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Abstract Interleukin (IL)-21 is a recently discovered

cytokine in early clinical development, which has

shown anti-tumor activity in various animal models. In

the present study, we examine the anti-tumor activity

of IL-21 protein therapy in two syngeneic tumor

models and its effect on the density of tumor infiltrat-

ing T cells. We treated mice bearing established sub-

cutaneous B16 melanomas or RenCa renal cell

carcinomas with intraperitoneal (i.p.) or subcutaneous

(s.c.) IL-21 protein therapy and subsequently scored

the densities of tumor infiltrating CD4+ and CD8+ T

cells by immunohistochemistry. Whereas both routes

of IL-21 administration significantly inhibited growth

of small, established RenCa and B16 tumors, only s.c.

therapy significantly inhibited the growth of large,

established tumors. We found a greater bioavailability

and significant drainage of IL-21 to regional lymph

nodes following s.c. administration, which could ac-

count for the apparent increase in anti-tumor activity.

Specific depletion of CD8+ T cells with monoclonal

antibodies completely abrogated the anti-tumor activ-

ity, whereas NK1.1+ cell depletion did not affect tumor

growth. In accordance, both routes of IL-21 adminis-

tration significantly increased the density of tumor

infiltrating CD8+ T cells in both B16 and RenCa tu-

mors; and in the RenCa model s.c. administration of

IL-21 led to a significantly higher density of tumor

infiltrating CD8+ T cells compared to i.p. administra-

tion. The densities of CD4+ T cells were unchanged

following IL-21 treatments. Taken together, these data

demonstrate that IL-21 protein has anti-tumor activity

in established syngeneic tumors, and we show that

IL-21 therapy markedly increases the density of tumor

infiltrating CD8+ T cells.
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IL-21 Interleukin 21

i.v. Intravenous

i.p. Intraperitoneal

s.c. Subcutaneous

TILs Tumor infiltrating lymphocytes
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NK cells Natural killer cells

CTLs Cytotoxic T lymphocytes

AOI Area of interest

AUC Area under the curve

WT Wild type

LN Lymph node

IP-10 Interferon-inducible protein 10

MIG Monokine induced by interferon gamma

I-TAC Interferon-inducible T cell alpha

chemoattractant

Introduction

Successful immune-based cancer therapy needs to en-

hance the interaction and/or reactivity between the

immune system and the cancer cells. In tumor immu-

nity, tumor infiltrating lymphocytes (TILs) are re-

garded as the primary effector cells, and the number of

TILs has previously been correlated with prolonged

survival in cancer patients [6,18]. The number of tumor

infiltrating CD8+ T cells and the CD8+/CD4+ T cell

ratio have been shown to be independent prognostic

factors for improved survival in several different hu-

man cancers [21,22,28,30]. Thus, novel treatments able

to increase the number of tumor-specific, tumor-infil-

trating immune effector cells could hold a promising

clinical future.

IL-21 is the latest member of the common c-chain-

dependent cytokine family and is currently in early

clinical development for the treatment of cancer. IL-21

was discovered as a product of activated CD4+ T

helper cells, and its unique receptor IL-21R has been

identified on a broad range of immune cells including

B, T, NK, and dendritic cells [3,23]. IL-21 has pleio-

tropic immune modulatory activity, which has shown

encouraging anti-tumor effects in several different

animal models [16]. CD8+ cytotoxic T lymphocytes

(CTLs), NK cells, or both have been identified as the

main mediators of IL-21 anti-tumor activity [16], and in

this respect IL-21 has been suggested to play a role in

the transition from innate to adaptive immunity [14].

However, it remains to be shown whether its anti-tu-

mor activity in vivo is mediated by modulation of the

tumor infiltrating effector cell populations. In vitro, IL-

21 stimulation induced the differentiation and matu-

ration of human NK cells from progenitor cells [23,31]

and also increased the cytolytic activity of mature

activated human NK cells [23]. Murine NK cells have

shown more biphasic responses to IL-21 stimulation

in vitro, depending on IL-21 concentration, co-stimuli,

and cell maturation stage [14,24,36]. In mice and

humans, IL-21 has been shown to increase the expan-

sion of antigen stimulated CD8+ cytotoxic T cells as

well as enhance their cytolytic activity in vitro

[14,17,39]. In vivo, IL-21 has been shown to enhance

the expansion, activity, and long-term survival of

ovalbumin-specific CD8+ T cells detected in lymph

nodes (LNs) in mice bearing ovalbumin-expressing

E.G7 lymphomas [20]. Based on these results we

anticipate that IL-21 in vivo is able to increase the

number and/or reactivity of TILs.

