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ABSTRACT
In many types of cancer, presence of eosinophils in tumors correlate with an improved disease outcome. In
line with this, activated eosinophils have been shown to reduce tumor growth in colorectal cancer (CRC).
Interleukin (IL)-33 has recently emerged as a cytokine that is able to inhibit the development of tumors
through eosinophils and other cells of the tumor microenvironment thereby positively influencing disease
progress. Here, we asked whether eosinophils are involved in the effects of IL-33 on tumor growth in CRC.

In models of CT26 cell engraftment and colitis-associated CRC, tumor growth was reduced after IL-33
treatment. The growth reduction was absent in eosinophil-deficient AdbIGATA-1 mice but was restored
by adoptive transfer of ex vivo-activated eosinophils indicating that the antitumor effect of IL-33 depends
on the presence of eosinophils. In vitro, IL-33 increased the expression of markers of activation and
homing in eosinophils, such as CD11b and Siglec-F, and the degranulation markers CD63 and CD107a.
Increased expression of Siglec-F, CD11b and CD107a was also seen in vivo in eosinophils after IL-33
treatment. Viability and cytotoxic potential of eosinophils and their migration properties toward CCL24
were enhanced indicating direct effects of IL-33 on eosinophils. IL-33 treatment led to increased levels of
IL-5 and CCL24 in tumors.

Our data show that the presence of eosinophils is mandatory for IL-33-induced tumor reduction in
models of CRC and that the mechanisms include eosinophil recruitment, activation and degranulation.
Our findings also emphasize the potential use of IL-33 as an adjuvants in CRC immunotherapy.

Abbreviations: AOM: azoxymethane; bmRPMI: bone marrow RPMI; CRC: colorectal cancer; CFSE: carbox-
yfluorescein succinimidyl ester; DSS: dextran sulfate sodium; EPX: eosinophil peroxidase; INF-y: interferon
gamma; ILC: innate lymphoid cell; IL-33: interleukin-33; IL-5: interleukin-5; MDSC: myeloid derived sup-
pressor cells; NK cells: natural killer cells; P/S: penicillin/streptomycin; rm: recombinant mouse; T regs:
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Introduction

Eosinophils have been originally regarded as effector cells in
allergic diseases and as a defense against helminths. Over the
years, however, presence of eosinophils has been consistently
reported in tumor tissue (TATE, tumor associated tissue eosino-
philia). Many of these reports demonstrate that tissue eosinophilia
correlate with a better disease prognosis." Also in studies of
human colorectal cancer (CRC), increased numbers of eosino-
phils in tumors have been shown to serve as an independent
favorable factor correlating with better prognosis and longer
patient survival.”> High counts of eosinophils, particularly in
tumor stroma, were associated with a decreased risk for CRC
death.®

A recent study has revealed that activated eosinophils play
an important part in the reduction of tumor growth of
intestinal cancer indicating that the presence of eosinophils
in cancers of the gastrointestinal tract may oppose
neoplasia.” On the other hand, in a model of oral carcino-
genesis, eosinophil-deficient AdbIGATA-1 mice were less
affected by tumor growth than the wild types,® suggesting

that the pro-/anti-tumorigenic role of eosinophils in tumor
development is dependent on the type of cancer (recently
reviewed in’). Eosinophils are able to destroy cancer cells
through degranulation and the release of cytotoxic granules
which contain major basic protein, eosinophil cationic pro-
tein, and eosinophil peroxidase (EPX)."'* Granzyme A and
tumor necrosis factor alpha (TNF-a) have been also identi-
fied as eosinophil-derived tumoricidal mediators causing
apoptosis and necrosis of Colo-205 colon carcinoma cells,
a process that requires CD11a/CD18-dependent adhesion of
eosinophils to cancer cells.'"” In general, eosinophils have
been described as effector cells of immune surveillance that
release cytokines to modulate functions of other leukocytes
while also expressing receptors for cytokines, chemokines,
growth factors, lipids and adhesion molecules to integrate
inflammatory signals."' As to their role in solid tumors,
eosinophils are thought to orchestrate a program to reduce
tumor growth with the help of other leukocytes such as
CD8" T cells that are attracted to the tumor site via eosino-
phil-produced chemokines.'?
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A newly emerged cytokine that is able to influence tumor
development via eosinophil activation is interleukin (IL)-
33."> Although thought to be mostly pro-tumorigenic in
many types of cancer'*'® including CRC," ™! IL-33 was
recently shown to reduce tumor growth in skin cancer and
interestingly also in CRC models.”>™*” IL-33 is a member of
the IL-1 family and normally released from damaged epithe-
lial and endothelial barrier cells acting as an alarmin.'* In
this function, it can activate leukocytes, such as mast cells,
eosinophils, Th2, regulatory T (Treg), CD8" and natural
killer (NK) cells, and also innate lymphoid cells (e.g.
ILC2)."* IL-33 can influence immune cells of the tumor
microenvironment by inducing IL-12-dependent Thl cell
differentiation in human and mouse CD4* T cells,”® a cell
type known to be associated with a good prognosis in
CRC.” In fact, IL-33 has been proposed as a vaccine adju-
vants in cancer immunotherapy because it can cause anti-
gen-specific polyfunctional CD4" and CD8" T-cell
responses.’’ The addition of a danger signal (alarmin) like
IL-33 may help to overcome tumor immune tolerance,
a major obstacle in cancer immunotherapy.’’ On the other
hand, transgenic mice expressing IL-33 in intestinal epithe-
lial cells and crossed with APC™™* mice showed increased
tumor growth and higher expansion of Tregs than their
littermates.!” It has been, therefore, suggested that IL-33
expressed in tumor cells may promote immune responses
in CD8" T cells and NK cells while IL-33 from tumor stroma
favors tumor growth via immune suppression through Tregs
and MDSCs,”! important findings that need to be considered
before using IL-33 in immunotherapy. Recent reviews on the
role of IL-33/ST2 (IL-33 receptor) in tumorigenesis have
discussed in more detail how remodeling of the tumor
microenvironment by IL-33 may either promote or reduce
tumor growth.'®*?

