Cancer Immunol Immunother (2017) 66:1485-1496
DOI 10.1007/500262-017-2043-6

@ CrossMark

ORIGINAL ARTICLE

IL-4 blockade alters the tumor microenvironment and augments
the response to cancer immunotherapy in a mouse model

Shuku-ei Ito! - Hidekazu Shirota! - Yuki Kasahara! - Ken Saijo! - Chikashi Ishioka!

Received: 6 November 2016 / Accepted: 13 July 2017 / Published online: 21 July 2017

© Springer-Verlag GmbH Germany 2017

Abstract Recent findings show that immune cells consti-
tute a large fraction of the tumor microenvironment and that
they modulate tumor progression. Clinical data indicate that
chronic inflammation is present at tumor sites and that IL-4,
in particular, is upregulated. Thus, we tested whether IL-4
neutralization would affect tumor immunity. Current results
demonstrate that the administration of a neutralizing anti-
body against IL-4 enhances anti-tumor immunity and delays
tumor progression. IL-4 blockade also alters inflammation
in the tumor microenvironment, reducing the generation of
both immunosuppressive M2 macrophages and myeloid-
derived suppressor cells, and enhancing tumor-specific cyto-
toxic T lymphocytes. In addition, IL-4 blockade improves
the response to anti-OX40 Ab or CpG oligodeoxynucleotide
immunotherapies. These findings suggest that IL.-4 affects
anti-tumor immunity and constitutes an attractive therapeu-
tic target to reduce immune suppression in the tumor micro-
environment, thus enhancing the efficacy of cancer therapy.
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Introduction

The goal of cancer immunotherapy is to elicit tumor-specific
immunity capable of controlling or eliminating the tumor.
However, active CTL induction, such as administration of
cancer vaccines, is considered insufficient to elicit a durable
cancer control and cure. In this context, an established tumor
creates an immunosuppressive tumor microenvironment
that inhibits the activity of cytotoxic T and NK cells that
are critical for cancer elimination [1, 2]. Thus, strategies to
reprogram the tumor microenvironment are being explored
to improve the generation and activity of tumoricidal CD8
T cells. In addition, therapeutic options to overcome the bar-
riers of the suppressive microenvironment and to support T
cell infiltration and function in tumors are required.
Established tumors create an immunosuppressive micro-
environment that contains regulatory T cells and various
CD11b+ myeloid cells, including myeloid-derived sup-
pressor cells (MDSC) and tumor-associated macrophages
(TAM) [1, 2]. These immune cells can also promote tumor
growth and metastatic dissemination [3, 4]. Evidence from
clinical studies suggests that high numbers of myeloid cells
in the tumor correlate with poor overall survival in patients
with cancer [5-10]. TAM and MDSC constitute most of
these tumor-infiltrating leukocytes and are key contributors
to the immunosuppressive milieu that protects tumors from
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elimination, therefore making them attractive targets for
cancer immunotherapy.

Previous studies demonstrated two distinct types of
polarized macrophages: classically activated (M1) and
alternatively activated (M2) macrophage phenotypes [3,
11]. M2 macrophages are generated in Th2-biased inflam-
matory conditions or in the process of normal wound heal-
ing, and they express characteristic markers such as Retnla,
Chi3l3, IL-10, and arginase 1 (Arg 1) [11, 12]. By contrast,
M1 macrophages protect the host against infectious patho-
gens. In tumors, the infiltrating macrophages are consid-
ered to be of the M2 macrophage phenotype, which cre-
ates an immunosuppressive microenvironment for tumor
progression [11, 12]. On the contrary, M1 macrophages do
play an anti-tumor role.

Increased levels of IL-4 are commonly detected in the
tumors of animals and patients with multiples types of pri-
mary and metastatic cancers [13-20]. Clinical evidence
suggests that IL-4 can act as a tumor-promoting cytokine.
This is consistent with studies in animal models that illus-
trate that IL-4 can facilitate tumor growth, and that block-
ade of IL-4 signaling can significantly delay cancer cell
proliferation [18-22]. We and others previously docu-
mented that IL.-4 was produced by CD4 T cells in tumor
microenvironments [18, 21]. In particular, we demonstrated
that T follicular helper (Tfh) cells are a major source of
IL-4 in the tumor microenvironment [18]. CNS2 knockout
mice, which have a selective deficiency of IL-4 in Tth cells,
but not in Th2 cells, displayed severely impaired expression
and production of IL-4 in tumors and tumor-draining LN.