In previous studies of IL-21-mediated anti-tumor

activity, the cytokine was primarily administered via

plasmid gene delivery [38], tumor cell secretion

[7,8,19,37], or used in systems where the immune re-

sponse was enhanced by introduction of foreign anti-

gens or adoptive transfer of tumor specific lymphocytes

[13,20,26,39]. Clearly the effects of IL-21 protein

therapy also need to be investigated in simple

syngeneic models using more conventional routes of

administration, which are more clinically relevant. The

use of IL-21 protein therapy in a native syngeneic

model could help to determine whether IL-21 is able to

modulate TILs in vivo. The evaluation of s.c. admin-

istration of IL-21 is of major interest for the clinical

application of IL-21 because of patient convenience

and since increased tolerability and sustained efficacy

has been shown in clinical trials with IL-2 by this route

of administration [11].

In this study, we demonstrate the anti-tumor effects

of s.c. and i.p. IL-21 protein therapy in two syngeneic

tumor models. Our data indicate that IL-21 protein via

both routes of administration can inhibit established

tumor growth and that s.c. administration could be

applicable in the clinic. Furthermore, we show that IL-

21 therapy strongly increases the density of CD8+ TILs

without changing the CD4+ TILs, and that the CD8+ T

cells are essential for the IL-21-induced anti-tumor

activity.

Materials and methods

Mice

Wild type (WT) female C57BL/6 and BALB/c mice

were purchased from Taconic Europe A/S, Lille

Skensved, Denmark, whereas female C57BL/6 nude

mice (B6.Cg/Ntac-Foxn1nu N9) were acquired from

Taconic, Hudson, NY, USA. The animals were 6 weeks

old on arrival and were allowed to acclimatize for at

least one week before start of experiments. WT mice

were housed in a standard animal facility whereas nude

mice were isolated in an immunodeficient facility sep-

arated by a barrier. Light was controlled on a 12-h
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light–dark cycle, and the animals were given free access

to food and drinking water. The animals were observed

daily for clinical signs and their body weights were re-

corded regularly. All experiments were conducted in

accordance with corporate and governmental policies.

Cell lines

C57BL/6 derived B16 (F0) melanoma cells (American

Type Culture Collection (ATCC), CRL-6322) and

BALB/c derived RenCa renal cell carcinoma cells

(kindly provided by Dr. Robert H. Wiltrout, NCI at

Frederick, MD, USA) were cultured in RPMI 1640 with

GlutaMAXTM supplemented with 10% heat-inactivated

FCS, sodium pyruvate (RenCa only), non-essential ami-

no acids (RenCa only), and 5% penicillin-streptomycin

(all from GIBCO Cell Culture, Invitrogen, Denmark).

Reagents and antibodies

Recombinant murine IL-21 (IL-21) protein was pro-

vided by Novo Nordisk A/S, Denmark and Zymoge-

netics, Inc., WA, USA and used in all experiments. The

stock solutions contained IL-21 in a concentration of

5.5–10 mg/ml and working preparations were diluted in

PBS. Radioactive 125I conjugated IL-21 was produced

at Novo Nordisk A/S, Denmark. The depleting anti-

mouse CD8 (clone 2.43, TIB-210 from ATCC) and

anti-mouse NK1.1 (clone PK136, HB191 from ATCC)

monoclonal antibodies were obtained from superna-

tants of hybridomas cultured at Novo Nordisk A/S,

Denmark. The antibodies were purified in-house by

affinity chromatography. For the histological exami-

nation we used rat anti-mouse CD4 (L3T4, clone

RM4–5) (BD Pharmingen, CA, USA), rat anti-mouse

CD8 (Ly-2, clone 53–6.7) (BD Pharmingen, CA,

USA), rat serum IgG2a (Serotec, UK), and biotin-

conjugated donkey anti-rat IgG (Jackson ImmunoRe-

search Laboratories, Inc., PA, USA).