Two reports have now shown that IL-33 directly activates
eosinophils and reduces pulmonary metastasis and growth of
melanoma.'**® As for CRC however, it is still unclear whether
eosinophils play a role in IL-33-induced reduction of tumor
growth. In the current study, we, therefore, used two in vivo
models to investigate whether eosinophils are involved in the
effects of IL-33 on tumor growth in CRC. We can report that
IL-33 is a potent cytokine that diminishes tumor growth in
both models. Using AdbIGATA-1 mice, we further show that
the effects of IL-33-induced tumor reduction are dependent on
the presence of eosinophils.

Methods
Mice and cell line

All animal experiments were performed in the animal facilities
of the Medical University of Graz. Experimental protocols were
approved by the Austrian Federal Ministry of Science and
Research (animal license numbers: BMWEF-66.010/0076-V/
3b/2018 and BMBWEF-66.010/0041-V/3b/2018. BALB/c mice
were either bred in house or obtained from Charles River).
AdbIGATA-1 mice were initially obtained from Dr. Helene
Rosenberg (NIH, Bethesda, MD, USA) and bred in our

facilities. Male CD-1 mice were obtained from Charles River.
CByJ.B6-Tg(UBC-GFP)30Scha/] mice were purchased from
Jackson Laboratory and bred in our facilities.

The colon carcinoma cell line CT26 was obtained from
ATCC (ATCC® CRL-2638™) and maintained in RPMI with
10% FBS (Life Technologies; # 21875-091 and # 10270106)
and 1% penicillin/streptomycin (P/S; PAA Laboratories; P06-
07100) at 37°C and 5% CO, in a humidified atmosphere.

Murine tumor models and IL-33 treatment

For the heterotopic CRC tumor engraftment model, 1 x 10°
CT26 cells were injected subcutaneously (s.c.) into the flank of
8-12 week old BALB/c or AdbIGATA-1 mice. When tumors
were palpable (after ~1 week), mice were treated intraperito-
neally (i.p.) with 0.4 pg recombinant mouse (rm)IL-33
(Biolegend; # 580506) or PBS (as a negative control) every
other day six times in total.>> Tumor progression was mon-
itored during the course of the experiment. Mice were sacri-
ficed 24 hrs after the last injection, and tumors were collected.
Tumors were weighed, and then measured with a caliper. The
tumor volume was calculated by using the formula (v = length
x width x height x 11/6).

Colitis-associated CRC was induced in CD-1 mice as
described before.> In brief, mice were first injected i.p. with
10 mg/kg of azoxymethane (AOM; Sigma-Aldrich; A5486). 2%
of dextran sulfate sodium (DSS; MP Biomedicals; # 216011090)
was then added to their drinking water from day 7-13 and
28-34. IL-33 treatment was started seven days after the last
bout of DSS and applied i.p. at 1 ug/mouse two to four times
per week. On day 99, mice were sacrificed, the colon was
removed and opened longitudinally. Tumors were counted
and tumor areas were measured with a caliper. Tumors were
excised and kept in RPMI on ice until further use (or fixed in
10% Roti’-Histofix; Carl Roth; A146.5).

Single cell suspensions

Single cell suspensions of s.c. tumors were prepared as pre-
viously described.>® Tumors were cut in small pieces and
digested with collagenase (CLS-1; 4.5 U/ml; Worthington)
and DNase I (160 mU/ml; Worthington; LS002006) for
25 min at 37°C while rotating at 1000 rpm. Digestion was
only interrupted once by shortly vortexing samples.
Thereafter, tissue was passed through a 40 um strainer and
washed with PBS + 2% FBS.

Dissected tumors of the colon from the AOM+DSS model
were cut in small pieces and digested in PBS (containing Ca*"
and Mg"™"), supplemented with 5% FBS, 1 mg/ml collagenase
A (Roche; #10103586001) and 160 mU/ml DNase I for 40 min at
37°C while shaking at 1000 rpm. Tissue was afterward passed
through a 100 pum strainer and washed with PBS + 2% FBS. After
washing, cells were counted and used for antibody staining.”®

