiments using single-cell–cloned Tregs generated from the
peripheral blood of healthy donors and patients with Hodgkin lymphoma. Because Treg-
clones from healthy donors and from patients with Hodgkin lymphoma and polyclonal Tregs
were equally effective in suppressing T-cell proliferation (Fig. 2B), we validated the effects
of IL-2 and IL-15 using Treg-clones. Similarly to polyclonal Tregs, both Treg-clones from
healthy donors and patients with Hodgkin lymphoma significantly inhibited T-cell
proliferation either in the absence of cytokine (73% ± 6% and 64% ± 8%, respectively) or in
the presence of IL-2 (46% ± 12% and 32% ± 7%, respectively) as compared with control
cells (Fig. 2C and D). In sharp contrast, the addition of IL-15 sustained T-cell proliferation
in the presence of Treg-clones generated from healthy donors and from patients with
Hodgkin lymphoma (19% ± 10% inhibition and 5% ± 6%, respectively) as compared with
control cells (Fig. 2C and D), indicating that IL-15, but not IL-2, significantly protects T
cells from Treg-clone mediated inhibition (P < 0.01).

Interestingly, when we titrated the amount of IL-15 in the culture system, we confirmed that
low doses of IL-15 (in the range of 1.25–2.5 ng/mL, similar to that observed in vivo; refs.
29, 30) were sufficient to preserve the proliferation of T cells in the presence of Tregs
(Supplementary Fig. S3A). In contrast, T cells could proliferate despite the presence of
Tregs only in the presence of very high doses (>50 IU/mL) of IL-2, which corresponds to
through levels associated with sever toxic events in vivo (12, 13, 42). More importantly, we
found that T-cell proliferation was preserved in the presence of Tregs even when a very low
dose of IL-15 (0.6 ng/mL) was added to the culture as heterodimeric complex with the
IL-15Rα (Supplementary Fig. S3B and S3C), which is the bioactive form of IL-15 detected
in the serum of patients (47). This suggests that in the presence of the IL-15/IL-15Rα
complex very low doses of recombinant IL-15 may be sufficient in providing the expected
relief from Treg-mediated inhibition in vivo (Supplementary Fig. S3), while minimizing the
systemic toxicity associated with high doses of cytokines (30).

IL-15 specifically preserves the antitumor effects of EBV-CTLs in the presence of Tregs
Because ex vivo–expanded EBV-CTLs used for adoptive T-cell therapy in Hodgkin
lymphoma (4, 5) and antigen-specific CTLs in general used for antitumor therapy are mainly
composed of CD45RO+ effector cells, with a majority of TEM cells and a lower and variable
proportion of the TCM (23% ± 8%; refs. 48–50), we first investigated whether IL-15 protects
the CD45RO+ T-cell subset from Treg-mediated inhibition, in an antigen-independent
manner. Therefore, we measured the suppressive activity of Tregs against
CD45RO+CD62L+, CD45RO+CD62L−, or CD45RA+ CD62L− cells, as a source of central-
memory, effector-memory, and terminally differentiated T cells, respectively. We found that
Tregs significantly inhibited the proliferation of TCM cells, irrespective of whether we added
IL-2 (42% ± 6%) or IL-15 (40% ± 7%; Fig. 3A). In contrast, IL-15 more effectively
sustained the proliferation of TEM cells and TEMRA cells in the presence of Tregs, as the
percentage of inhibition was 35% ± 5% and 58% ± 8% in the presence of IL-2, but only
27% ± 5% and 36% ± 10% in the presence of IL-15 (P < 0.05; Fig. 3B and C). Hence, IL-15
seems to preferentially protect effector T cells (TEM and TEMRA) from the inhibitory effects
of Tregs.
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Then, IL-15–mediated protection was confirmed in our model of EBV-CTLs. As illustrated
in Fig. 4A, when EBV-CTLs generated from healthy donors were cocultured with
autologous LCL (1:2 CTL:LCL ratio to ensure an excess of target cells), the percentage of
residual CD19+ tumor cells, as assessed by flow cytometry by day 5 to 7, was 67% ± 11% in
the cocultures containing Tregs versus 36% ± 12% in control cultures (P < 0.01), indicating
that Tregs significantly impair the elimination of target cells by effector CTLs. We next
assessed the effects of adding IL-2 or IL-15 to these cultures. As shown in Fig. 4A, the
effector function of EBV-CTLs generated from healthy donors remained impaired by Tregs
in the presence of IL-2, as the percentage of residual tumor cells increased from 22% ± 9%
in the cocultures containing IL-2 and control cells to 42% ± 13% in cocultures containing
IL-2 and Tregs isolated from healthy donors (P < 0.01). In contrast, in the presence of IL-15,
the effector function of EBV-CTLs was sustained with or without Tregs (residual tumor
cells 11% ± 6% in IL-15 cultures with control cells versus 13% ± 5% in IL-15 with Tregs, P
= NS; Fig. 4A). Similar results were observed when EBV-CTLs generated from patients
with Hodgkin lymphoma were cocultured with autologous LCL in the presence of Hodgkin
lymphoma–derived Treg-clones. As shown in Fig. 4B, residual tumor cells increased from
11% ± 1% in cocultures containing IL-2 and control cells to 56% ± 9% in cocultures
containing IL-2 and Treg-clones (P < 0.01). In contrast, in the presence of IL-15, the effector
function of EBV-CTLs generated from patients with Hodgkin lymphoma was sustained with
or without Tregs (residual tumor cells 4% ± 1% in IL-15 cultures with control cells versus
10% ± 1% in IL-15 with Tregs). Hence, IL-15 can preserve the effector function of antigen-
specific CTLs in the presence of Tregs.

