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mAb cured 28 and 70 % of mice, respectively. Combined 
immunotherapy was also effective if started 7  days after 
NB implant, resulting in a 30 % cure rate. Anti-CD4 anti-
body treatment efficiently depleted CD4+ CD25high Treg 
cells, but alone had limited impact on NB. Combination 
immunotherapy by anti-CD4 mAb and rIL-21 induced a 
CD8+ cytotoxic T lymphocyte response, which resulted 
in tumor eradication and long-lasting immunity. CD4+ T 
cells, which re-populated mice after combination immu-
notherapy, were required for immunity to NB antigens as 
indicated by CD4+ T cell depletion and re-challenge exper-
iments. In conclusion, these data support a role for regula-
tory CD4+ T cells in a syngeneic NB model and suggest 
that rIL-21 combined with CD4+ T cell depletion repro-
grams CD4+ T cells from immune regulatory to anti-tumor 
functions. These observations open new perspectives for 
the use of IL-21-based immunotherapy in conjunction with 
transient CD4+ T cell depletion, in human metastatic NB.
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APC	�A llophycocyanin
CFSE	� 5-(and 6)-Carboxyfluorescein diacetate succinimi-

dyl ester
CTL	� Cytotoxic T lymphocyte
FITC	� Fluorescein isothiocyanate
IFN-γ	� Interferon-gamma
IL	� Interleukin
ip	� Intraperitoneal
IP-10	� IFN-inducible protein-10
IT	� Immunotherapy
iv	� Intravenous
LN	�L ymph node

Abstract  IL-21 is an immune-enhancing cytokine, which 
showed promising results in cancer immunotherapy. We 
previously observed that the administration of anti-CD4 
cell-depleting antibody strongly enhanced the anti-tumor 
effects of an IL-21-engineered neuroblastoma (NB) cell 
vaccine. Here, we studied the therapeutic effects of a com-
bination of recombinant (r) IL-21 and anti-CD4 monoclo-
nal antibodies (mAb) in a syngeneic model of disseminated 
NB. Subcutaneous rIL-21 therapy at 0.5 or 1 μg/dose (at 
days 2, 6, 9, 13 and 15 after NB induction) had a limited 
effect on NB development. However, coadministration of 
rIL-21 at the two dose levels and a cell-depleting anti-CD4 
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mAb	� Monoclonal antibody
MHC	� Major histocompatibility complex
MIG	� Monokine induced by IFN-γ
NB	�N euroblastoma
NK	�N atural killer
PE	� Phycoerythrin
pc	� Parental cells
sc	� Subcutaneous
Th	�T  helper
Tr-1	�T ype-1 regulatory T
rIL-21	�R ecombinant interleukin-21
SD	� Standard deviation
Treg	�R egulatory T

Introduction

Neuroblastoma (NB) is a pediatric tumor that arises from 
the sympathetic nervous system. The clinical presentation 
of NB is heterogeneous, ranging from localized tumors to 
metastatic disease requiring intensive multimodal thera-
pies. Stage 4 NB shows metastatic dissemination and rep-
resents approximately 50 % of cases at diagnosis. In spite 
of an overall improvement in survival, conventional therapy 
for metastatic NB patients, based on chemotherapy, surgery 
and autologous hematopoietic stem cell transplantation, 
allows survival rates of approximately 30 % at 5 years [1, 
2]. Indeed, current therapeutic regimens frequently induce 
a minimal residual disease condition, often followed by a 
fatal outcome [3, 4]. In these patients, immunotherapy (IT) 
may provide an additional therapeutic strategy [5].

Cytokine administration is a consolidated IT option. One 
of the first cytokine shown to have anti-tumor activity in 
preclinical models of NB was IL-2 [6, 7]. IL-2 is currently 
used in the adjuvant phase of the European protocol for 
high-risk NB patients (www.siopen.org), where it enhances 
NK cell numbers [8]. Although clinical studies with IL-2 in 
melanoma and renal cancer provided evidences that activa-
tion of the immune response may lead to sporadic rejec-
tion of bulky tumors, complete responses to IL-2 therapy 
are only ≈7 % [9]. The limited activity of IL-2 may reflect, 
at least in part, its role in immune regulation [10], as IL-2 
mediates immune-suppressive regulatory T (Treg) cell sur-
vival and functions [11].