In vivo tumor models

On day 0, C57BL/6 or BALB/c mice were inoculated

s.c. in the right flank with 105 B16 melanoma or RenCa

renal cell carcinoma cells, respectively. All mice were

randomized and ear-tagged prior to treatment. The

tumor volume was measured as two perpendicular

diameters approximately three times per week, and

calculated by the following formula:

Volume ¼ p
6
� d2

1 � d2 if d1\d2;

where d represents the two diameters:

Treatment with IL-21 was either initiated early with

~5 mm3 mean tumor volume or late with ~50 mm3

mean tumor volume. Fifty lg of IL-21 or PBS in a

dosing volume of 200 lL was administered either

intraperitoneally (i.p.) or subcutaneously (s.c.) in the

contralateral flank 1x/daily in the C57BL/6-B16 model

and 3x/week in the BALB/c-RenCa model. The 50 lg

dose was chosen on the basis of dose-titration experi-

ments prior to this work (data not shown). Termination

criteria were a tumor volume of 1,000 mm3 or more

than 20% weight loss from time of cell inoculation.

In vivo immune cell depletion

In vivo CD8+ and NK1.1+ cell depletion was performed

by using anti-mouse CD8 (clone 2.43) and anti-mouse

NK1.1 (clone PK136) monoclonal antibodies, respec-

tively, as previously reported [33]. C57BL/6 mice

inoculated s.c. in the right flank with 105 B16 mela-

noma cells were injected with antibodies (100 lg/

mouse) i.p. on day –1, 0, 6, and 12 in relation to the

onset of treatment. Treatment with 50 lg IL-21

administered s.c. was initiated when mean tumor

volume had reached ~5 mm3 corresponding to early

treatment. Prior to the experiment, the dose and

schedule of the depleting antibodies were verified by

flow cytometry analysis showing complete depletion of

CD8+ and NK1.1+ cells throughout the course of the

experiment (data not shown).

In vitro tumor cell proliferation assay

Potential effects of IL-21 on the growth of B16 mela-

noma cells and RenCa carcinoma cells in vitro were

examined in a colorimetric assay using the prolifera-

tion reagent 4-[3-(4-Iodophenyl)-2-(4-nitrophenyl)-2H-

5-tetrazolio]-1,3 benzene disulfonate (WST-1) (Roche

diagnostics GmbH, Germany). Briefly, 3000 B16 or

RenCa cells/well were incubated in 96-well plates in

their appropriate media and stimulated with increasing

concentrations of IL-21 protein. After 48 h cell growth,

cells were incubated with WST-1 for 2 h at 37�C.

Absorbance at 450 nm was used to determine the rel-

ative proliferation of cells.

IL-21 pharmacokinetics

IL-21 was administered intravenous (i.v.), i.p. and s.c.

(50 lg/animal) to BALB/c mice. Mice were anesthe-

tized with FORENE� Isoflurane (Abbot Scandinavia

AB, Sweden) after 5 min, 15 min, 30 min, 1 h, 2 h, 4 h,

and 8 h post injections, blood was collected from the

retro-orbital sinus, and a DuoSet sandwich ELISA kit
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was used to detect IL-21 protein in the serum (R&D

systems, Inc., MN, USA). Briefly, goat anti-mouse IL-

21 antibodies were coated overnight onto a 96-well

plate at RT. Serum samples were diluted 1:10 or 1:100

in PBS with 1% BSA and IL-21 standards were like-

wise supplemented with normal mouse serum. A bio-

tin-labeled goat anti-mouse IL-21 antibody was used as

detection antibody, and for the color reaction strepta-

vidin-HRP with tetramethylbenzidine (TMB) was used

as substrate (Sigma–Aldrich Chemie GmbH, Ger-

many). The result was measured as absorbance at

450 nm. The lower limit of detection was ~0.06 ng/ml

with a dynamic range of 0.06–100 ng/ml. The serum

concentration-time data were analyzed by a non-com-

partmental pharmacokinetic analysis using WinNonlin

Professional (Pharsight, Inc., CA, USA) based on a

sparse blood sampling schedule, where the mean serum

concentration-time profiles of blood samples from

three animals per time point were performed. The area

under the curve (AUC), a measure of drug exposure

and the bioavailability are reported.