In this study, we further explored the effects of IL-4
blockade on the anti-tumor immunity and the immunosup-
pressive environment at the tumor site, to which myeloid
cells are believed to contribute. The administration of a
neutralizing antibody against IL-4 enhances anti-tumor
immunity and delays tumor progression, thus having a dra-
matic impact on the local immune milieu. IL-4 blockade
also alters the function of macrophages, reducing the gen-
eration of immunosuppressive M2 macrophages, and fur-
thermore, synergistically augmenting cancer immunothera-
pies. Therefore, we propose the pharmacological targeting
of IL-4, alone or in combination with other immunothera-
pies, as a suitable treatment for patients with cancer.

Materials and methods

Animals and tumor cell lines

BALB/c mice were obtained from Japan SLC (Hamamatsu,
Japan) and studied at 6-10 weeks of age. All studies were

approved by the Institutional Committee for the Use and
Care of Laboratory Animals of Tohoku University. The
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murine 4T1 mammary carcinoma cell line and the CT26
colon cancer cell line were obtained from the American
Type Culture Collection (Manassas, VA).

Reagents

Hybridomas for anti-IL-4 (11B11) and anti-OX40 Abs
were injected intraperitoneally (i.p.) into nude mice to pro-
duce ascites. The IgG fraction from the ascites was puri-
fied using a ProteinG Midi kit (Bio-Rad, Hercules, CA),
according to the instructions of the manufacturer. Isotype
controls (anti-HRP, Rat IgG1) were purchased from BioX-
cell (West Lebanon, NH). Phosphorothioate oligodeoxynu-
cleotides (ODN) were synthesized at BEX Co. Ltd. (Tokyo,
Japan). The following ODN were used: CpG ODN (5'-GCT
AGACGTTAGCGT-3').

In vivo tumor studies

Mice were injected subcutaneously (s.c.) with 10° viable
tumor cells. Tumor volumes were calculated using follow-
ing formula: (length X width X height)/2. Tumor-bearing
mice were divided into groups, depending on the tumor
volume, to be averaged before the treatment. To deplete
CD8+ cells, mice were injected i.p. with 500 pg rat anti-
mouse CD8 (53.6.72) Ab (BioXCell). The metastatic 4T1
breast tumor model and post-surgery method was described
previously [23, 24]. Briefly, mice were challenged s.c. in
the flank with 10° of 4T1 cells. Developed tumors were sur-
gically removed at day 14 and monitored for survival.

Flow cytometry

Tumor cells for flow cytometry were prepared as previously
described [18, 25]. Cells were washed with PBS and stained
with fluorochrome-conjugated anti-CD45, anti-CD3, anti-
CD4, anti-CDS, anti-Ly6g, anti-Ly6c, and/or anti-CD11b
Abs for 30 min and fixed in fixation buffer for 10 min. All
Abs were obtained from BD Pharmingen (San Diego, CA)
or Biolegend (San Diego, CA). Stained cells were analyzed
using a BD LSRFORTESSA (BD Pharmingen).

Preparation of cells

Tumors were digested in Liberase/DNase I solution for
30 min at 37 °C. Cells were washed with 2% FCS/PBS,
stained with fluorochrome-conjugated Abs for 30 min at
4 °C, and sorted using BD FACSAria to isolate TAM, as
defined by the following characteristics: CD45+, CD11b+,
Ly6c—, and Ly6g—.

CD4+ or CD8+ T cells were isolated from spleen cells
in syngeneic mice using positive selection of CD4+ or
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CD8+ MACS beads (Miltenyi Biotec, Auburn, CA) as rec-
ommended by the manufacturer.

T cell proliferation assay

T cell proliferation assay was performed as described previ-
ously [25]. Briefly, MACS-sorted CD4+ and CD8+ T cells
were labeled with 0.3 mM 5-(and -6)-carboxyfluorescein
diacetate succinimidyl ester (CFSE), according to the man-
ufacturer’s instructions (eBioscience, San Diego, CA). T
cells were stimulated with 1 pg of anti-CD3 and anti-CD28
Abs for 3 days. T cell proliferation was monitored by CFSE
dilution using a BD LSRFORTESSA.

ELISpot and ELISA assays

ELISpot and ELISA assays were performed as described
previously [23, 25]. Briefly, 96-well Immulon II plates (Mil-
lipore, Billerica, MA) for the ELISpot assay were previously
coated with anti-IFN-gamma (IFNg) Ab (BD Biosciences).
5.0 X 10° LN cells/well were incubated at 37 °C with AH-1
peptide for 14 h. The plates were washed and treated with
biotinylated anti-IFNg Ab (R&D Systems, MN) for 1 h.
The plates were washed again and followed by streptavidin
alkaline phosphatase. Plates were developed with 5-bromo-
4-chloro-3-indolyl phosphatase solution (Sigma-Aldrich) in
agarose (Sigma-Aldrich). The significant number of spots
was determined by the statistical difference compared with
the number of spots in unstimulated wells.