Flow cytometric phenotyping of immune cell populations

Prior to immunostaining,”* single cell suspensions were incu-
bated with 1 pug TruStain FcX™ (Biolegend; # 156604). Staining



was then performed for 30 min on ice (protected from light)
with the following antibodies: CD45-AF700 (# 103128), CD45-
BV785 (# 103149), Ly6 C-APC (# 128015), Ly6 G-PE/
Dazzle594 (# 127648), CDI11 c-BV605 (# 117334), CDS8-
PerCPCy5.5 (# 100734), CD63-PE (# 143903), CDI107a-
BV421 (# 121618) (all antibodies from Biolegend), CD11b-
BUV737 (# 612801), CD11b-PECy7 (# 561098), F4/80-
BUV395 (# 565614), CD3-BUV395 (# 563565), CD4-BUV496
(# 564667), Siglec-F-PE (# 562068) (all antibodies from BD
Biosciences) and FoxP3-PE (eBioscience; # 12-5773-82). For
nuclear antigen staining, cells were permeabilized with
Transcription Factor Buffer Set (BD Biosciences, # 562574)
prior to staining procedures. Dead cells were excluded with
Fixable Viability Dye (FVD) eFluor™ 780 (eBioscience; #65-
0865-14) according to the manufacturer’s protocol. Stained
cells were washed, fixed with IC Fixation Buffer (eBioscience;
# 00-8222-49), and stored at 4°C until analysis. Samples were
analyzed on a BD LSRFortessa™ flow cytometer with BD
FACSDiva software (BD Biosciences, Franklin Lakes, NJ,
USA). Per sample, >2 x 10° events were recorded. Data were
compensated and analyzed with FlowJo software (TreeStar,
Ashland, OR, USA). Gates were defined by fluorescence-
minus-one samples. See Supplementary Fig. 1 for gating
strategies.

Immunohistochemistry/histochemical staining

Paraffin-embedded sections of mouse tumors were cut (5 pm)
and deparaffinized. For immunohistochemistry, sections were
microwaved for 2 x 5-min cycles in 10 mM citrate buffer, and
processed by ABC method according to the manufacturer’s
protocol (Vectastain ABC Kkit; Vector Labs; PK-6101).
Sections were then incubated with biotinylated mouse anti-
EPX antibody (clone MM25-82.2.1; 5 pg/ml; antibody kindly
donated by Dr. Elizabeth Jacobsen) and visualized with 3-3"-
diaminobenzidine (DAB; Vector Labs; SK-4100). Images were
taken with a high resolution digital camera (Olympus UC90)
and analyzed by Olympus cellSense Standard 1.17 imaging
software (Olympus, Vienna, Austria). Contrast, brightness
and color balance of images were adjusted using Corel
Photo Paint® (Corel Corp.). For histochemical staining of
eosinophils, Sirius Red (Direct Red 80°, Sigma-Aldrich; #
365548) was used in deparaffinized sections. Sirius Red-
stained tissue was counterstained with Gill'’s hematoxylin II
(Carl Roth; T864.2).

Protein extraction and cytokine analysis

Snap frozen tumor tissue was lysed in RIPA buffer (Thermo
Fisher; # 89900) and homogenized in a Percellys 24 homoge-
nizer (VWR, Vienna, Austria) by using ceramic beads (VWR;
#432-0356). Subsequently, the protein lysate was centrifuged at
14,000 rpm for 10 min (4°C) before protein concentration was
determined by a Pierce’™ BCA Protein Assay Kit (Thermo
Fisher; # 23227) according to the manufacturer’s protocol.
Cytokine expression was evaluated by ProcartaPlex Multiplex
Immunoassay (affymetrix eBioscience; PPX-13). The CCL24
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ELISA was performed according the manufacturer’s protocol
(Thermo Fisher; EMCCL24).

Differentiation and activation of bone marrow derived
eosinophils

Bone marrow was isolated from BALB/c and CBy].B6-Tg(UBC-
GFP)30Scha/] mice and eosinophils were differentiated as pre-
viously published.’® In brief, erythrocytes in bone marrow were
lysed using ddH,O followed by neutralization with 10xPBS. The
cells were cultured in bmRPM]I, i.e. RPMI + 20% HyClone FBS
(GE Healthcare; # 10309433), 1% P/S, 25 mM HEPES (Thermo
Fisher; # 15630-080), 1 x non-essential amino acids (Thermo
Fisher; # 11140-035), 1 mM sodium pyruvate (Thermo Fisher; #
11360-039) and 50 uM beta-mercaptoethanol (Sigma-Aldrich;
M3148) supplemented with 100 ng/ml stem cell factor
(PreproTech; # 250-03) and 100 ng/ml FLT3L (PreproTech; #
250-31 L). On day four, medium was changed to bmRPMI
supplemented with 10 ng/ml IL-5 (Bio-Techne; # 405-MI1-005)
only, to differentiate progenitors into eosinophils. Fresh medium
was added every second day. On day 8 and 12, cells were
transferred into a new flask. On day 13, 100 ng/ml IL-33 was
added to half of the eosinophils for activation (referred to as IL-
33 Eos) while the other half was kept in bmRPMI/IL-5 alone
which served as control (referred to as IL-5 Eos). Before use,
eosinophils were washed twice in PBS to remove IL-33 and IL-5.
Purity and viability was checked using flow cytometry. For
intravenous (i.v.) injections, IL-5 Eos and IL-33 Eos were either
stained with the fluorescent markers CFSE or eFluor™ 450
(eBioscience; #65-0842-85 and #65-0820-84) according to the
manufacturer’s protocol) or used unstained, at a concentration
of 5-10 x 10° cells/200 ul PBS per recipient mouse.