IL-21 biodistribution

Mice were injected i.p. with 0.05 ml of 125I-IL-21

(~2 lCi/animal) or Na125I as control in the lower right

abdominal quadrant or subcutaneously in the right foot

pad in order to use the popliteal LN as an exclusive

lymph drainage site. After 15 min, 30 min, 1 h, 2 h,

4 h, 6 h, and 8 h animals were sacrificed and the fol-

lowing tissues/organs were collected and analyzed:

heart, lungs, liver, spleen, kidneys, thyroidal gland,

small and large intestines, mesenteric LNs, right and

left popliteal LNs, and skin at injection site after s.c.

administration, i.e. the foot. Na125I solution was used

to monitor how free 125I would behave contra protein

bound 125I in order to detect if the 125I from the protein

was detached in vivo (data not shown). The c-radiation

was measured in all samples by a Cobra Auto-Gamma

gamma-counter (PerkinElmer, Inc., MA, USA) and

related to the total c-radiation of the initial injected

dose of 125I-IL-21 in %.

Immunohistochemistry of tumor infiltrating T cells

Six lm cryo-sections were made from tumor biopsies

taken out at termination of the therapeutic studies.

Sections were immunohistochemically stained with rat

anti-mouse CD4 (clone RM4-5) or rat anti-mouse CD8

(clone 53-6.7) antibodies (5 lg/ml), whereas rat serum

IgG2a was used as matching isotype control. Biotin-

conjugated donkey anti-rat IgG (diluted 1:3,000) was

used as secondary antibody. Sections were fixed in 4%

paraformaldehyde at 4�C and endogenous biotin

activity was blocked using Biotin blocking system from

Dako A/S, Denmark. Prior to the antibody stainings

non-specific binding was blocked by incubation in TBS

with 3% skim milk, 3% BSA, and 7% donkey serum.

Incubation with the primary antibodies was made at

4�C over night followed by 1 h incubation at RT with

the secondary antibody both diluted in TBS with 0.5%

skim milk, 3% BSA, and 7% donkey serum. Strepta-

vidin conjugated alkaline phosphatase and Liquid

Permanent Red Chromogen (Dako A/S, Denmark)

was used to visualize positive cells and sections were

counterstained with Mayer’s hematoxylin to reveal

nuclei morphology.

Quantification of tumor infiltrating T cells

A stereological method was established to quantify

the density of tumor infiltrating T cells. Images from

immunohistochemically stained tumor sections were

analyzed via online light microscopy at 20· magnifi-

cation using C.A.S.T. grid software ver. 2.3.1.3 from

Olympus Denmark A/S, Denmark. In all tumor sec-

tions (one from each tumor) the density of tumor

infiltrating lymphocytes was blindly scored counting all

positive cells intratumorally and relating them to an

area of interest (AOI), representing the total tumor

area measured stereologically, excluding necrotic tu-

mor tissue and non-tumor tissue such as peritumoral

connective tissue. The C.A.S.T. grid software and a

motorized stage system enabled side by side imaging to

ensure that no area was evaluated twice or omitted.

Statistics

Student’s t-test (two-tailed, assuming equal variance)

was used for statistical evaluations of differences be-

tween treated and control groups. Data are shown as

mean ± SEM and a P value less than 0.05 was con-

sidered statistically significant.

Results

IL-21 does not inhibit B16 or RenCa tumor cell

growth in vitro

To determine whether IL-21 protein had any direct

inhibitory effects on B16 or RenCa tumor cells we

performed a tumor cell proliferation assay with increa-

sing concentrations of IL-21 (0–5,000 ng/ml). We found
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no effects on B16 or RenCa cell growth after 48 h

incubation (Fig. 1). Consistent with these results, no IL-

21 receptor mRNA expression in either tumor cell line

examined by quantitative RT-PCR analysis was found

(data not shown).

Subcutaneous IL-21 protein therapy significantly

inhibits B16 and RenCa tumor growth

Subcutaneous syngeneic B16 and RenCa tumors were

established in their respective hosts, C57BL/6 and

BALB/c mice, by injection of 105 cells/animal. In both

models IL-21 treatment was initiated either early, when

tumors were just palpable (~5 mm3 mean tumor vol-

ume), or late, when tumors were more established

(~50 mm3 mean tumor volume).

Early treatment with IL-21 using either route of

administration showed significant (P < 0.001) growth

inhibition of B16 melanoma tumors (Fig. 2a). In the

early treatment of RenCa carcinomas only s.c. admin-

istration of IL-21 showed significant growth inhibition

(P < 0.001), whereas i.p. administration showed a

borderline significant growth inhibition (P = 0.06)

(Fig. 2b). The difference between s.c. and i.p. admin-

istration in the early treatment of RenCa carcinomas

was likewise close to statistical significance (P = 0.09).