Culture supernatants were used to determine concentra-
tions of IFNg or IL-4 using the ELISA assay, according to
the manufacturer’s recommendation. Paired anti-IFNg and
anti-IL-4 Abs were purchased from BD Biosciences. Plates
were developed with ABTS Peroxidase Substrate (KPL,
Gaithersburg, MD).

Real-time RT-PCR

Real-time RT-PCR was performed as described previously
[18]. Briefly, total RNA was extracted from cells using
the TRIzol reagent (Life Technologies, Carlsbad, CA) and
reverse transcribed using the iScript cDNA synthesis kit
(Bio-Rad). Quantitative real-time PCR was conducted on
cDNA using TagMan probes and the TagMan Gene Expres-
sion Master Mix kit (Applied Biosystems, Foster City, CA).
Relative mRNA expression levels were calculated indepen-
dently after correcting for GAPDH expression.

Statistical analysis
A two-sided unpaired Student’s ¢ test was used to analyze

tumor growth and cellular responses. p values <0.05 were
considered statistically significant.

Results
IL-4 neutralization slows tumor growth

Increased levels of IL-4 have been reported in the tumor sites
of patients with various cancers [13-20]. To examine the
role of IL-4 in tumor growth, BALB/c mice were injected
s.c. with CT26 colon or 4T1 breast tumor cells, and treated
i.p. with anti-IL-4 Ab (11B11) or control antibody on days
12, 17, and 22. These tumor cells grew to form detectable
masses (approximately 3—5 mm in diameter) 12 days after
being injected into the flanks of syngeneic mice. As shown
in Fig. la, tumor growth was significantly delayed in anti-
IL4 Ab-treated mice, whereas control Ab had no effect.

Next, we examined the ability of anti-IL-4 Ab to pre-
vent metastasis after the surgical removal of the implanted
tumor. Implanted 4T1 cells can generate spontaneous
metastasis to the lung, liver, and lymph nodes [23, 24].
After surgical resection, mice were treated with anti-
IL-4 Ab on days 14, 19, 24 and 29. As shown in Fig. 1b,
untreated mice were uniformly lethal within 2 months. In
contrast, the treatment of anti-IL-4 Ab significantly reduced
the lethality and prolonged their life.

To clarify the mechanism by which IL-4 neutralizing Ab
slows tumor growth and prolongs survival, cells were iso-
lated from the draining LN of CT26 tumor-bearing mice on
day 24. The cells were cultured ex vivo with the AH-1 pep-
tide, which is a CD8-restricted epitope expressed by CT26.
LN cells from untreated tumor-bearing mice responded
significantly to stimulation from the AH-1 peptide, com-
pared with unstimulated LN cells, by secreting IFNg. This
was not observed in the presence of the SIIFEKL peptide
as a negative control peptide (Fig. 1c and unpublished
data). Similarly, LN cells from tumor-free mice displayed
no response when cultured with the AH-1 peptide (Fig. 1c).
LN cells from tumor-bearing mice treated with anti-IL-4
Ab responded strongly to AH-1 stimulation, whereas those
treated with control Ab displayed no activity (Fig. 1c).
These groups all responded similarly to the stimulation of
concanavalin A as a positive control (unpublished data).
These findings suggested that the administration of anti-IL-
4-neutralizing Ab enhanced the number of tumor-specific
CD8 T cells in tumor-draining LN. To evaluate the rel-
evance of these T cells in vivo, mice that had been chal-
lenged with tumor cells and treated with the anti-IL-4 Ab
were injected with anti-CD8 Ab to deplete CDS8 T cells. As
seen in Fig. 1d, protection was abrogated by the depletion
of CD8 T cells, indicating that CD8 T cells play a critical
role in IL-4-depleted tumor immunity.

To gain further insight into the mechanism underlying
this effect, the fraction of CD4 or CD8 T cells infiltrat-
ing the tumor was analyzed by flow cytometry. Consistent
with the enhancement of anti-tumor immunity observed
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Fig. 1 Effects of IL-4 neutralization on tumor growth and tumor-
specific IFNg production. a CT26 colon cancer cells (1.0 x 10°) or
4T1 breast cancer cells (1.0 x 10°) were injected s.c. into BALB/c
mice. On days 12, 17, and 22, mice were injected i.p. with 500 ug
of anti-IL-4 Ab (11B11) or 500 pg of control Ab, and the tumor size
was monitored. Data represent the mean + SEM of 6-10 mice per
group from two independent experiments. b BALB/c mice were chal-
lenged s.c. in the flank with 4T1 cells (1.0 X 10°). Developed tumors
were surgically removed at day 14 and mice were monitored for
survival. After surgical resection, mice were treated with 500 pg of
anti-IL-4 Ab on days 14, 19, 24 and 29. Data show survival (N = 19;
untreated, N = 15; anti-IL-4 Ab-treated group). ¢ Tumor-draining

in anti-IL-4 Ab-treated mice, treatment with anti-IL-4 Ab
significantly increased the fraction of CD8 and CD4 T
cells infiltrating the tumor (Fig. 2a). Similar results were
observed in the 4T1 model (unpublished data). These
findings suggest that IL-4 blockade enhanced anti-tumor
immunity and slowed tumor growth.