Eosinophil migration assay

Eosinophil migration assays were performed using 5 um trans-
well plates (Corning; CLS3387-8EA) as previously described by
us.>” In brief, 1 x 10° IL-33 Eos (or IL-5 Eos) were put in the
upper well. Supernatant from CT26 cell lines (conditioned for
four days) and unconditioned medium was used for chemoat-
traction in the lower well. Recombinant CCL24 (eotaxin-2;
Immunotools; # 11344174) was used as a positive control for
eosinophil migration at the indicated concentrations.
Eosinophils that migrated to the lower well were enumerated
on a FACS Canto (BD Biosciences) as described previously.*®

Cytotoxicity and viability assay

Eosinophil cytotoxicity assays were carried out as described
before.” IL-5 Eos (or IL-33 Eos) were co-incubated with CT26
cells (4x10™) in a 96-well plate at different ratios for eosinophils
to tumor cells (E:T). To be able to differentiate between eosi-
nophils and CT26 cells, we either used GFP™ eosinophils from
CBy]J.B6-Tg(UBC-GFP)30Scha/] mice (Jackson Laboratory) or
we stained CT26 cells with eFluor™ 450 (500 nM). After 6, 7
or 24 hrs, eosinophils were collected, and CT26 tumor cells
were detached using trypsin/EDTA (PAN Biotech; P10-
023100). Cells were stained with Annexin-V (BD Biosciences;
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# 5566547; according to the manufacturer’s protocol) or
Zombie NIR™ Fixable viability dye (Biolegend; # 423105).
The percentage of dead CT26 cells (or living GFP™ eosinophils)
was then analyzed as Annexin-V or Zombie NIR™ Fixable
viability dye positive or negative cells using flow cytometry.

Statistical analysis

Statistical analyses for in vitro and in vivo experiments was
performed using GraphPad Prism 6.1 (GraphPad Software).
Significant differences between two experimental groups were
determined using unpaired or paired student’s ¢-tests, multiple
t-tests or two-way ANOVA with the Sidak’s post hoc test for
corrections of multiple comparisons. For comparison of three
groups, one-way ANOVA was used with the indicated post hoc
test for corrections of multiple comparisons.

Results

IL-33 increases infiltration of eosinophils into tumors of
CRC models and causes reduction of tumor growth

In the CT26 cell engraftment tumor model with BALB/c
mice (Figure la), tumor growth was decelerated by treat-
ment with IL-33 as compared to vehicle treatment (con-
trol) (Figure 1b). Weights and volumes of tumors,
measured at the end of the experiment, were reduced by
more than 50% (Figure 1c). Flow cytometric analysis of
tumors revealed increased infiltration of eosinophils, CD4"
T cells and Tregs after IL-33 vs. vehicle treatment (control)
(Figure 1d). In Sirius Red stainings from tumors of IL-33-
treated mice, eosinophils appeared less granulated than
those from tumors of vehicle-treated (control) animals
(inserts at the right upper corners of the images) suggest-
ing that degranulation of eosinophils has occurred in vivo
(Figure le, also see Supplementary Figure 2 showing anti-
EPX antibody-stained eosinophils). We also detected
increased levels of IL-5 and CCL24 in tumors of IL-33-
treated mice, whereas levels of CCL11 (eotaxin-1) and
CCL5 did not differ between the two groups (figure 1f).
In the AOM+DSS colitis-associated CRC model (Figure
1g), IL-33 was applied one week after the last cycle of DSS
in order not to interfere with the (inflammatory) effect of
DSS. Also here, treatment with IL-33 reduced tumor
growth, as evaluated by tumor number and tumor area
(Figure 1h). By the end of the experiment, IL-33-treated
animals had also gained more weight than the ones treated
with vehicle (control) (see fold bodyweight in Figure 1i).
Our flow cytometric data showed that the number of
eosinophils was significantly increased in tumors by IL-33
treatment (Figure 1j). We did not detect differences in the
other investigated leukocytes between the two groups
(Figure 1j). Sirius Red stainings of eosinophils in colonic
tumors of the AOM+DSS colitis-associated CRC model are
shown in Figure 1k. Eosinophils can be seen throughout
the tumor tissue, typically located in adenomatous crypts.

IL-33 increases markers of activation, homing and
degranulation in eosinophils

To investigate whether IL-33 causes anti-tumorigenic effects
directly via eosinophils, we first differentiated bone marrow
eosinophils from BALB/c mice and added 100 ng/ml of IL-33
for 20 hrs to the culture medium (IL-33 Eos). The other half of
the cells was kept in normal IL-5-supplemented culture medium
(IL-5 Eos) and served as a control. In vitro, incubation with IL-33
increased the expression of markers for activation and homing
such as CD11b"** and Siglec-F,* and markers of degranulation,
such as CD63'**! and CD107a,* in eosinophils (Figure 2a).
Eosinophils were also investigated in tumors of the in vivo
models. In s.c. engrafted mice, eosinophils showed increased
expression of Siglec-F, CD11b and CD107a post IL-33 treatment
(Figure 2b). In eosinophils from tumors of IL-33-treated AOM
+DSS mice, Siglec-F but not CD107a (p = .0526) was significantly
higher than in vehicle-treated (control) animals. No change for
CD11b was detected in the AOM+DSS+IL-33 mice vs. vehicle
(control) (Figure 2c). Our data, therefore, indicate that IL-33
leads to increased expression of molecules involved in activation,
homing and degranulation of eosinophils in vitro and in vivo.