Conversely, IL-21, a recently identified member of the 
IL-2 family [12], shares some immune-enhancing activi-
ties with IL-2, but does not support Treg cell proliferation 
[13] and counteracts their immune-suppressive effects 
[14]. In vitro, it costimulates activated T, B and NK cell 
functions [15], favoring also the generation of CTLs poten-
tially suitable for adoptive IT [16, 17]. IL-21 induces the 
expansion of high-affinity CTLs also in vivo [18]. Recent 
data indicate that IL-21 promotes CTL activity through the 

transcription factor T-bet [19]. Data obtained in different 
mouse tumor models unveiled anti-tumor effects mediated 
by recombinant (r) IL-21 or IL-21-secreting tumor cells 
[20, 21]. These effects were related to the activation of NK 
and/or CTL responses [18, 22, 23] or, less frequently, to 
the induction of anti-tumor antibodies [24]. Interestingly, 
direct in vivo gene delivery of IL-21 potentiated the anti-
tumor effects of an antigen-specific vaccine in a NB model 
[25].

In view of the results from preclinical studies, rIL-21 
entered phase I and II clinical trials in patients with meta-
static renal cancer or melanoma. In these studies, rIL-21 
showed to be safe, well tolerated and able to induce both 
immune system activation [26] and clinical responses [27, 
28]. Indeed, in a recent phase II trial, in metastatic mela-
noma, rIL-21 showed an overall response rate of 22 % and 
increased overall survival [29].

We previously showed that IL-21-transduced murine 
NB cells, administered as a cellular vaccine, are effective 
in the treatment of disseminated syngeneic NB. In addi-
tion, the combination of this vaccine with CD4+ T cell-
depleting antibodies has cooperative effects, due to the 
removal of NB-instructed CD4+ CD25+ FoxP3+ Treg cells 
endowed with suppressive functions [30]. However, the use 
of genetically modified NB cell vaccines, already tested in 
NB clinical trials [31, 32], is costly and not always feasi-
ble. In order to more easily translate NB IL-21 treatment to 
the clinic, we tested rIL-21 alone or in combination with an 
anti-CD4 mAb in a preclinical model of disseminated NB. 
These data indicate that subcutaneous (sc) rIL-21, which 
shows per se limited anti-tumor effects, is highly effective 
when combined with an anti-CD4 mAb, through the acti-
vation of a CTL response. In addition, long-term memory 
to NB antigens requires re-populating CD4+ T cells, sug-
gesting that combination IT reprograms the CD4+ T cell 
compartment from immune-suppressive to anti-tumor 
functions.

Materials and methods

NB cell culture, animal model and treatments

Neuro2a/parental cells (pc) (CCL131, ATCC, Rockville, 
MD, USA) were grown in DMEM medium as described 
[22]. Five-week-old female A/J mice were purchased 
from Harlan (Udine, Italy). The animals were housed 
in pathogen-free conditions, and experiments were per-
formed according to the National Regulation on Animal 
Research Resources and approved by the Institutional 
Review Board. Groups of 5–14 mice were injected in 
the tail vein with 1 × 106 Neuro2a/pc (>90 % viable) in 
a volume of 100  μl of serum-free medium. Mice were 
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treated by subcutaneous (sc) injections of murine recom-
binant (r)IL-21 (R&D systems, Minneapolis, MN) at 
0.5–1  μg/mouse at days +2, +6, +9, +13, +15 from 
challenge. Anti-CD4 (GK 1.5) mAb (ATCC, Rockville, 
MD) was administered intraperitoneal (ip) at days +1, 
+5, +8, +11 (100 μg per dose). In the delayed combined 
IT, rIL-21 was administered at the dosage of 1  μg/dose 
sc at days +7, +9, +11, +12, +14, +17, and anti-CD4 
mAb (100 μg/dose) was given ip at days +6, +8, +10, 
+14. Mice were monitored for disease symptoms every 
other day (starting from 2 weeks after tumor challenge) 
and were euthanized for ethical reasons by CO2 asphyxi-
ation when they showed weight loss (>15 %), presence of 
tumor masses, abdomen swelling, “sick posture,” paresis 
of the posterior limbs or other neurological signs. Nec-
ropsy, followed by inspection and eventually by histologi-
cal analysis, confirmed the presence of tumors. Depletion 
studies were performed by ip injection of anti-CD8 (2.43) 
mAb at 100 μg/dose, as described [22]. As a control in 
vivo depletion studies, azide-free IgG2b negative control 
antibody, clone LO-DNP-11 (GeneTex Inc., San Anto-
nio, TX), was used. All the in vivo experiments were per-
formed at least twice with similar results.