IL-4 neutralization alters the tumor microenvironment

Treatment with anti-IL-4 Ab led to significant changes
in the frequency of tumor infiltration by CD4 and CD8 T
cells and tumor-specific CD8 T cells in LN. To evaluate
molecular mediators associated with their immunological
functions, the mRNA expression of effector and immuno-
suppressive cytokines in the tumor was evaluated by real-
time RT-PCR. Treatment with anti-IL-4 Ab had no effect
on the expression of IL-4 itself (Fig. 2b). Consistent with
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LN from CT26 tumor-bearing mice were isolated on day 24, re-stim-
ulated ex vivo with 1 ug/ml AH-1 peptide, and monitored for IFNg
secretion using the ELISpot assay. Results represent the mean + SD
of five mice per group from two independent experiments. d CT26
colon cancer cells (1.0 x 10°) were injected s.c. into BALB/c mice.
On days 12, 17, and 22, mice were injected i.p. with anti-CD8 Ab
(Ly2) and/or anti-IL-4 Ab, and the tumor size was monitored. Data
represent the mean + SEM of 6-10 mice per group from two inde-
pendent experiments. *p < 0.05 compared with the untreated group.
**p < 0.01 compared with the untreated group. ***p < 0.001 com-
pared with the untreated group

the increase in CD8 T cells at the tumor site, the expres-
sion of IFNg, IL-12, and Granzyme B (GZMB) was signifi-
cantly increased in anti-IL-4 Ab-treated tumors (Fig. 2b).
No effect was observed on the expression of Foxp3, which
is known as a regulatory T cell (Treg cell)-specific tran-
scription factor. In addition, angiogenic factors were evalu-
ated. The expressions of vascular endothelial growth factor
(VEGF) and epidermal growth factor (EGF) were signifi-
cantly reduced in anti-IL-4 Ab-treated tumors (Fig. 2b).

It is well established that immature myeloid cells and
macrophages accumulate at tumor sites [1]. These cells
are considered important markers of immune suppression,
as they suppress the tumoricidal activity of CTL and NK
cells. The ability of myeloid cells to suppress T cell acti-
vation is linked to their metabolism of L-arginine via Arg
1 and the release of inducible nitric oxide synthase [3,
4]. As presented in Fig. 2b, the expression of Arg 1 was
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Fig. 2 Effect of IL-4 neutralization on infiltrated immune cells and
gene expression in tumors. Mice were treated as described in Fig. 1.
a Tumors were removed from CT26 tumor-bearing mice on day 26,
and the number of tumor-infiltrating CD45, CD4, CDS cells, MDSC
(CD11b+, Ly6c+, Gr-1™) and TAM (CD11b+, Ly6c—, Ly6g—) were
determined by flow cytometry. b mRNA expression of tumors from

significantly reduced in anti-IL-4 Ab-treated tumors. TAM
express characteristic M2 markers such as Retnla (Fizz-
1) and Chi3I3 [3]. Gene expression analysis revealed that
those M2 markers were significantly downregulated in anti-
IL-4 Ab-treated tumors (Fig. 2b).

IL-4 neutralization decreases the T cell-suppressive
activity of TAM

IL-4 blockade significantly reduced levels of the TAM
markers and the immunosuppressive factor Arg 1 in tumors.
Thus, the frequency of TAM or MDSC in tumors was
evaluated by flow cytometry. Contrary to expectations, the

CT26 tumor-bearing mice was analyzed on day 26. Results were
evaluated independently for each mouse, and data represent the
means + SD of 5-8 mice per group from two independent experi-
ments. *p < 0.05 when compared with untreated group. **p < 0.01
when compared with untreated group. ***p < 0.01 when compared
with untreated group

frequencies of these myeloid cells in tumors from anti-IL-
4-treated mice were comparable to those in the untreated
groups (Fig. 2a). IL-4 blockade did not reduce the accumu-
lation of TAM and MDSC in tumors (Fig. 2a).