In the late treatment regimens s.c. administration of

IL-21 showed significant (P < 0.05) growth inhibition

in both models, whereas i.p. administration was

unable to significantly inhibit tumor growth (Fig 2c, d).

Generally, the late treatment regimen showed less

growth inhibition than the early treatment, and s.c.
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administration appeared to be more efficient than i.p.

administration, although this difference did not reach

statistical significance (Fig. 2).

Alongside these results, we monitored animal

weight and general health in response to IL-21

administration and found no treatment associated ef-

fects on animal health (data not shown), suggesting

that the treatment was well tolerated.

CD8+ T cells are essential for the anti-tumor

activity of IL-21

In order to determine which immune effector cells

were important for the anti-tumor activity of IL-21

protein in our models, C57BL/6 nude mice and wild

type (WT) mice specifically depleted of CD8+ T cells

or NK1.1+ cells were used. As shown in Fig. 3a, early

s.c. IL-21 protein therapy was unable to inhibit B16

tumor growth in C57BL/6 nude mice. C57BL/6 nude

mice are fully NK cell competent and T cell deficient,

verified by flow cytometry (data not shown). This result

suggests that T cells and not NK cells are essential for

the anti-tumor activity of IL-21 in this model. To fur-

ther examine the specific cell types involved in the anti-

tumor activity, we depleted B16 tumor-bearing C57BL/

6 WT mice with anti-CD8 and/or anti-NK1.1 antibod-

ies prior to treatment start with s.c. IL-21 again initi-

ated early. As shown in Fig. 3b, significant anti-tumor

activity was still exhibited in NK.1.1+ cell-depleted

animals (P < 0.01) compared to vehicle controls,

whereas CD8+ T cell depletion completely abrogated

the tumor growth inhibition of IL-21. Together, these

results show that CD8+ T cells are the essential cells for

the anti-tumor activity of IL-21 in our model.

IL-21 significantly increases the density of tumor

infiltrating CD8+ T cells

Based on the finding that CD8+ T cells were respon-

sible for the anti-tumor activity in our models we

examined whether IL-21 increased the number of tu-

mor infiltrating CD8+ T cells as a possible mechanism

of action. Immunohistochemistry was used to stain

CD4+ and CD8+ T cells in tumor biopsies from our

in vivo therapeutic studies. One section from each tu-

mor biopsy obtained at the end of the late treatment

experiments was stained (Fig. 2c, d). The density of

TILs was scored by counting all positive cells in a

stereologically defined area of interest (AOI) in which

necrotic areas and peritumoral connective tissue were

excluded. Thus, our results reflect the density of in-

tratumoral infiltrating lymphocytes, which are in direct

contact with tumor cells and have the potential of

performing cytotoxic effects. Representative pictures

of anti-CD8 stained B16 melanomas and RenCa car-

cinomas with and without IL-21 treatments are shown

in Fig. 4. In B16 melanomas the density of tumor

infiltrating CD4+ T cells was unchanged following IL-

21 treatments (Fig. 5a), whereas the density of CD8+ T

cells showed a significant 7–10-fold increase (P < 0.05)

following i.p. and s.c. administration of IL-21 (Fig. 5b).

In RenCa carcinomas the density of CD4+ T cells was

likewise unchange after IL-21 treatments (Fig. 5c) and

the density of CD8+ T cells was increased 3-fold after

i.p. administration (P < 0.05) and 8-fold after s.c.

administration (P < 0.01) of IL-21 (Fig 5d). Moreover,

the difference between i.p. and s.c. IL-21 administra-

tion was significant (P < 0.05) reflecting the improved

efficacy obtained in the RenCa carcinomas with s.c.