Statistical analyses

Tumor-free survival curves were constructed using the 
Kaplan–Meier method, and the log-rank (Mantel–Cox) 
test was used to compare the curves. Mean tumor-free sur-
vival times were calculated with 95 % confidence interval. 
The t test was used to evaluate the differences in cytokine 
production or lymphocyte surface markers expression, in 
different groups of mice. All tests were two-sided. Statisti-
cal analyses were conducted using the Prism 3.0 software 
(Microsoft Inc., USA). p values lower than 0.05 were con-
sidered as significant.

Immunofluorescence and FACS analysis

Spleen or lymph node cells were stained using anti-NKp46-
PE, anti-CD39-APC, anti-CD44-PE, anti-CD103-APC, 
anti-CD4-FITC, anti-CD4-PE, anti-CD8-FITC, anti-CD8-
PE, anti-CD107a-PE and anti-CD25-PE (all from eBiosci-
ence, San Diego, CA), at the concentration indicated by 
manufacturer instructions. Specific mAb isotype-matched 
control was always used in each analysis. IFN-γ production 
was detected using MACS cytokine secretion assay (Milte-
nyi Biotec, Bologna, Italy) after overnight incubation of 
spleen cells with medium alone or a mixture of MHC-class 
I-restricted synthetic survivin epitopes (CPTENEPDL, 
MHC-class I Ld, GWEPDDNPI, MHC-class I Kk from TIB 
Molbiol, Berlin). Lyophilized peptides were dissolved in 
sterile water and used at a final concentration of 10 μg/ml 

each in culture medium. Cells producing IFN-γ were coun-
terstained with anti-CD8-PE. Samples were run on a FAC-
Scan or a FACScalibur analyzer (Becton–Dickinson).

Multiplex ELISA

Blood samples were collected from naïve or NB-bearing 
mice (untreated or receiving rIL-21 or anti-CD4 mAb 
alone or combined IT) at day +19 from iv tumor chal-
lenge. Blood samples were collected from cured mice at 
day +140 from NB implant. Serum samples were analyzed 
for cytokine and chemokine concentrations by a mag-
netic Milliplex Map kit (Millipore, Darmstadt, Germany) 
using a Luminex MagPix reader with xPONENT software 
(Millipore).

Treg cell separation and assay for suppressor function

Treg cells from either NB-bearing mice or long-term cured 
mice were isolated from the spleen of five mice for each 
group by immunomagnetic cell sorting (Miltenyi Biotec). 
The suppressive activity of Treg cells was evaluated on a 
proliferation assay using CFSE (Sigma-Aldrich St Louis, 
MO)-labeled spleen cells from naïve mice. Briefly, 2 × 105 
CFSE-labeled naïve A/J spleen cells were stimulated with 
soluble anti-CD3 mAb (10  μg/ml, 14.52.C11 clone) and 
cultured for 5 days in 96-well plates alone or in the pres-
ence of 25 × 103 Treg cells from either untreated NB-bear-
ing or long-term cured mice. The assay was performed in 
triplicate. CFSE-labeled cell proliferation was assessed by 
FACS analysis using a FACScan (Becton Dickinson).

Results

Anti‑CD4 mAb cotreatment potentiates IL‑21 
immunotherapy of disseminated NB

The therapeutic effect of rIL-21 on disseminated NB 
induced by Neuro2a/pc cell iv challenge in A/J mice was 
tested at dose levels of 0.5 and 1 μg/mouse sc five times, 
twice a week, starting at day +2 from NB implant. These 
dosages were comparable to those used in clinical trials 
(ranging from 30 to 200 μg/kg). At the 0.5 μg/mouse dose, 
rIL-21 had no effect, while at 1 μg/mouse, mean tumor-free 
survival increased from 20.5 ±  16.4 to 37.7 ±  34.2 days 
and one out of six of NB-challenged mice remained tumor 
free (p = n.s., by log-rank analysis; Fig. 1a).