IL-33 enhances migration and viability properties of
eosinophils

Because infiltration of eosinophils into tumors was increased in
response to IL-33 treatment we next investigated whether
migration of eosinophils toward CT26 cell-conditioned super-
natant and CCL24 could be modulated by IL-33 pre-treatment.
By use of trans-well migration assays, we observed that activa-
tion with IL-33 enhanced the migration of bone marrow-
derived eosinophils toward CCL24 as compared to IL-5 Eos,
and also slightly (though not significantly; p = .062) toward
CT26 cell-conditioned medium (Figure 3a).

IL-33 is also an important cytokine for eosinophil survival* but
whether the tumor microenvironment influences this property is
unknown. We carried out in vitro experiments and noticed
increased survival of IL-33 Eos when they were co-incubated at
different ratios with CT26 cells (or medium only) indicating that
CT26-conditioned medium enhanced eosinophil viability (Figure
3b). We then investigated the role of IL-33 in eosinophil migration
and survival in vivo using eosinophil-deficient AdbIGATA-1 mice
engrafted s.c. with CT26 cells. After two weeks, we injected IL-33
Eos (eFluor™ 450-stained) and IL-5 Eos (CFSE-stained) i.v. into
the mice (in a 1:1 ratio/mouse) and monitored the distribution and
viability of the injected eosinophils 24 and 96 hrs post-injection.
A representative flow plot for the identification of the i.v. injected
eosinophils, gated as live/CD45%/CD11b* eFluor™ 450" (IL-33
Eos) and CFSE* (IL-5 Eos), is shown in Figure 3c. Prolonged
survival of IL-33 Eos (as compared to IL-5 Eos) could be detected
for up to 96 hrs post eosinophil injection in the blood of
AdbIGATA-1 mice (Figure 3d). CT26 cell-engrafted tumors of
AdbIGATA-1 mice showed an increased number of IL-33 Eos
after 24 hours (though not significantly different to IL-5 Eos;
Figure 3e). However, significantly more IL-33 Eos (vs. IL-5 Eos)
were seen 96 hrs after eosinophil injection (Figure 3e). Altogether,
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Figure 1. IL-33 causes eosinophil infiltration into tumors and reduced tumor growth in models of CRC. (a) BALB/c mice were subcutaneously (s.c.) engrafted with 1 x 10°
CT26 colon cancer cells (time point 0). IL-33 treatment (0.4 ug/mouse i.p. every other day for six times) was started when tumors were palpable (after ~1 week). (b)
Tumor development was monitored during the course of the treatment. Data indicate mean values + SEM from 3 independent experiments. n = 23-25. (c) One day after
the last IL-33 injection, mice were sacrificed and tumor weight and volume was measured ex vivo. Data were pooled from three independent experiments. n > 29. (d)
Flow cytometric analysis of single cell suspensions from s.c. tumors. Data were pooled from 3 independent experiments; n = 13-21. (e) Sirius Red staining of eosinophils
in s.c. tumors of IL-33- and vehicle-treated (control) mice (representative images from n = 3/group; calibration bar: 20 pm). Arrows denote examples of Sirius Red-
stained eosinophils. Inserts in the right upper corners show enlarged Sirius Red-stained eosinophils with granules easily detectable (calibration bar: 5 um). (f)
Immunoassay of lysed tumor tissue shows significant differences in the levels of IL-5 and CCL24 between IL-33- and vehicle-treated (control) mice; n = 7-10. Data
indicate mean values + SD. (g) Schematic presentation of the AOM+DSS-induced CRC model as performed in CD-1 mice treated with 1 ug IL-33/mouse i.p. 2-4 times per
week. (h) Tumor number and area were measured in each colon showing a reduction in tumor growth in the AOM+DSS+IL-33 treated mice; n = 24-27. (i) Body weights
(normalized to the starting weight) of IL-33- and vehicle-treated (control) mice. Data represent one of two independent experiments; n = 12-14. (j) Flow cytometric
analysis of tumor infiltrated leukocytes. Data indicate mean values + SD; n = 7-18. (k) Sirius Red staining of eosinophils in tumor tissue of AOM+DSS+IL-33- and vehicle-
treated (control) mice (calibration bar: 20 pum; representative image from n = 3-4/group). Arrows denote representative examples of Sirius Red-stained eosinophils.
Statistical differences were assessed by using two-way ANOVA with Sidak’s post hoc test and unpaired student’s t-test. *p < .05; **p < .01; ***p < .001.
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Figure 2. Expression of markers for activation, homing and degranulation. Bone marrow-derived eosinophils were activated with IL-33 (IL-33 Eos) for 20 hrs or incubated
with IL-5 (IL-5 Eos) as a control, and marker expression was evaluated using flow cytometry. (a) Histograms show representative flow cytometry experiments. Next to the
histograms, the graphs show paired data of two treatments (IL-5 and IL-33). Data represent one of two independent experiments; n > 5. (b) Expression of markers for
homing and activation (Siglec-F and CD11b) and for degranulation (CD107a) were evaluated in tumor infiltrating eosinophils from IL-33- and vehicle-treated BALB/c
mice (control) (s.c. tumor model; n = 7) and from (c) IL-33- and vehicle-treated (control) AOM+DSS mice (data pooled from two independent experiments; n = 12-18.
Statistical differences were assessed by using paired and unpaired student’s t-test. *p < .05; **p < .01; ***p < .001.

these findings suggest that IL-33 primes eosinophils for migration
and prolonged survival not only in vitro but also in vivo.