IL-15–mediated protection is due to a preferential increased proliferation and reduced cell
death of effector T cells as compared with Tregs

To discover the mechanisms responsible for the protective effects of IL-15, we dissected the
effects of this cytokine on Tregs and on effector T cells. First, we found that the protective
effects of IL-15 were not determined by a reversal of Treg-inhibitory properties. Indeed,
freshly isolated Tregs that had been activated and cultured for 7 days in the presence of
IL-15, when tested in the suppression assay in the absence of cytokines, retained their
inhibitory functions and blocked the proliferation of activated T cells (from 61% ± 7% to
34% ± 5%, in the presence of Tregs previously expanded in IL-15; P < 0.01; Fig. 5A).

When we looked at T-cell proliferation and expression of antiapoptotic molecules
accompanying the exposure to IL-15 (8, 25), we found a differential effect of this cytokine
on effector T cells and Tregs, which were also different from the effects that IL-2 had on
these populations. First, IL-15 significantly increased the division rate of TEM/EMRA cells
(82% ± 3%), and EBV-CTLs (87% ± 2%) as compared with Tregs (58% ± 9%; P = 0.02 and
P = 0.01, respectively; Fig. 5B). IL-2, instead, induced proliferation of Tregs (73% ± 7%)
comparable with that of TEM/EMRA cells (76% ± 5%) and EBV-CTLs (77% ± 5%; P = NS).

Second, in the presence of IL-15, apoptotic cells (Annexin-V+7AAD−) were significantly
lower in TEM/EMRA cells (7% ± 2%) and EBV-CTLs (5% ± 1%) as compared with Tregs
(14% ± 3%; P = 0.04 and P = 0.03, respectively; Fig. 5C). In contrast, in the presence of
IL-2 the percentage of apoptotic cells was similar in CD45RO+ CD62L− effector cells (11%
± 4%), EBV-CTLs (7% ± 1%), and Tregs (10% ± 3%; P = NS). Hence, our data suggest that
IL-15, unlike IL-2, has a differential effect on proliferation and apoptosis in effector and
Tregs.