We further studied possible cooperative effects of rIL-
21 and anti-CD4 mAbs in the same model. A significant 
increase in survival rate at both rIL-21 doses was observed 
relative to control groups receiving either PBS, anti-
CD4 mAb alone or rIL-21 associated with an irrelevant 
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isotype-matched antibody (Fig.  1b, c). These data indi-
cate a therapeutic synergy between rIL-21 and anti-
CD4 mAb. This effect is likely related to the removal of 
CD4+CD25high Treg cells, which increased in untreated 
tumor-bearing mice relative to naïve mice. Indeed, two-
color immunofluorescence analyses of lymph node (LN) 
and spleen cells showed a striking reduction in Treg cells in 
mice treated with the combination therapy at day 19 from 
tumor implant (Fig. 1d and representative dot plots in e).

We then examined whether rIL-21-based IT would be 
effective if started at a later time point. As shown in Fig. 2, 
rIL-21 alone at 1 μg per dose had no effect on mice survival 
when administration was begun 7 days after tumor implant. 
However, rIL-21 combined with anti-CD4 mAb cured 2/6 
mice at long term (>120 days) and significantly prolonged 
mice tumor-free survival (p = 0.001, by log-rank analysis).

CD8+ T cells mediate anti‑tumor responses

Previous data indicated that IL-21 is an inducer of CD8+ 
T cell [18, 22, 23] or antibody-mediated anti-tumor immu-
nity [24]. To assess whether CD8+ T lymphocytes mediate 
the therapeutic effect of rIL-21 and anti-CD4 mAb combi-
nation, we studied the expression of CD107a, a marker of 
CTL degranulation, and IFN-γ secretion. In addition, we 
tested their response to stimulation by a mixture of two 
synthetic CTL epitopes of the survivin antigen expressed 
by Neuro2a/pc cells [22, 33]. These assays were performed 
19  days after the first administration of combination IT, a 
time point at which all treatments had been already with-
drawn and untreated mice eventually begun to display signs 
of disease. In mice receiving combination IT, ex vivo-iso-
lated spleen cells showed greater percentages of CD107a+ 

Fig. 1   Anti-CD4 mAb augments rIL-21 immunotherapy. a Kaplan–
Meier analysis of A/J mice inoculated iv with a tumorigenic dose of 
Neuro2a/pc cells on day 0 and treated by sc rIL-21 at two dose levels 
or with vehicle only. Percentages of tumor-free mice are indicated on 
the y-axis, and the fraction of tumor-free mice of each group is given 
in brackets. b, c Combined administration of anti-CD4 mAb and rIL-
21 (as described in the treatment schedule) results in a synergistic 
effect leading to increased cure rate both at the 0.5 (b) and at the 1 μg 
(c) dose level (*p = 0.03 and **p = 0.027, respectively) relative to a 
control group of mice receiving rIL-21 and an irrelevant IgG mAb. A 
representative experiment out of two with consistent results is shown. 

d Combined treatment leads to a strong decrease in CD4+ CD25high 
Treg cells in spleen (open bars p < 0.002) and LN cells (black bars 
p  <  0.002) relative to untreated NB-bearing mice, which in turn 
showed increased proportions of Treg cells relative to naïve mice 
(p < 0.02 and p < 0.05, for LN and spleen, respectively). Tests were 
performed at 19  days after tumor cell challenge or at 140  days for 
cured mice. Treg cell percentages (mean ± SD) were lower in long-
term cured mice relative to naïve (p = 0.03 or p = 0.02 for LN and 
spleen, respectively) and tumor-bearing mice (p < 0.002 or p = 0.047 
for LN and spleen, respectively). e Representative two-color dot plot 
analyses of CD4+CD25+ cells from LN are shown
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CD8+ CTLs relative to untreated NB-bearing mice or naïve 
mice (Fig.  3a, b). CD107a+ CTLs further increased upon 
in vitro stimulation with the survivin epitopes (Fig. 3a, b). 
These findings suggest the existence of a CD8+ T cell popu-
lation specifically reactive to NB-related tumor antigens. 
Accordingly, CD8+ cells, spontaneously secreting IFN-γ, 
increased in the spleen of mice receiving combination IT 
with respect to untreated mice (Fig. 3c, d). However, stimu-
lation with survivin epitopes could not significantly increase 
the fraction of CD8+ IFN-γ secreting cells (Fig. 3c, d).