IL-33-induced reduction of tumor growth depends on the
presence of eosinophils

To test whether the anti-tumorigenic effect of IL-33 depends on
the presence of eosinophils we used eosinophil deficient
AdbIGATA-1 mice. After s.c. engraftments with CT26 cells,
mice were treated with 0.4 ug rmIL-33 every other day ip. as
described before (BALB/c mice received the same treatment)
(Figure 4a). There was no difference in the time course of
tumor development between IL-33- and vehicle-treated (control)
AdbIGATA-1 mice (Figure 4b). Similarly, no differences in
tumor weight and volume were observed in AdbIGATA-1 mice
(Figure 4c) (we also failed to see differences in the proliferation of
IL-33- and vehicle-incubated CT26 «cells in vitro; see
Supplementary Fig. 3), while treatment of BALB/c mice con-
firmed our observation that IL-33 reduces tumor growth
(Figure 4b,c). Flow cytometric analysis of tumor single cell sus-
pensions showed a reduction in CD45" cells, monocytes, CD8"
T cells and an increase in Tregs after treatment with IL-33 vs.
vehicle in AdbIGATA-1 mice (Figure 4d). There was a marked

increase of eosinophils and a slight, though not significant,
increase of Tregs (p value =.0616) in IL-33 vs. vehicle-treated
BALB/c mice (Figure 4d).

Our data suggest that eosinophils are needed for IL-33-
dependent reduction of tumor growth.

Activation of eosinophils by IL-33 enhances the reduction
of tumor growth

To confirm that eosinophils are indispensable for the IL-33-
induced reduction in tumor growth we argued that repopula-
tion of AdbIGATA-1 mice with eosinophils would restore the
tumor growth-reducing effect. IL-33 Eos or IL-5 Eos were,
therefore, injected twice a week i.v. into AdbIGATA-1 mice
bearing s.c. CT26 tumors (Figure 4e). Differentiation and via-
bility of IL-33 Eos and IL-5 Eos were about 90% at the time of i.
v. injections (see Supplementary Fig. 4). Tumors were slightly,
though not significantly, reduced in mice repopulated with IL-
5 Eos as compared to mice that did not receive eosinophils
(PBS only) (Figure 4f). However, when IL-33 Eos were injected
i.v. into AdbIGATA-1 mice, tumor volumes and weights were
significantly reduced (Figure 4g). The percentage of IL-33 Eos
in tumors was clearly increased (vs. IL-5 Eos) (Figure 4h).



ONCOIMMUNOLOGY 7

a b
S 1500 ~100 100
= == |L-5Eos =, deite % = |L-5Eos 8
s == |L-33 Eos *% 2> 804 == |L-33 Eos S w0
.(-“1 ] 3 o
g 1000 2 ol X3
- p=0.0620 = &
= £ 404 * % ® 404
4 Q. £
-§_ 500 8 5
r 20 4
£ 5 20
3 8 4
04 i e \
B bm CT26 10nM Medium L 10 0370 103 g0t q0S
3 Zombie NIR
RPMI cClL24 only Eos.CT26 cells
ratio
& d_ & e
£ 040 X, 0.151 W= L5 Eos i.v.
10°1 IL-33 Eos by 0.201 YSE. ﬁ = == IL-33 Eosi.v.
Xy =
—~ 005 =
1044 = A 0.104
> O o004 o
o~ Y
¥ © 003 S
s 103 pd )
IL-5 Eos = 0o Z 0.05-
[ s 3
g £ 001 =
7] ‘®
-103 qu 0.00 O 0.004
400 0 10 0d 105 oo L 24 .. 9%
CFSE hours after injection hours after injection

Figure 3. IL-33 dependent differences in migration and survival of eosinophils. (a) The migration of eosinophils (pre-activated with IL-33 [IL-33 Eos] or incubated with IL-
5 alone [IL-5 Eos; serving as control]) toward CT26 cell-conditioned medium and toward CCL24 is shown. Data are means + SD, pooled from three independent
experiments (n = 7) and expressed as % of vehicle (omRPMI). (b) Eosinophil viability was measured after 24 hrs co-incubation with indicated ratios of CT26 cells and
medium only, and identified as Zombie NIR™ fixable viability dye (Zombie NIR) negative cells (means + SD, n = 3). The histogram shows a representative experiment
(grey = IL-5 Eos, red = IL-33 Eos). (c) A representative flow cytometry plot shows eosinophils (IL-33 Eos and IL-5 Eos) which were injected intravenously (i.v.) into
AdbIGATA-1 mice and detected in the blood after 24 hrs. IL-33 Eos (eFluor™ 450 [eF450]-stained) and IL-5 Eos (CFSE-stained) were identified as live/CD45/CD11b*
cells. (D, E) Graphs show IL-33 Eos and IL-5 Eos (% of CD11b*) in the blood (d) and in subcutaneous CT26 tumors 24 and 96 hrs after adoptive transfer of eosinophils into
AdbIGATA-1 mice (e); n = 4-5. Statistical differences were assessed by two-way ANOVA with Sidak’s post hoc test, multiple t-tests and by unpaired student’s t- test.

*p < .05; **p < .01.

Figure 4i shows immunohistochemistry of s.c. tumors in
AdbIGATA-1 mice infiltrated with IL-33 Eos.