Upon further investigation, we observed that IL-15 activates different pathways in Tregs and
effector T cells, despite the expression of the IL-15Rα was similar in all subsets (Fig. 6A),
and STAT5 phosphorylation was comparable in Tregs (63% ± 19%) and effector T cells
(TEM/EMRA, 48% ± 6%, EBV-CTLs, 76% ± 11%) following exposure to IL-15 (Fig. 6B).
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We found that in response to IL-15, phosphorylation of S6K1, a downstream target
associated with a proliferative signature, was significantly higher in effector cells
(TEM/EMRA = 16% ± 7%; EBV-CTLs = 48% ± 9%) as compared with Tregs (2% ± 0.4%;
Fig. 6C). A similar pattern was, however, also observed in response to IL-2, with higher
phosphorylation of S6K1 in effector T cells (TEM/EMRA = 31% ± 13%; EBV-CTLs = 37% ±
10%) as compared with Tregs (2% ± 1%; Fig. 6C). This prompted us to focus on potential
differential effects of IL-2 and IL-15 in the apoptotic pathway.

Indeed, effector T cells significantly upregulated BCL-2 in response to IL-15 [mean
fluorescence intensity (MFI) from 17 ± 3 to 24 ± 3 for TEM/EMRA, and from 23 ± 2 to 37 ± 4
for EBV-CTLs], which was significantly better as compared with IL-2 (15 ± 2 for
TEM/EMRA, and 26 ± 4 for EBV-CTLs), whereas both cytokines induced no equivalent
BCL-2 upregulation in Tregs (MFI from 10 ± 1 to 9 ± 1 for IL-15 and to 8 ± 2 for IL-2; Fig.
6D). Overall, these data suggest that the simultaneous preferential proliferation and
resistance to apoptosis in effector T cells than in Tregs mediated by IL-15, but not by IL-2,
may provide better resilience of effector T cells to Treg-inhibitory activity.

Discussion
The toxicity associated with the systemic administration of γ-chain cytokines, used to
support the in vivo persistence of adoptively transferred tumor-specific CTLs (12, 13), and
the effects that these cytokines exert on the host inhibitory Tregs (14–17) remain obstacles
to improve the clinical benefits of adoptive immunotherapy-based approaches. To address
the specific issue of γ-chain cytokines and Tregs, we have analyzed the effects of IL-2 and
IL-15 in our model of EBV-CTLs. We show that IL-15, but not IL-2, supports EBV-CTL
effector function and proliferation in the presence of Tregs isolated from healthy donors or
patients with Hodgkin lymphoma. This protection from Treg-suppressive effects can be
related to the enhanced proliferation and reduced activation induced cell death that IL-15
provides to effectors T cells but not to Tregs, likely through the activation of different
pathways in effector T cells as compared with Tregs.

The infusion of tumor-infiltrating lymphocytes and EBV-CTLs that have been expanded in
vitro has shown clinical benefits in patients with melanoma and EBV-associated
malignancies, including Hodgkin lymphoma, respectively (2–5). Yet, IL-2 is often required
to sustain CTL persistence and expansion in vivo (9, 10). On the other hand, the
administration of IL-2 induces systemic toxicities and enhances proliferation and function of
Tregs, a subset of lymphocytes that suppress CTL proliferation and function (14–17). As a
result of these dual properties, the administration of IL-2 can be particularly detrimental
when EBV-CTLs are adoptively transferred in patients with Hodgkin lymphoma. The
expansion of the transferred T cells would indeed be offset by an equivalent or superior
expansion of Tregs that are particularly abundant in the peripheral blood and at the tumor
site of patients with Hodgkin lymphoma (19, 22–24).