Since NK cells may also contribute to combination IT, 
we studied CD107a and IFN-γ expression on NKP46+ 
cells. NK cells from mice treated with combination IT 
showed a partial increase in CD107a or IFN-γ expression, 
relative to that of untreated mice (Supplemental Figure 1). 
However, spleen cells from mice receiving combined IT 
showed no significant changes in cytotoxic activity against 
the NK-sensitive YAC cells (not shown).

To achieve more information on cytokines potentially 
involved in the therapeutic effect of combination IT, we 
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Fig. 2   Delayed combination immunotherapy increased survival of 
NB-bearing mice. Kaplan–Meier analysis of tumor-free survival of 
groups of NB-bearing A/J mice either untreated or treated s.c. with 
1 μg rIL-21/dose starting at day +7 from NB implant, with anti-CD4 
mAb alone or with a combination of the two treatments as detailed in 

the treatment schedule. Percentages of tumor-free mice are indicated 
on the y-axis, and the fraction of tumor-free mice of each group is 
given in brackets. Only combined administration of anti-CD4 mAb 
and rIL-21 had a significant effect on mice survival (p =  0.001 by 
log-rank test) relative to untreated mice

Fig. 3   Involvement of CD8+ 
T cells in combined immu-
notherapy. a CD8+ CD107a+ 
CTLs are increased in the 
spleen from mice treated with 
combination IT relative to naïve 
or untreated tumor-bearing 
mice. Overnight stimulation 
with a mixture of two survivin 
synthetic epitopes significantly 
increases the proportion of 
CD8+ CD107a+ (mean ± SD) 
in spleen cells from mice 
receiving combination IT. b 
Representative dot plots of 
immunofluorescence analysis 
for CD107a detection on CD8+ 
T cells. c The proportion of 
CD8+ T cells producing IFN-γ 
(mean ± SD) are increased in 
mice receiving combination IT, 
and stimulation with survivin 
epitopes did not increase the 
percentage of CD8+IFN-γ+ 
cells. d Representative dot plots 
of immunofluorescence analysis 
for intracellular IFN-γ detection 
in CD8+ T cells. p values are 
indicated in panels a and c
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tested a panel of cytokines and chemokines by multiplex 
cytokine ELISA in sera from treated and untreated NB-
bearing mice, collected 19  days after the first therapy 
administration. Increased concentrations of IFN-γ, as 
well as the IFN-γ-dependent anti-angiogenic chemokines 
CXCL9 (MIG) and CXCL10 (IP10), were observed in 
mice treated with combination IT with respect to untreated 
mice (Fig. 4a). IL-2 appeared also increased, although not 
significantly (data not shown).

Finally, CD8+ T cell depletion experiments were car-
ried out. As shown in Fig. 4b, all mice receiving combina-
tion IT associated with a depleting anti-CD8 mAb devel-
oped disseminated NB in a similar fashion as untreated 
mice. On the opposite, coadministration of an irrelevant 
mAb did not hamper the effect of the combination IT. 
Altogether these data support the concept that combina-
tion IT induces tumor rejection through a CD8+ T cell 

response and skews the immune response toward a type 1 
polarization.