We not only applied IL-33 pre-incubated eosinophils into
CT26 tumor-bearing AdbIGATA-1 mice i.v., but also injected
IL-33 i.p. into AdbIGATA-1 mice repopulated with IL-5 Eos
and we detected reduced tumor growth (Supplementary Fig.
5A-B), but, unlike in Figure 4h, this time the number of tumor-
infiltrated eosinophils was not significatly increased (i.p. IL-33
vs. 1.p. vehicle [PBS], Supplementary Fig. 5 C). However, eosi-
nophils in tumors of mice injected with IL-33 ip. showed
increased CD107a expression (vs. mice injected i.p. with PBS
vehicle) indicating increased degranulation of eosinophils
(Supplementary Fig. 5D). Collectively, the results demonstrate
that IL-33 enhances the antitumor properties of eosinophils
in vivo.

Eosinophils activated by IL-33 have increased cytotoxic
potential

Due to the increased expression of degranulation markers in
eosinophils after IL-33 treatment in vitro (Figure 2a) and in
tumors of BALB/c and AdbIGATA-1 mice (adoptively trans-
ferred with eosinophils) in vivo (Figure 2b and Supplementary
Fig. 5), we investigated a possible mechanism by which eosi-
nophils could contribute to tumor growth reduction that is
associated with degranulation. We, therefore, looked at the
eosinophil’s potential of killing tumor cells. Eosinophil-
mediated cancer cell killing was described earlier in different
kinds of solid tumors, including CRC and melanoma.”*> We
investigated this effect also in our in vitro settings and found

that co-incubation of eosinophils with increasing ratios of
CT26 cells for 6 hrs increased the number of dead CT26
tumor cells (Figure 5a). A stronger increase in dead CT26
tumor cells was observed after a 24 hr co-incubation (Figure
5a). Since it was shown that the activation of eosinophils with
IL-33 could increase death in melanoma cells® we also tested
this finding in our settings and co-incubated IL-33 Eos and IL-
5 Eos with CT26 cells at different ratios. Compared to CT26
cells incubated with IL-5 Eos, the activation of eosinophils with
IL-33 led to increased percentages of dead (Annexin-V*) CT26
cells (Figure 5b,c).

Discussion

IL-33 is a cytokine (alarmin) released upon necrotic cell death,
particularly, by wounded epithelial and endothelial cells."*** In
the context of cancer, it has been described as a pro- and anti-
tumorigenic cytokine, depending on the tumor entity
(reviewed in'®). Recently, IL-33 has been linked with eosino-
phil activation, TATE and reduced tumor growth in a model of
skin cancer.'>** By using two different CRC models, a s.c.
tumor cell engraftment and an AOM+DSS-driven colitis-
associated model, we can show that administration of IL-33
reduces tumor growth in CRC. The reduction is dependent on
the presence and the activation status of eosinophils.

Several studies have previously addressed the role of the IL-
33/ST2 axis in CRC showing either tumor promoting'’** or
tumor reducing effects.”®*”*>*¢ Concerning the tumor micro-
environment, tumor promoting effects by IL-33 have been
linked with Tregs, which suppress tumor immunity,"®'* and
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with macrophage infiltration into tumors to stimulate PGE,
production that enhances colon cancer cell stemness.”® In our
present work, we primarily focused on the role of eosinophils
in the microenvironment and whether they might play a role in
IL-33-induced reduction in tumor growth. In accordance with
a report in melanoma by Lucarini et al.,>> we observed that IL-
33 reduced the growth of tumors in mice engrafted with the
colon cancer cell line CT26. The reduction was accompanied
by an increased number of eosinophils and higher levels of IL-5
and CCL24 in the tumors (but not of CCL11 and CCL5)
suggesting that these mediators likely contribute to increased
eosinophil infiltration. Our observation that IL-33 can drive
IL-5 and CCL24 expression is also supported by another study
describing that in eosinophilia of airway inflammation, IL-33-
stimulated production of IL-5 is accompanied by increased
levels of CCL24, but not of CCL11.*

Despite several reports highlighting the influence of eosino-
phils on the nature of immune cell infiltrates in various solid
tumor models,'>?>** we observed that IL-33-induced
changes in the microenvironment of the CT26 tumors only
occurred in CD4" T cells and Tregs but not M1 macrophages,
myeloid derived suppressor cells (MDSCs), CD8" T or NK
cells. In accordance with other studies,'®'® Tregs slightly
increased in CT26 tumors post-IL-33 treatment but this
increase was not associated with a higher tumor burden. We
also found a higher number of Tregs in tumors of AdbIGATA-
1 mice after IL-33 treatment vs. control with no change in
tumor burden, suggesting that the increase in Tregs occurred
independently of the presence of eosinophils. Unlike in the
BALB/c mice, we also detected a decrease in CD8" T cells in the
microenvironment of the AdbIGATA-1 mice post IL-33

treatment. Given the fact that eosinophils produce chemokines
for the attraction of CD8" T cells into the tumor
microenvironment'” the deficiency of eosinophils may have
reduced the infiltration of CD8" T cells into tumors, however,
it is not clear why this is only apparent after IL-33 treatment.
Since IL-33 has been shown to promote tumor infiltration of
CD8" T cells'® one would have expected an increase in CD8"
T cells after IL-33 treatment but we did not observe this effect
in the BALB/c mice. As AdbIGATA-1 mice have been also
described to show disturbed immune formation in the
intestines,® it is possible that less CD8" T cells were formed
and that IL-33 could play some role in it. Furthermore, we
detected reduced infiltration of monocytes in AdblGATA-1
mice post IL-33 treatment which has been previously shown
in wild type mice with melanoma.”” Considering the minor
changes in the tumor microenvironment after IL-33 treatment,
our data rather suggested a direct anti-tumorigenic effect of
eosinophils on tumor cells. We, therefore, performed in vitro
experiments by co-incubating eosinophils with CT26 cells and
showed IL-33 dependent cytotoxic properties of eosinophils,
corroborating data from studies in human and murine CRC
and melanoma.”'%!>**