Efforts have been made to identify alternative growth factors that can promote robust
engraftment of ex vivo–expanded antigen-specific CTLs without concomitant enhancement
of Treg activity. IL-15, that is now entering clinical trials (29, 30), has the potential to be
less toxic than IL-2 (8). However, previous preclinical models have produced somewhat
contradictory results about the specific effects of IL-15 on Tregs. For example, short
preincubation of human T lymphocytes with IL-15 protects their proliferation and IFN-γ
production in the presence of Tregs (39). Moreover, studies in nonhuman primates, have
shown that IL-15 produces excellent expansion of T cells but limited effects on Tregs (29,
30). These beneficial effects of IL-15 on T lymphocytes concur with the observation that
human autoimmune disorders, including rheumatoid arthritis, psoriasis, and celiac diseases,
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are associated with the local overexpression of IL-15, which may favor a proinflammatory
environment allowing autoreactive T cells to overcome the inhibition of functional Tregs
(33–35). In contrast, other studies suggest that IL-15 can amplify both Treg number and
suppressive function (37, 38), and contributes to their de novo generation (18, 32, 36–39, 51,
52). Finally, IL-2−/− X IL-15−/− mice show significantly decreased numbers of Tregs (31),
and treatment with IL-15 promotes Treg activity sufficiently to protect natural killer–
depleted non-obese diabetic mice against developing diabetes (38). These apparently
disparate results may be in part attributable to differences in the distribution of the
expression of the IL-15Rα. Unlike the IL-2α chain (CD25), which is constitutively
expressed on Tregs, expression of IL-15Rα is more heterogeneous (53), so that the net
effects produced on effector T cells and Tregs may be dependent on the precise target
population, cytokine concentration, and read-out used.

Our study has focused on the influence of IL-15 and Tregs specifically on EBV-CTLs and
CD4 and CD8 effector subsets in general, when present in a complex cellular mixture, rather
than on the selected CD4+CD25depleted population, as the latter may not take into account
the effects that each subset provides to the whole population (39, 54). In addition, testing the
effect of the cytokines on the CD4/CD8 effector population should better predict the
consequences of administering IL-15 as part of clinical studies as the majority of adoptively
transferred CTLs are CD4/CD8 effector/cytotoxic T cells (2, 4, 5). In addition, to ensure that
our ex vivo studies would better predict clinical relevance, we used a dose of IL-15 that is
safely obtained in vivo in nonhuman primates (29, 30). Although lower than concentrations
used by many other studies, this is more likely to reflect concentrations that will be obtained
in humans. Moreover, we used a CFSE-based assay to measure Treg-mediated inhibition
rather than thymidine-incorporation assays that may fail to discriminate between
proliferation of Tregs and effector T cells.

We found that IL-15, but not IL-2, supports T-cell effector function in ex vivo coculture
experiments that, similarly to tumor environment, put them simultaneously and for a
prolonged period of time in contact with tumor cells and Tregs. IL-15, but not IL-2,
preserves the proliferation and effector function of T cells and CTLs in the presence of
Tregs either isolated from healthy donors or patients with Hodgkin lymphoma. IL-15 also
protects CTLs from apoptosis. Hence, by providing IL-15 it may be possible to sustain
protection of CTLs against Tregs in vivo.

Why does IL-15 produce these differential effects in antigen-specific CTLs and effector T
cells in general as compared with Tregs? Although our experiments illustrate that IL-15 is
functional in Tregs, this cytokine does not modify their inhibitory function. However, the
proliferation and resistance to apoptosis mediated by IL-15 is greater in effector T cells than
in Tregs, so that the net activity of effector T cells is increased, both in term of proliferative
potential and cytotoxic activity. We and others (37) have shown that the IL-15Rα is
expressed at low level both on Tregs and effector T cells, so that the differential effects of
IL-15 on each subset likely lies in differences in downstream signaling and not on different
expression levels of the receptor. IL-15 is also active when antigen-presenting cells trans-
present the IL-15Rα, thus bypassing the need for IL-15Rα expression by target cells (53).
However, this mechanism should be equally available to both effector T cells and Tregs, and
again cannot explain the differential effects of IL-15 in these two cell subsets. When tested
specifically, we found that IL-15 supports T-cell proliferation in the presence of Tregs,
regardless of its presence in a soluble form or in a complex with IL-15Rα. This may have
additional important implications in vivo, as the complex IL-15/IL-15Rα not only is more
stable, has enhanced activity, and is the preferential form of IL-15 present in the serum of
patients (47), but can further reduce the dose of IL-15 required to overcome the inhibitory
effect of Tregs, thus further reducing the potential toxicity of this cytokine.
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Exploring the downstream signaling of IL-15, we found that STAT5 was equally
phosphorylated in effector T cells and Tregs after IL-15 exposure. In contrast, there was
divergence in phosphoinositide 3-kinase (PI3K)–mediated signaling between effector T cells
and Tregs in response to IL-15, with the former showing greater and simultaneous
p70S6Kinase phosphorylation and BCL-2 expression, effects that are respectively consistent
with their superior proliferation and resistance to apoptosis. It will be of future interest to
analyze interactions with other modulatory pathways to provide a more detailed
underpinning for the differential effects on PI3K–mediated signaling we report.