administration (Fig. 2d). Together these data show that

IL-21 strongly increases the density of tumor infiltrat-

ing CD8+ T cells without affecting the CD4+ T cell
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Fig. 4 Pictures of tumor
infiltrating CD8+ T cells in
B16 melanomas and RenCa
carcinomas. Representative
pictures of cryo-sections at
·20 magnification showing
tumor infiltrating CD8+ T
cells in B16 melanomas: PBS
(a), i.p. IL-21 (b), s.c. IL-21
(c) and RenCa carcinomas:
PBS (d), i.p. IL-21 (e), s.c. IL-
21 (f). Tumor biopsies were
obtained at the end of the
experiments shown in Fig. 2c,
d. CD8+ T cells were stained
with liquid permanent red by
immunohistochemistry
according to ‘‘Materials and
methods’’ and they are
indicated by arrows. Sections
have been counterstained
with Mayer’s hematoxylin
yielding a blue nucleus stain
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Fig. 5 IL-21 increases the density of tumor infiltrating CD8+ T
cells. The bar plots show the density of tumor infiltrating CD4+ T
cells (a and c) and CD8+ T cells (b and d) in B16 melanomas (a
and b) and the RenCa carcinomas (c and d). Tumor biopsies
were obtained at the end of the experiments shown in Fig. 2c, d
and stained for CD8+ and CD4+ T cells by immunohistochem-

istry. All positive cells located intratumorally were counted in
one section from each biopsy and related to a stereologically
measured area of interest (AOI) excl. necrotic areas and non-
tumor tissue, such as connective tissue. Bars represent mean ±
SEM, n = 7–10, *P < 0.05, **P < 0.01, Student’s t-test. AOI area
of interest
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density, consequently increasing the CD8+/CD4+ T cell

ratio in both tumor models.

Subcutaneous administration of IL-21 results

in a slow release from the injection site

and significant draining to regional lymph nodes

In order to examine whether differences in the

biodistribution of IL-21 could account for the observed

efficacy after s.c. versus i.p administration, the kinetics

of the two different routes of administration was

compared. Particularly, we wanted to investigate the

degree of regional LN drainage of IL-21 after s.c.

administration, since IL-21 in this compartment

could be relevant during the generation of immune

responses. 125I labeled IL-21 was used to measure the

kinetics of IL-21 distribution in several major organs

and tissues as listed in Materials and methods. Figure 6

shows the distribution over time at the s.c. injection

site, i.e the right foot (Fig. 6a), and in the popliteal LNs

(Fig. 6b). The results show that upon s.c. injection
125I-IL-21 is released slowly from the injection site and

a considerable amount is drained through the regional

LN (Cmax ~ 4.7% of injected dose). In contrast, very

low levels was detected in the popliteal LN node after

i.p. injection and in the contralateral LN after s.c.

injection (Cmax < 0.1% of injected dose). We found no

specific retention or major differences in the biodis-

tribution between i.p. and s.c. over time in the major

organs: heart, lungs, liver, spleen, kidneys, and small

and large intestines (data not shown). The thyroid

gland generally showed an increased radioactivity over

time after both routes of administration due to its

retention of free 125I.

IL-21 has a greater bioavailability and higher peak

serum concentration after subcutaneous

administration

Next, we examined the serum concentration-time

profiles of IL-21 after i.v., i.p. and s.c. administration to

examine whether the pharmacokinetics of IL-21 con-

tributes to the observed efficacy differences. IL-21 was

detectable in serum after 5 min with all administration

routes. A peak serum concentration of 113 ng/ml of

IL-21 was reached 1 h post i.p administration, whereas

s.c. administration provided a higher peak IL-21 con-

centration of 230 ng/ml 2 h post injection (Fig. 7). S.c.

administration resulted in a more sustained concen-

tration of IL-21 in serum and 2.5-fold higher AUC

compared to i.p administration (665 h·ng/ml vs.

242 h·ng/ml after s.c. and i.p. administration, respec-

tively). The AUC after i.v. administration was even
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Fig. 6 125I-IL-21 shows slow release and significant lymph
drainage following s.c. administration. 125I-IL-21 was injected
either i.p. or s.c. in the right footpad in BALB/c mice, and
animals were sacrificed at indicated time points and c-radiation
at the subcutaneous injection site (a) and in popliteal LNs (b)
was measured. Each data point represents the mean ± SEM of
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higher (1,010 h·ng/ml) due to the very high initial

IL-21 concentration that within 1 h decreased to a level

approximately 10-fold lower than both i.p. and s.c

administrations (Fig. 7). The bioavailability was 24%

and 66% for i.p. and s.c. administration, respectively.

These results indicate that IL-21 has a prolonged

pharmacokinetic profile following s.c. administration

with a higher peak serum concentration and greater

bioavailability compared to i.p. administration.