To characterize TAM (CDI11b+, Ly6c—, Ly6g—) and
MDSC (CD11b+, Ly6ctie", Ly6g—) in tumors from IL-
4-depleted mice, these cells were sorted by flow cytom-
etry and analyzed for gene expression by real-time RT-
PCR. To study the impact of systemic IL-4 neutralization
on the functional properties of MDSC, gene expression
was examined in tumor-infiltrating MDSC. Of interest, the
expression of Arg 1 was severely reduced in MDSC from
IL-4-depleted mice, whereas treatment with control Ab had
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Fig. 3 Effect of IL-4 neutralization on gene expression in MDSC and
TAM. Mice were treated as described in Fig. 1. On day 26, a tumor-
infiltrating MDSC (mMDSC: CD45+4, CD11b+, Ly6c+, Lyb6g—)
were purified by flow cytometry and analyzed for mRNA levels of
Arg 1 and NOS2 by real-time quantitative RT-PCR. b TAM (CD45+,
CD11b+, Ly6c—, Ly6g—) were also purified by flow cytometry and

no effect on MDSC (Fig. 3a). Similarly, nitric oxide syn-
thase 2 (NOS2) expression was also significantly reduced
in MDSC from IL-4-depleted mice (Fig. 3a).

As shown in Fig. 3b, the expression of M2 markers, such
as Chi3l13, Retnla, and IL-10, was significantly reduced in
TAM from IL-4-depleted mice. These cells also displayed
severely decreased expression of Arg 1 (data not shown).
These results suggest that IL-4 blockade did not change the
frequency of myeloid cells in tumors, but it altered their
characteristics and activation status.

It is well established that MDSC and TAM suppress the
proliferation and functional activity of Ab-stimulated T
cells [1-4]. To examine the effect of IL-4 neutralization on
this inhibitory activity, TAM were isolated from tumors by
flow cytometry. Those cells were mixed with CD4 or CDS§
T cells and stimulated with anti-CD3 and anti-CD28 Abs.
These T cells proliferated in response to anti-CD3/anti-
CD28 Abs stimulation. Consistent with previous reports,
this proliferation was almost completely inhibited when
TAM were added to the culture (Fig. 4a, b). However, this
ability to suppress T cell proliferation was abrogated in
TAM from IL-4-depleted tumors. By contrast, no reduction
in suppressive activity was observed when TAM from con-
trol Ab-treated tumors were added (Fig. 4a, b). These find-
ings suggest that the function of immunosuppressive mye-
loid cells in the tumor microenvironment is significantly
reduced when IL-4 is depleted in tumor-bearing mice.

@ Springer

Anti-IL-4 Ab Cont-mAb Untreated Anti-IL-4 Ab Cont-mAb

analyzed for mRNA levels of Chi3l13, Retnla and IL-10 by real-time
quantitative RT-PCR on day 26. Results were evaluated indepen-
dently for each mouse, and data represent the means + SD of five
mice per group. *p < 0.05 when compared with control Ab group.
**p < 0.01 when compared with untreated or control Ab group.
*#%¥p < 0.001 when compared with control Ab group

Next, cytokine production and the characterization of
induced-CD4 T cells were evaluated by real-time RT-PCR
and the ELISA assay in response to anti-CD3/anti-CD28
Abs stimulation following incubation with TAM. CD4 T
cells, stimulated with anti-CD3 and anti-CD28 Abs, pro-
duced both IFNg and IL-4. TAM from untreated mice
moderately inhibited the production of IFNg, but not IL-4
(Fig. 5a, b). Of interest, anti-IL4-treated TAM significantly
enhanced the production of IFNg, but not IL-4, indicating
the shift in the Thl differentiation. Next, the expressions of
T-bet and GATA3 in CD4 T cells were evaluated. As shown
in Fig. 5c, d, the expressions of T-bet and GATA3 were sig-
nificantly increased by anti-CD3/-CD28 Abs stimulation
without TAM. Untreated TAM did not increase those expres-
sions. Anti-IL-4-treated TAM increased the expression of
T-bet, but not GATA3, indicating the induction of Thl dif-
ferentiation. Taken together, these results suggested that IL-4
blocked TAM-supported Th1 differentiation in vitro, indicat-
ing the possession of M1 macrophage functions.