We conclude that as IL-15 benefits both the proliferative and antitumor activity of EBV-
CTLs and effector T cells in general, without an equivalent increase in the inhibitory activity
of Tregs, this cytokine could be of clinical value for patients with Hodgkin lymphoma and
other patients receiving T-cell therapies for their disease, and should be preferred when
circulating or tumor-infiltrating Tregs are increased.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

Adoptive transfer of antigen-specific CTLs represents a promising therapy for patients
with cancer, and interleukin (IL)-2 is frequently administered to sustain their in vivo
expansion and persistence. However, IL-2 also induces systemic toxicities and boosts the
proliferation and function of regulatory T cells (Treg), known to suppress the antitumor
activity of CTLs. Therefore, IL-2 administration can be detrimental in patients with
cancer with abundant Tregs. In view of these challenges, we studied the benefits of
IL-15, another cytokine now available for clinical use to promote the engraftment of ex
vivo–expanded CTLs in supporting their antitumor effects despite the presence of Tregs.
We studied the effects of IL-15 in our model of Epstein–Barr virus (EBV)–associated
Hodgkin lymphomas that can be successfully treated with infusions of EBV-specific
CTLs. Our study provides preclinical data, suggesting that IL-15 should be preferred for
clinical use when circulating or that tumor-infiltrating Tregs are increased in patients
with cancer.
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Figure 1.
Phenotypical and functional characterization of Tregs isolated from healthy donors and
patients affected by Hodgkin lymphoma (HL). Phenotype and inhibitory function of Tregs
freshly isolated from the peripheral blood of 10 healthy donors, 21 biopsies collected from
patients with Hodgkin lymphoma, and peripheral blood from 7 patients with Hodgkin
lymphoma were assessed by FACS. A, plots for CD4 versus CD25, CD4 versus FoxP3, and
CD25 versus FoxP3 of circulating Tregs from a representative healthy donor and a patient
with Hodgkin lymphoma. The graph shows the summary of percentages of Tregs quantified
by FACS. *, P = 0.05. B, the proliferation of CD8+ or CD4+ cells in the presence of control
or Tregs freshly isolated from 1 representative healthy donor. The graph shows the
percentage of inhibition (mean ± SEM) for 10 independent experiments. C, the proliferation
of CD8+ or CD4+ cells in the presence of control cells or Tregs freshly isolated from 1
representative patient with Hodgkin lymphoma. The graph shows the percentage of
inhibition for 4 independent experiments.
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Figure 2.
IL-15 sustains T-cell proliferation in the presence of Tregs or Treg-clones derived from
healthy donors or patients with Hodgkin lymphoma (HL). Tregs were tested for their ability
to inhibit T-cell proliferation using a CFSE-based suppression assay with or without IL-2 or
IL-15. A, the proliferation of T cells in the absence of cytokines or in the presence of IL-2 or
IL-15 with control cells or Tregs in 1 representative healthy donor. The graph summarizes
the inhibition mediated by Tregs for CD8+ and CD4+ cells (mean ± SD) for the 10 donors. *,
P < 0.01. B, representative histograms for the proliferation of activated PBMC in the
presence of freshly isolated Tregs or in the presence of a healthy donor-derived Treg-clone
or a Hodgkin lymphoma–derived Treg-clone. Graph summarizes mean ± SEM of 4 donors/
each. C, representative histograms for the proliferation of activated PBMC in the presence of
control cells or a healthy donor-derived Treg-clone with or without cytokines. The graph
summarizes the inhibition mediated by Treg-clones from 4 donors. *, P < 0.05. D,
representative histograms for the proliferation of activated PBMC in the presence of control
cells or a Hodgkin lymphoma–derived Treg-clone with or without cytokines. The graph
summarizes the inhibition mediated by Treg-clones from 4 donors. *, P < 0.05.
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Figure 3.
IL-15 protects the proliferation of effector T cells in the presence of Tregs. Tregs were
tested for their ability to inhibit proliferation of different T-cell subsets using a CFSE-based
suppression assay. T-cell proliferation of CD45RO+CD62L+ cells (A; TCM), of
CD45RO+CD62L− cells (B; TEM), and of CD45RA+CD62L− cells (C; TEMRA). Histograms
show the proliferation in the absence or in the presence of IL-2 or IL-15 and of control cells
or Tregs in 1 representative of 6 experiments. Graphs show the inhibition mediated by Tregs
on each T-cell subset in the presence of IL-2 or IL-15. Shown is the average ± SEM of the 6
donors. *, P < 0.01.