CD4+ T cell depletion is followed by reconstitution

In order to verify whether antibody-mediated CD4+ T 
cell depletion was a transient event, we analyzed total 
CD4+ and Treg cell reconstitution in the spleen and LN 
of mice receiving combination IT. At 14 and 28 days from 
iv tumor cell challenge, CD4+ T cell values decreased by 
>90 %, while, at day +40, CD4+ T cell number recovered 
to approximately 50  % of the pretreatment levels both in 
the spleen and in the LN (Supplemental Figure  2A). In 
long-term cured mice, the CD4+ T cell pool was almost 
completely restored 140  days after Neuro2a/pc chal-
lenge (Supplemental Figure  2A). During reconstitution, 
CD4+ CD25high Treg cells showed a parallel recovery 

Fig. 4   In vivo role of cytokines 
and CTLs during combination 
IT. a Serum IFN-γ, CXCL10 
and CXCL9 levels, measured 
at 19 days after tumor induc-
tion, in naive mice, untreated 
tumor-bearing mice and in mice 
treated with single agents or 
combined immunotherapy. Data 
are shown as mean values + SD 
in groups of five mice each, 
*p < 0.03. b Effect of CD8+ 
T cell depletion on combina-
tion immunotherapy. In mice 
depleted of CD8+ T cells by an 
anti-CD8 mAb, combination IT 
is ineffective as compared to a 
control group receiving combi-
nation IT and an irrelevant IgG 
mAb (*p = 0.0003 log-rank 
test). A representative experi-
ment out of two with consistent 
results is shown
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(Supplemental Figure 2B). However, at 140 days, the per-
centages of CD4+CD25high Treg cells found in spleen and 
LN were significantly lower than those found in naïve or 
untreated tumor-bearing mice (Supplemental Figure  2B 
and Figure 1D and E). After combination IT, the percent-
ages of CD8+ and NKp46+ cells transiently increased and 
returned to baseline levels after complete reconstitution 
(Supplemental Figure 2C and 2D, respectively).

We then tested whether combination IT would also alter 
the phenotypic and suppressive functions of reconstitut-
ing Treg cells. Immunofluorescence analyses of CD4+ 
CD25high Treg cells from long-term cured mice showed 
no significant differences in the expression of CD39 and 
CD103, two markers of Treg suppressor activity [34, 35], 
relative to the Treg cells from tumor-bearing or naïve 
mice (Supplemental Figure  3). Accordingly, Treg cells 
isolated by immune magnetic cell sorting from the spleen 

of untreated NB-bearing mice or long-term cured mice 
showed similar suppressive functions on naïve responder 
T cells stimulated with anti-CD3 mAb (Fig. 5). Altogether 
these findings indicate that, after combined IT, functionally 
active Treg cells re-populate lymphoid organs, although at 
lower proportions than those found in tumor-bearing and 
naïve mice.

Long‑term immunity by combination immunotherapy 
requires both CD8+ and CD4+ T cells

To assess whether long-term cured animals treated by com-
bination IT developed persistent immunity to NB, they 
were re-challenged with tumor cells 150 days after the first 
Neuro2a/pc cell injection. Indeed, 60 % of mice remained 
tumor free after a re-challenge, while 100 % of naïve mice, 
simultaneously injected with Neuro2a/pc cells, developed 

Fig. 5   Functional suppressor activity of CD4+ CD25high Treg cells 
isolated from the spleen of untreated tumor-bearing (right mid-
dle panel) or long-term cured mice (right lower panel) on naïve 
responder T cells. Spleen Treg cells isolated by immunomagnetic cell 
sorting (dot plot analysis indicating purity of sorted cells is shown in 
the left) were tested at a 1:8 (Treg:responder T cell) ratio in an anti-

CD3 mAb proliferation assay. CFSE-labeled spleen cells from naïve 
mice were used as responder cells. The right upper panel shows pro-
liferation of naïve T cells in the absence of added Treg cells. Experi-
ments are representative of three replicates with similar results. 
Inhibition of CSFE dilution was significant for both untreated NB-
bearing and long-term cured mice Treg cells (p < 0.05)
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tumor (Fig.  6a). A group of cured mice receiving an 
anti-CD8-depleting mAb, concomitantly with Neuro2a/pc 
re-challenge, developed NB growth in a similar fashion as 
naïve mice (Fig. 6a). In addition, the percentage of CD8+ 
CD44high memory T cells increased in the spleen of cured 
mice relative to naïve or tumor-bearing mice (Fig. 6b). This 
finding further supports the essential role of CD8+ T cells 
in the memory response to NB antigens.