IL-4 neutralization enhances the efficacy
of immunotherapy

IL-4 blockade slowed tumor growth and altered the tumor
microenvironment (reducing the generation of immunosup-
pressive M2 macrophages while enhancing the generation
of M1 macrophages and tumor-specific CTL). However, the



Cancer Immunol Immunother (2017) 66:1485-1496

a
Unstimulated T-cell only With untreated TAM With anti-IL-4 treated TAM
1.26% | 70.3% ] 3.04% | 48.2% 1
% ” { il “‘ 1 "“
| 1 | |
© ’!‘l (“W \ y}“ )NH\
Anti-CD3/CD28 Abs
b CD8
= 100 - *%% 100
.2
® 80 - 80
o
£ 60 60
o
S 40 - 40
3 20 20
- 0
X

unstimulated Anti-CD3/28 Ab

Fig. 4 Effect of IL-4 neutralization on the suppressive activity of
TAM. Mice were treated as described in Fig. 1. On day 26, tumor-
infiltrating macrophages, were purified by flow cytometry based on
the pattern of surface marker expression (TAM: CD45+, CD11b+,
Ly6c—, Ly6g—). T cells were separated and purified by MACS and
labeled with CFSE, stimulated with 0.5 ug/ml anti-CD3/CD28 Abs,

administration of anti-IL-4 Ab could not eliminate a tumor
completely. Based on the increased CD8 T cell infiltration
in tumors, we reasoned that efficacy might be enhanced in
combination with CpG ODN or anti-OX40 Ab treatment,
which both enhance anti-tumor immunity. It is well estab-
lished that stimulation via CpG ODN or anti-OX40 Ab treat-
ment leads to T cell activation [26—29]. Therapies utilizing
CpG ODN or anti-OX40 Ab have been found to present
anti-tumor effects in a number of model systems [26-29].
Thus, the combination of CpG ODN or anti-OX40 plus
anti-IL-4 Abs was analyzed. To reveal the effects of com-
bination therapies, suboptimal doses of CpG ODN or anti-
0X40 Ab, as determined in previous reports or preliminary
studies, were used in this study, which by themselves did
not cause the marked inhibition of tumor growth. Systemic
(intraperitoneal) treatment with CpG ODN or anti-OX40
Ab tended to slow tumor growth, albeit insignificantly. By
contrast, animals treated with a combination of CpG ODN
and anti-IL-4 Ab did not exhibit an increase in tumor size
(Fig. 6a). The combination synergistically inhibited tumor
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and cultured with TAM (T cells:TAM = 1:0.3). CD4 and CD8 T cells
proliferation was monitored by CFSE dilution on day 3. a Represent-
ative example and b mean + SD of five mice per group from three
independent experiments are shown. ***p < 0.001 when compared
with anti-IL-4 Ab-treated group

growth compared to CpG or anti-IL-4 Ab treatment alone.
The combination of anti-OX40 Ab and anti-IL-4 Ab also
synergistically inhibited tumor growth, similar to the com-
bination of CpG ODN and anti-IL-4 Ab (Fig. 6b). These
findings suggest that IL-4 neutralization enhances the anti-
tumor immunity of cancer immunotherapy.

For example, the combination of CpG ODN and anti-
IL-4 Ab significantly enhanced the number of IFNg-pro-
ducing cells in tumor-draining LN compared to CpG or
anti-IL-4 Ab treatment alone (Fig. 6¢). Tumor-infiltrating
CD8 T cells were profoundly associated with improved
host survival. Therefore, the effects of combination treat-
ments on the frequency of tumoricidal cells were analyzed.
Treatment with anti-IL-4 Ab or CpG ODN alone increased
the frequency of CD4 and CDS8 T cells infiltrating the
tumor site by threefold compared to the frequency for
untreated controls (p < 0.01; Fig. 2a). This increase was
magnified in mice treated with a combination of these two
agents. The combination synergistically increased both
CD4 and CD8 T cell numbers by >eightfold (Fig. 6d, e).
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Discussion

Clinical evidence suggests that IL-4 can act as a tumor-
promoting molecule, as it is found at high levels in multiple
types of human primary and metastatic cancers [13-17].
Thus, we investigated the anti-tumor effect of IL-4 block-
ade using a neutralizing anti-IL-4 Ab in animal models.
Consistent with previous reports, IL-4 blockade slowed
tumor growth and prolonged survival in multiple tumor
models (Fig. la, b). The effect of IL-4 neutralization on
tumor growth was dependent on the increased presence
of CD8 T cells in tumors, as their selective depletion abro-
gated the improved outcome (Fig. 1d). The current findings
extended these observations by illustrating that the induc-
tion of tumor-specific CTL and the expression of genes
associated with CTL responses, such as [FNg, GZMB, and
IL-12, were increased in tumors from IL-4-depleted mice
(Figs. 1c, 2b). Furthermore, IL-4 neutralization reduced the
ability of tumor-infiltrating macrophages to inhibit T cells,
leading to increased numbers of tumor-infiltrating CDS8
T cells (Figs. 2a, 3, 4). Finally, these effects allowed the
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augmentation of cancer immunotherapies, such as treatment
with CpG ODN or anti-OX40 Ab (Fig. 6a, b).