Perna et al. Page 18

Clin Cancer Res. Author manuscript; available in PMC 2013 June 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
IL-15 sustains the antitumor effects of EBV-CTLs in the presence of Tregs. Tregs were
tested for their ability to inhibit EBV-CTL antitumor activity in the presence or absence of
cytokines in coculture experiments. A, a representative coculture experiment in which EBV-
CTLs generated from a healthy donor were incubated with autologous LCL with or without
Tregs freshly isolated from healthy donors and cytokines. Residual tumor cells were
enumerated by flow cytometry based on the expression of CD19 by day 7 of culture. The
graph summarizes the percentage of residual tumor cells (mean ± SEM) for the 6
independent experiments. *, P < 0.01. B, a representative coculture experiment in which
EBV-CTLs generated from a patient with Hodgkin lymphoma were incubated with
autologous LCL with or without Treg-clones and cytokines. The graph summarizes the
percentage of residual tumor cells (mean ± SD) for 3 independent experiments. *, P < 0.01.
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Figure 5.
IL-15 does not directly affect Treg-inhibitory function but preferentially supports the
proliferation and survival of effector T cells. A, the ability of Tregs to maintain inhibitory
properties after expansion for 7 days in the presence of IL-15, before being tested in a
classical CFSE-suppression assay. Histograms from this representative experiment show the
CFSE dilution of T cells in the presence of control cells or Tregs previously expanded in
IL-15. The graph summarizes the percentage of inhibition (mean ± SEM) of 5 donors. B, the
percentage of proliferating Tregs, TEM/EMRA cells, and EBV-CTLs activated in the absence
or in the presence of IL-2 or IL-15 as assessed by CFSE dilution. Data are mean ± SEM of 5
independent experiments. *, P < 0.05. C, the percentage of apoptotic cells for Tregs,
TEM/EMRA cells, and EBV-CTLs assessed by Annexin-V and 7AAD staining in the absence
or in the presence of IL-2 or IL-15. The graph summarizes mean ± SEM of 5 independent
experiments. *, P < 0.05.
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Figure 6.
IL-15 upregulates pS6K1 and BCL-2 in effector T cells as compared with Tregs. A, the
expression of IL-15Rα by Tregs, TEM/EMRA, and EBV-CTLs in 1 representative donor of 5
studied. B, STAT5 phosphorylation of Tregs, TEM/EMRA cells, and EBV-CTLs in the
presence of IL-15 as assessed by FACS. The graph summarizes means ± SD for 4
independent experiments. C, the phosphorylation of S6K1 (pS6K1), assessed by FACS, in
Tregs, TEM/EMRA cells, and EBV-CTLs in the absence or in the presence of IL-2 or IL-15.
The graph summarizes data (means ± SD) from 4 experiments. D, BCL-2 expression by
Tregs, TEM/EMRA cells, and EBV-CTLs after stimulation with IL-15. The histograms show
BCL-2 expression in 1 representative donor after activation in the absence (dotted line) or in
the presence of IL-2 (thin line) or IL-15 (bold line). The graph summarizes the mean ± SEM
of 6 independent experiments. *, P < 0.05.
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