Discussion

Previous studies of IL-21 anti-tumor activity have been

conducted with IL-21 secreting tumors [7,8,19,37], IL-

21 expression plasmids [38], in model systems immu-

nogenically enhanced with foreign antigens, or by the

use of adoptive transfer of antigen specific lymphocytes

[13,20,26,39]. Although these studies support the con-

cept that IL-21 aids in the destruction of cancer, these

methods of IL-21 administration are not clinically

applicable. More recently, a number of studies have

shown anti-tumor effects of intraperitoneal adminis-

tration of recombinant IL-21 protein [13,32,35]. In

these studies IL-21 therapy was given either in com-

bination with other therapies, as prophylactic therapy

at or before tumor inoculation, and only for very few

days duration. Here, we have used intraperitoneal and

subcutaneous administration of IL-21 protein to mice

bearing established syngeneic tumors in order to study

the effects of IL-21 alone under more therapeutically

relevant conditions, and IL-21 was administered

throughout the experiments to maximize the treatment

effect. The use of s.c. administration of cytokines for

cancer therapy has previously been applied success-

fully, as s.c. administration of IL-2 resulted in less ad-

verse events yet maintaining efficacy and enabling

outpatient treatments [11]. In addition, s.c. adminis-

tration is believed to be more convenient for the

patients. We report that IL-21 protein therapy signifi-

cantly inhibits tumor growth in two syngeneic tumor

models. The effect was not due to a direct inhibition of

tumor cell proliferation, as also shown previously with

B16 tumor cells [38]. Our data indicate that s.c.

administration of IL-21 in the RenCa model is at least

as effective as or perhaps more effective than i.p.

administration with early as well as late therapy initi-

ation. This might be due to prolonged availability of

IL-21, since s.c. administration of IL-21 resulted in a

more prolonged presence of the protein in serum and

higher bioavailability compared to i.p. administration.

Furthermore s.c. administration also resulted in a sig-

nificant passage of IL-21 through regional lymphatics,

which may also have contributed to an improved anti-

tumor immune response. IL-21 has been shown to ex-

pand antigen stimulated CD8+ T cells [17,39] and this

effect might be further improved by the direct stimu-

lation of CD8+ T cells in LNs during an immune re-

sponse. This notion is supported by our finding that

CD8+ T cells were indispensable for the reduced tumor

growth observed after IL-21 treatment. Interestingly, it

has also been shown that the site of immunization

produces a subsequent site-specific homing of T cells

and accompanying anti-tumor activity [5]. Thus, s.c.

administration of IL-21 might also mount an immune

response targeted more specifically against the s.c.

compartment, where the tumors in this study were

located. In the B16 model the efficacy difference

between s.c. and i.p. was less pronounced compared to

the more immunogenic RenCa model. It is not clear at

this point whether this difference is caused by differ-

ences between the two tumor cell lines or differences

between their hosts (BALB/c and C57BL/6 mice for

RenCa and B16 tumors, respectively). It is possible

that different drug delivery methods may affect tumors

with different immunogenicity differently, as recently

described [4]. Altogether, our results suggest that s.c.

administration of IL-21 could be advantageous and

deserves clinical evaluation.

In our experiments we found that depletion of

NK1.1+ cells did not reduce the anti-tumor effect of

IL-21, whereas depletion of CD8+ cells or growth

of tumors in athymic mice completely abrogated the

effect of IL-21. Taken together, these data show that

CD8+ T cells are required for the anti-tumor activity in

our model, whereas NK cells played an insignificant

role under these settings. In the literature either CD8+

T cells, NK cells, or both cell types have been described

as required for the IL-21 anti-tumor activity depending

on the models used [16]. Most of the studies demon-

strating NK cell-mediated anti-tumor activity of IL-21

have been performed in i.v. metastasis models where

IL-21 was administered at the time of tumor establish-

ment or in models using IL-21-expressing tumors

[2,19,34,35,37]. Two major differences might explain

these different effector mechanisms. First, we have

treated subcutaneous tumors, which are less accessible

to NK cells compared to intravenous tumors. Second, in

our experiments treatment was initiated only after the

tumors became established. The larger tumor burden in

this setting might overwhelm the effect of NK cells as

they are unable to clonally expand. In the i.v. metastasis

model where IL-21 therapy is given at the time of tumor

inoculation, NK-mediated killing of the tumor cells

may eradicate the tumor cells almost completely before

an adaptive immune response can evolve, consistent
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with the notion that the efficacy in this model was

sustained in Rag-1-/- mice [2]. In a study by Ma et al.