Recent reports demonstrated that IL-4 can suppress
tumor immunity in several manners. IL-4, a typical Th2
cytokine, can downregulate the development of Thl
inflammation and anti-tumor response and directly act on
CDS8 T cells to render them non-cytotoxic [30]. The current
findings confirmed these data by demonstrating that IL-4
neutralization enhances anti-tumor immunity, specifically
increasing the numbers of tumor-specific CD8 T cells in
LN and tumor-infiltrating CD8 T cells (Figs. lc, 2a). IL-4
also induces the production of other anti-inflammatory
cytokines and supports the generation of immunosuppres-
sive cells of the myeloid lineage [4, 11, 12, 31]. In this con-
text, the current findings demonstrate that IL-4 blockade
induced dramatic changes of the tumor microenvironment,
resulting in the downregulation of Th2-biased genes and
the upregulation of Th1-biased genes (Fig. 2b).

Consistent with current data, several reports have shown
that the administration of anti-IL-4 antibody marginally, but
significantly, slowed tumor growth or prolonged survival
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Fig. 6 Combination treatment with anti-IL-4 Ab and CpG ODN or
anti-OX-40 Ab has synergistic anti-tumor effects. CT26 colon can-
cer cells (1.0 x 10%) were injected s.c. into BALB/c mice. Mice were
injected i.p. with 500 pg of anti-IL-4 Ab on days 12, 17, and 22 plus
a 25 pg of CpG ODN on days 13 and 18 or b 250 ug of anti-OX40
Ab on days 13 and 18; tumor size was monitored. Data represent the
mean + SEM of 8-10 mice per group from two independent experi-
ments. ¢ Tumor-draining LN from CT26 tumor-bearing mice were
isolated on day 24, re-stimulated ex vivo with 1 pg/ml AH-1 peptide,

[19-21]. Denardo et al. demonstrated that the treatment of
anti-IL-4 Ab significantly reduced the tumor metastasis in
lung tissue of MMTV-PyMT mice, and prevented the acti-
vation of TAM [21]. In addition to the effect of immune
functions, IL-4 promotes tumor growth by mediating an
increased proliferation and survival, and protecting them
from apoptosis through the IL-4 receptor on the tumor cells
directly [20, 32, 33]. Prokopchuk et al. showed that IL-4
enhances proliferation of human pancreatic cancer cells
through the activation of MAP Kinase [32]. Venmar et al.
has shown that the knockdown of the IL-4 receptor resulted
in significantly attenuated lung metastasis in the 4T1 model
through the inhibition of Erk1/2, Akt, and mTOR activation
[33]. IL-4 signaling has also been demonstrated to function
in the protection of tumor cells from apoptosis by increas-
ing anti-apoptosis proteins [20]. These data indicate that
IL-4 in tumors directly and indirectly induce tumor devel-
opment and progression. In contrast, the direct effect of

and monitored for IFNg secretion by the ELISpot assay. Results rep-
resent the mean + SD of 5-7 mice per group from two independent
experiments. CT26 tumors were removed on day 22, and the num-
ber of tumor-infiltrating CD45+ cells that expressed CD4 and CD8
was determined by flow cytometry. d Representative results from one
mouse per group and e mean + SD from five independently analyzed
mice per group, showing CD4- and CD8-expressing cells as a per-
centage of all cells (including tumor cells). *p < 0.05, **p < 0.01,
***p < 0.005

IL-4 signaling on CT26 tumor cells could be excluded from
the current results since the CT26 cells did not express IL-
4Ra (CD124) [34].

It is well established that IL-4 promotes the differentia-
tion of M2 macrophages and upregulation of Arg 1 activ-
ity, which increases the suppressive function of MDSC and
TAM [3, 4, 11, 12]. The current studies examined the func-
tional characteristics and nature of the tumor-infiltrating
macrophages. IL-4 blockade abrogated the inhibitory activ-
ity of T cells in TAM, but it did not affect the population
of tumor-infiltrating myeloid cells (Figs. 2a, 4). Consistent
with this activity, expression of the M2 markers, Retnla and
Fizz-1, was severely reduced in tumors from IL-4-depleted
mice (Fig. 3a, b). Furthermore, anti-IL4-treated TAM sig-
nificantly enhanced the production of IFNg and the expres-
sion of T-bet in CD4 T cells in vitro, indicating a shifting to
M1 macrophage functions (Fig. 5a—d). Thus, IL-4-depleted
myeloid cells changed their functional properties, but not
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their population. This, in turn, facilitated the expansion and
infiltration of cytotoxic CD8 T cells, and thus supported
CDS8 T cell-mediated tumor regression.