We then investigated the role of CD4+ T cells, which re-
populate mice after successful combination IT, in long-last-
ing immunity. Administration of anti-CD4 mAb to long-
term cured mice, re-challenged with NB cells, reduced the 
anti-tumor response, and all mice finally developed tumors. 
However, the kinetics of tumor growth differed between 
mice depleted of CD8+ or CD4+ T cells, being slower in 
the latter group of mice (Fig. 6a). In spite of their role in 
the memory response to NB, after reconstitution, the per-
centage of CD4+ CD44high memory cells were lower in 
mice receiving combined IT than in naïve or tumor-bearing 
mice (Fig. 6c). The decrease in the number of memory T 
cells may depend on the reconstitution of the T cell pool 

by a new population of naïve CD4+ cells, of which only a 
subset had already been stimulated by NB antigens. These 
data indicate that although transient CD4+ T cell removal 
augments rIL-21 efficacy against disseminated NB, CD4+ 
T helper (Th) cells, which re-populate long-term cured 
mice, are necessary to maintain an efficient CTL memory 
response.

Discussion

In this report, we show that sc rIL-21 treatment mediates a 
limited anti-tumor effect in a syngeneic model of systemic 
NB, as only a minority of mice showed prolonged survival 
at the highest dose used. Similarly, recent data of clinical 
trials in metastatic renal carcinoma or melanoma showed 
that rIL-21 IT has limited toxicity and induces clinical 
responses in about 20 % of patients [27–29] and increased 
survival [29]. Thus, the search of combinatorial treat-
ments capable of augmenting rIL-21 therapeutic effects 
seemed a relevant goal. In the present study, the combined 
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administration of an anti-CD4 mAb strongly potentiated 
rIL-21 IT in a preclinical NB model, resulting in a signifi-
cant increase in the efficacy of treatment, and supporting 
clinical applications. This treatment was maximally active 
if started at early time points after NB implant, although 
it was partially active in mice with larger tumor burden. 
Nonetheless, a potential limitation of this work is related 
to the use of a single mouse model of syngeneic NB, and 
further investigation in transgenic mice, which develop 
spontaneous NB [36], might be needed to corroborate these 
data, before undertaking clinical studies.

The synergistic effect of anti-CD4 mAbs combined 
with rIL-21 may relate to the depletion of NB-instructed 
CD4+ Treg cells. Indeed, CD4+ CD25high cells endowed 
with immune-suppressive properties increase in different 
human and experimental tumors [37–39], including synge-
neic NB [30]. Anti-CD4 mAb was effective at eliminating 
CD4+ CD25high Treg cells, but we cannot formally exclude 
that other CD4+ cell subsets, such as Tr1 [40], or type II 
NK-T cells [41] could play a role in immune suppression, 
in murine NB.

Previous studies suggested that CD4+ T cell deple-
tion skews the immune response toward type 1 polariza-
tion [42]. However, in the present study, IFN-γ and the 
IFN-γ-dependent Th1 chemokines CXCL9 and CXCL10 
increased in mouse serum during combination IT, but not 
after anti-CD4 mAb or rIL-21 treatment as single agents. 
It is likely that the Th1 polarizing effect of CD4 depletion 
cannot be detected at the level of circulating cytokines, 
but this effect is synergistically boosted by IL-21. Indeed, 
this cytokine potentiates CTL responses and induces pro-
duction of IFN-γ and IFN-γ-dependent CXC chemokines 
endowed with anti-angiogenic properties in vivo [23]. In 
fact, the cooperative effect of anti-CD4 mAb and rIL-21 
is strictly dependent on the induction of a CD8 response 
as CD8+ T cell depletion resulted in a complete inefficacy 
of this combination therapy. In addition, IFN-γ-producing 
and CD107a+ CTLs increased in mice receiving combined 
treatment relative to untreated tumor-bearing mice. These 
data suggest that CD8+ CTLs that recognize NB cells 
increase and are functionally active in vivo in response to 
combination IT. This possibility is also supported by the 
ability of synthetic epitopes of the survivin antigen to fur-
ther activate CD8+ T cells from treated mice as detected by 
degranulation assays. Other reports had shown that IL-21 
also increases the cytotoxic functions of NK cells [15]. 
At the doses used herein, we found only a minor increase 
in IFN-γ+ or CD107a+ NKp46+ cells without signifi-
cant changes in NK activity, although we cannot exclude 
that NK cells may also contribute to the early anti-tumor 
response during combined IT.