[19] rejection of IL-21 secreting B16F1 tumor cells

inoculated subcutaneously required both NK cells and

CD8+ T cells. In this model, NK cell-depletion resulted

in rapid growth of the tumors, suggesting an early role

of NK cells, whereas CD8+ T cell-depletion resulted

in delayed tumor growth, suggesting that adaptive

immunity might have played a role later on to kill

remaining tumor cells, as suggested by the authors [19].

By contrast Wang et al. showed that depletion of NK

cells completely abrogated the anti-tumor effect of

IL-21 expressing plasmids administered day 5 and 12

post tumor inoculation with MCA205 fibrosarcomas

[38]. Although these results apparently contradict the

hypothesis suggested by us and others [4,19] that NK

cells primarily play a role early in the anti-tumor

response, it is possible that the much slower growth rate

of MCA205 cells compared to B16 cells allows NK cells

to kill MCA205 cells before the tumor burden becomes

too large, even though treatment is initiated day 5.

Also, differences in immunogenicity and expression of

ligands for activating and inhibitory NK cell receptors

between the two tumor lines might contribute to these

different results.

Several studies have shown that IL-21 can stimulate

CD8+ T cells to proliferate, increase their cytotoxicity,

and sustain survival [1,14,17,20,39]. In order to elicit

tumor cytotoxicity, CD8+ T cells must infiltrate the tu-

mor to come in close contact with the tumor cells. The

benefit of TILs and specifically CD8+ TILs and the

CD8+/CD4+ TIL ratio have also been shown in several

different human cancers where they were predictive of

improved survival [9,12,21,22,28,30]. In this study, we

demonstrate that IL-21 protein given therapeutically

significantly increased the density of tumor infiltrating

CD8+ T cells without changing the CD4+ T cell density,

consequently increasing the CD8+/CD4+ T cell ratio in

both models. Interestingly, the density of CD8+ TILs

was significantly higher after s.c. administration of IL-21

compared to i.p. administration in the RenCa carcino-

mas, supporting our notion that s.c. administration

might be favorable. Generally, the RenCa carcinomas

also showed approximately 10-fold higher density of

infiltrating T cells compared to B16 tumors reflecting

the higher inherent immunogenicity of RenCa as pre-

viously reported [15,29]. In a recently published article

a similar increase in CD8+ T cell infiltration was ob-

served in a small number of tumors following challenge

with an IL-21 expressing mouse bladder cancer [10].

There are several possible explanations for the

increased density of CD8+ TILs after IL-21 stimulation.

First, IL-21 has been shown to increase the proliferation

of antigen-stimulated CD8+ T cells [17,20,39], which in

turn could yield a greater pool of tumor specific T cells

infiltrating the tumor. Another possibility is that IL-21

sustains the survival of CD8+ T cells infiltrating the

tumor, which has been supported by both in vitro and

in vivo data [1,20]. Particularly, it has been shown that

IL-21 is able to sustain CD28 expression on CD8+ T

cells and increase their IL-2 production [1], both of

which could enhance their survival in a challenging

tumor environment [25]. In this context, it should be

noted that our results represent the conditions about

8–10 days after the first IL-21 dose, and one day after

the last dose, thus the effects of IL-21 have been sus-

tained for more than a week from the initial stimula-

tion. Finally, it is possible that IL-21 increases the

specific homing of CD8+ T cells into tumors. IL-21 has

been shown to increase CXC chemokines such as IP-10,

MIG and I-TAC in IL-21-secreting tumors [8], which

could work as T cell attractants [27], but to date there

are no data demonstrating that systemic IL-21 delivery

improves chemokine-mediated homing of CD8+ T cells

to tumors. Presently, the mechanism of IL-21 anti-

tumor activity remains to be fully elucidated, but the

finding that IL-21 increased tumor infiltration of CD8+

T cells is a step forward that encourages the use of IL-21

in oncology.

In conclusion, we have shown that IL-21 protein

mono-therapy inhibited established syngeneic tumor

growth in two preclinical models of melanoma and

renal cell carcinoma. Furthermore, we have shown that

IL-21 markedly increased the density of tumor-infil-

trating CD8+ T cells, which are essential for the anti-

tumor effect. These findings support the use of IL-21 as

a promising new anti-cancer drug.
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