Monocytic MDSC also promote the expansion of regu-
latory T cells that downregulate tumor-specific immunity
[35]. Current results showed that no effect was observed on
the expression of Foxp3 in the bulk of the tumor (Fig. 2b).
However, the expression of Foxp3 was significantly
reduced in CD4 T cells from anti-IL-4-treated animals
due to the increased-number of CD4 T cells in the tumor
(unpublished data). The production of ROS by granulocytic
MDSC (gMDSC) also contributes to the suppression of T
cells. However, IL-4 blockade had no effect on the num-
ber of gMDSC or on the expression of ROS (unpublished
data). Unfortunately, we were unable to observe whether
tumor-infiltrating MDSC inhibited the proliferation of
T cells since it was technically difficult to isolate enough
MDSC from the tumor, and the viability of those cells was
very low (unpublished data).

The existence of myeloid cells, such as macrophages
and/or MDSC, in multiple types of human cancers corre-
lates with poor clinical outcomes, as well as the enhance-
ment of angiogenesis and promotion of tumor growth and
metastasis [12, 21, 36-38]. In this context, the current find-
ings illustrated that IL-4 blockade severely reduced the
expression of VEGF and EGF in tumors (Fig. 2b). VEGF
is known as a major contributor to angiogenesis and is
released by TAM [36]. Its levels correlate with the density
of myeloid cells in several types of human cancers [36-38].
EGF is also expressed by TAM. DeNardo et al. reported
that the activation of TAM by IL-4 significantly augments
the induction of EGF expression in TAM by CSF-1 derived
from malignant cells, and the IL-4-enhanced EGF/CSF-1
paracrine loop contributes to the invasive behavior of can-
cer metastasis [21]. The targeting of TAM appears to be
a promising approach for cancer therapy. Thus, multiple
strategies are being pursued to reduce their activities. The
successful reduction in macrophage numbers by CSF-1R
blockade is associated with an improvement in tumor-spe-
cific immunity [39]. Clinical trials evaluating the efficacy
of CSF-1R antagonists in several types of solid tumors
are ongoing. Another possible strategy for reducing TAM
numbers is to manipulate the TAM phenotype or re-polar-
ize macrophages toward M1 [25, 40, 41].

The current studies demonstrated that IL-4 blockade
altered the tumor microenvironment, increasing the number
of T cells in tumors and decreasing the suppressive function
of macrophages, but this treatment did not shrink tumors
(Fig. 1a). These findings led us to examine combination
treatments with another immunotherapy that enhances the
activity of CTL. Our findings demonstrated that IL-4—neu-
tralizing Ab, in combination with immunotherapeutic agents
(CpG ODN or anti-OX40 Ab), delivered significantly

@ Springer

inhibited tumor growth, accompanied by synergistically
increased T cell infiltration; effects that were not achieved
by the administration of each treatment alone (Fig. 6).

The current studies observed that mice were generally
tolerant of large doses of anti-IL-4 Ab (11B11), with no
evidence of toxicity observed at doses up to 50 mgekg ™.
Previous reports using anti-IL-4 Ab (11b11) demonstrated
that 25-50 mgekg™' of antibody was treated to neutralize
endogenous IL-4 [19-21, 42, 43]. Those reports did not
observe the toxicity of anti-IL-4 Ab. In clinical studies, a
humanized anti-IL-4 mAb (pascolizumab) has been devel-
oped as a potential therapeutic agent for allergic diseases
[44]. Although phase I/IT of the clinical trials in human
asthmatics did not demonstrate clinical efficacy, there were
no significant adverse reactions reported [44]. As a promis-
ing safety profile of IL-4 neutralization in humans is well
established, these findings support the use of anti-IL-4 Ab
for cancer immunotherapy.

In our studies of anti-IL-4 Ab administration, treat-
ment was associated with dramatic changes in the tumor
microenvironment, including a shift from a Th2- to Thl-
polarized microenvironment, increases in tumor-infiltrat-
ing T cells, and decreases in the suppressive activity of
TAM. The features of IL-4 blockade suggest that they
may be useful in combination with other cancer treat-
ments, including radiation and chemotherapy. Recent
advances in cancer immunotherapies, such as immune
checkpoint inhibitors, have resulted in impressive clini-
cal benefits for some cancers [45]. Multiple strategies
are currently being pursued to reduce their suppressive
activities, and therefore macrophages in tumors should
be considered a target of cancer immunotherapy. These
encouraging results support the continued development
of macrophage-targeted therapy and clinical testing of
IL-4 blockade as adjuncts to cancer immunotherapy.
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