That lymphocytes may not be needed for the effects of
eosinophils on cancer growth has been previously reported in
different models of heterotopically engrafted solid tumors,”" as
well as in colitis-associated CRC models and Apcmi“/ * mice,
which develop intestinal tumors spontaneously.” In our AOM
+DSS-induced CRC model we detected IL-33-induced TATE,
which was accompanied by reduced tumor growth, but we
failed to see changes in the other leukocytes measured. The
role of IL-33 was also investigated in colitis-associated CRC in
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other reports, showing that genetic depletion of IL-33 leads to
a disruption in the IgA-microbiota axis and to an increased
number of tumors, but no data on the tumor microenviron-
ment were included for the colitis-associated CRC model.** On
the other hand, Eissmann et al. investigated genetic ablation of
the IL-33 receptor ST2 in a sporadic mouse model of CRC
applying AOM over several weeks.” In that study, genetic ST2
deficiency led to increased formation of colonic tumors,
depending on the suppression of IFN-y gene expression®
(IFN-y expression was unaltered in our study; unpublished
data). Although ST2 deficiency did not affect the infiltration
of CD8" T cells and myeloid cells into the tumors, it did
increase the frequency of tumor-infiltrating Tregs.”® At last,
one study shows inhibiting effects of IL-33 on colon cancer cell
growth,45 however, we did not observe direct effects of I1L-33
on CT26 cell proliferation (Supplementary Fig. 3). Collectively,
these studies support our work on the role of IL-33 in reducing
tumor growth in CRC.

IL-33 is known to lead to activation of eosinophils®>>* which
is accompanied by upregulation of molecules important for
eosinophil transmigration (CD11b) and degranulation
(CD63).1*>*>* We could confirm these observations in our
experiments for in vitro-activated eosinophils as well as for
tumor-infiltrated eosinophils in vivo. We furthermore detected
an increased expression of CD107a, which is, next to CD63,
another marker of degranulation,*” indicating that degranula-
tion of eosinophils most likely represents a crucial mechanism of
reducing growth of tumors in our experiments. The increased
expression of Siglec-F on eosinophils in tumors of IL-33-treated
mice is of particular interest because high Siglec-F expression has
been associated with activation and migration of eosinophils to
the airways.*’ This suggests that treatment with IL-33 may have
made eosinophils more susceptible to migration and degranula-
tion. Similarly, our migration assays with eosinophils in vitro
demonstrated increased migration of IL-33 Eos toward CCL24
as compared to IL-5 Eos while migration toward CT26 cell-
conditioned supernatant was less pronounced (p value .062).

Eosinophil depletion using anti-Siglec-F antibodies was
used in the past to evaluate the engagement of eosinophils in
tumor reduction.'>*> A recently published article now suggests
that eosinophil depletion by anti-Siglec-F antibodies does not
result in reduction of eosinophil numbers but rather in an
inhibited interaction of Siglec-F with its ligands leading to the
observed biological effects.”>® Therefore, we used AdbIGATA-1
mice in order to test whether the anti-tumorigenic effect of IL-
33 treatment was dependent on the presence of eosinophils. IL-
33 treatment of CT26 tumor-bearing AdbIGATA-1 mice
showed no decrease in tumor size. The repopulation of tumor-
bearing AdbIGATA-1 mice with eosinophils revealed that sig-
nificantly smaller tumors developed only in mice that were
injected with IL-33-activated eosinophils. In addition, more
eosinophils infiltrated tumors in CT26 tumor-bearing
AdbIGATA-1 mice injected with IL-33 Eos vs. mice injected
with IL-5 Eos. Our observations confirm data from a different
study describing decreased growth of melanoma only when
tumor cells were co-injected with IL-33-activated
eosinophils."”

The viability of eosinophils may be significantly affected by
tumor cells themselves. As recently demonstrated, the life span

of eosinophils is extended independently of IL-5 when they are
co-incubated with supernatant of colon cancer cells overnight.”
In line with this finding, we could also detect an increase in
viable eosinophils when they were co-incubated with CT26
cells. Tt is known that IL-33 prolongs eosinophil survival®>
and that CT26 cells produce IL-33.27°® Therefore, CT26 cell-
derived IL-33 in our supernatants could have been a factor to
increase survival of eosinophils. Finally, we also tested whether
the effects of colon cancer cell supernatant and IL-33 were
additive. Our findings showed that IL-33 enhances the
extended survival of eosinophils in the CRC tumor microen-
vironment both in vitro and in vivo.

In conclusion, our study suggests that eosinophils play an
indispensable role in the tumor growth-reducing effect of IL-33
in models of CRC. Reduction in tumor growth is significantly
enhanced when eosinophils are activated by IL-33.
Degranulation of eosinophils seems to be a major mechanism
that contributes to the IL-33 dependent anti-tumorigenic
effects while the change in the tumor microenvironment may
play a minor role. Our data, therefore, strongly emphasizes the
importance of eosinophils and their activation when consider-
ing IL-33 as a target of therapy against CRC.
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