It is well known that CD8+ T cell responses require 
the support of Th1-derived cytokines, which mediate 

CTL differentiation and proliferation. In the combina-
tion IT setting, the requirement of a Th response in CD4-
depleted mice was bypassed by the supply of exogenous 
rIL-21, which is a Th-derived cytokine and an inducer of 
CTL activity [15–23]. In fact, the administration of anti-
CD4 mAb in the absence of rIL-21 did not result in the 
cure of NB-bearing mice. Similar findings were previously 
observed with the use of an IL-21-secreting NB cell vac-
cine, whose anti-tumor activity cooperated with anti-CD4 
mAb treatment [30]. Moreover, CD4+ cell depletion aug-
mented another combinational NB therapy, based on syn-
geneic hematopoietic stem cell transplantation, adoptive 
transfer of NB-sensitized T cells and post-transplantation 
tumor vaccination [43]. Although this combined treatment 
mediated an early increase in tumor-reactive CD8+ T cells 
with an effector phenotype, the induction of long-lasting 
immunity to NB was compromised in mice cotreated with 
anti-CD4 mAb as evidenced by tumor re-challenge experi-
ments. This finding is in agreement with the accepted view 
that the concomitant induction of CD4+ Th cell responses 
is essential for a long-lasting effect of cancer IT [44]. 
Importantly, in the present study, the use of rIL-21 IT com-
bined with a short treatment with anti-CD4 mAb mediated 
a transient CD4+ T cell depletion, followed by a progres-
sive reconstitution of the CD4+ T cell pool and the devel-
opment of long-lasting immunity to NB. Notably, this 
memory response occurs in the absence of exogenously 
added Th cytokines, such as IL-21. Indeed, full immunity 
to NB in cured mice required both CD8+ and CD4+ T cell 
subsets, as the depletion of either subset, respectively, abol-
ished or reduced the resistance to NB cell re-challenge. 
However, CD8-depleted mice showed a more rapid mortal-
ity after NB re-challenge than the CD4-depleted ones, indi-
cating a crucial role of CD8+ cells in the memory response 
to NB; indeed, CD8+ CD44high cells increased in long-term 
cured mice. This finding indicates that CD8+ T cells may 
be partially active without CD4+ T lymphocytes, which are 
required for a full CTL response and the complete eradi-
cation of re-challenged NB cells. Although total CD4+ 
CD44high memory T cells decreased in mice cured by com-
bined IT, it is likely that memory CD4+ T cells reactive 
to NB may develop during CD4+ T cell re-population of 
the host, when NB antigens or residual NB cells may still 
be present. In addition, these data suggest that rIL-21 and 
transient T cell depletion are followed by a switch from a 
CD4+ T cell repertoire characterized by immune-suppres-
sive properties to the re-constitution of a “reprogrammed” 
CD4+ T cell compartment, which contains cells capable 
of providing an effective help to CD8+ effector T cells. 
IL-21 may play a role in this reprogramming as it does 
not support Treg cell expansion [13] and may inhibit the 
functions of Treg cells [14]. However, functionally active 
CD4+ CD25highCD39+ Treg cells re-populate cured mice, 
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but their proportion was lower than in naïve and untreated 
NB-bearing mice.

The availability of cell-depleting anti-CD4 mAbs for 
clinical use in humans [45, 46], together with the very 
encouraging results shown by rIL-21 therapy in other meta-
static cancers [29], suggests that a similar combination 
treatment may be attempted in NB patients. Notably, in 
cutaneous and non-cutaneous T cell lymphomas, anti-CD4 
mAbs were effective in depleting CD4+ T cells, without 
significantly increasing the risk of concomitant infections 
[45, 46]. In conclusion, these data suggest that combination 
rIL-21 immunotherapy and CD4+ lymphocyte depletion 
may represent a new therapeutic strategy, which could inte-
grate conventional therapies for refractory or relapsing NB.
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