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Abstract

Immunotherapies targeting T lymphocytes are revolution-
izing cancer therapy but only benefit a subset of patients,
especially in colorectal cancer. Thus, additional insight into
the tumor microenvironment (TME) is required. Eosinophils
are bone marrow–derived cells that have been largely studied
in the context of allergic diseases and parasite infections.
Although tumor-associated eosinophilia has been described
in various solid tumors including colorectal cancer, knowledge
is still missing regarding eosinophil activities and even the
basic question of whether the TME promotes eosinophil
recruitment without additional manipulation (e.g., immuno-
therapy) is unclear. Herein, we report that eosinophils
are recruited into developing tumors during induction of
inflammation-induced colorectal cancer and in mice with the

Apcmin/þ genotype, which develop spontaneous intestinal ade-
nomas. Using adoptive transfer and cytokine neutralization
experiments, we demonstrate that the TME supported pro-
longed eosinophil survival independent of IL5, an eosinophil
survival cytokine. Tumor-infiltrating eosinophils consisted of
degranulating eosinophils and were essential for tumor rejec-
tion independently of CD8þ T cells. Transcriptome and prote-
omic analysis revealed an IFNg-linked signature for intratu-
moral eosinophils that was different from that of macro-
phages. Our data establish antitumorigenic roles for eosino-
phils in colorectal cancer. These findings may facilitate the
development of pharmacologic treatments that could unleash
antitumor responses by eosinophils, especially in colorectal
cancer patients displaying eosinophilia.

Introduction
The tumor microenvironment (TME) has been recognized as a

critical factor in tumor biology (1). The importance of the
immune system in the TME is nicely exemplified by the crucial
functions that have been uncovered for cytotoxic T cells in tumor
cell elimination (2), which have been utilized for therapy using
immune-checkpoint blockade (3). However, the TME often pro-
motes T-cell suppression, which complicates targeting of T cells,
especially in solid tumors, and tumors may lack specific antigens
or resist infiltration by cytotoxic cells. These limitations highlight
the need to identify additional cellular targets that possess anti-
tumorigenic activities. In pursuing potentially antitumorigenic
cellular targets, we focused on eosinophils.

Eosinophils are bone marrow–derived cells that have been
largely studied in the context of allergic inflammation and par-

asitic infections. However, eosinophils infiltrate multiple tumors
where they can display either pro- or antitumorigenic functions,
leading to controversy about their role (4, 5). Nonetheless, most
of the experimental data assessing eosinophil function in cancer
have been gathered using tumor cell lines that secrete eosinophil-
promoting cytokines (e.g., IL5 and CCL11; refs. 6, 7), genetically
modified tumors that polarize a type 2 cytokine environment (8),
responses to immunotherapy (e.g., IL4, GM-CSF, IL33, and TSLP)
or in the absence of T regulatory cells (9–12). Thus, translation of
such data into insights about human disease is difficult.

Here, we studied eosinophils in cancer with experimental
models that fulfilled three conditions: (i) The models addressed
tumor types with clinically reported data on increased tumor-
infiltrating eosinophilia; (ii) tumor development occurred in an
anatomically relevant tissue for eosinophils; and (iii) tumor
progression occurred gradually without exogenous tumor cell
injections, a process that allowed eosinophils to adapt to their
changing microenvironment. Using these criteria led us to inves-
tigate eosinophils in colorectal cancer. Several clinical studies
reported increased tissue eosinophilia in colorectal cancer
patients and that eosinophilia was associated with favorable
prognosis (13–15). The largest homeostatic niche for eosinophils
is the gastrointestinal (GI) tract; and eosinophil accumulation in
the GI tract is a feature of numerous inflammatory GI diseases, in
which eosinophils have key functions (16, 17). Finally, several
chronic experimental models exist for colorectal cancer, which
mimic the human disease, at least in part (18).

We show herein that the TME in human and experimental
colorectal cancer is characterized by eosinophil recruitment, pro-
longed survival, and degranulation. Eosinophils possessed anti-
tumorigenic activities that were independent of CD8þ T cells.
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Unbiased RNA-seq and proteomics revealed that intratumoral
eosinophils were characterized by an IFNg signaling signature.
Consistent with this signature and the in vivo role for eosinophils
in colorectal cancer, activation of eosinophils with IFNg in vitro
potentiated eosinophil-mediated killing of colorectal cancer cells.
Collectively, our data established antitumorigenic functions for
eosinophils in colorectal cancer and describe the phenotypic
landscape of intratumoral eosinophils. Thus, pharmacologic
approaches that target eosinophils have the potential to unleash
antitumor activities.

Materials and Methods
Human tissue arrays

Human tissue arrays as well as data on patients' characteristics
were obtained from US Biomax, Inc.. The following arrays were
used: CO601, CO602, CO703, CO702B, CO952, CO953,
CO992A, TO54B, and TO55, and a total of 351 human samples
were analyzed.

Mice
Wild-type (WT) C57BL/6 mice were originally obtained from

Harlan Laboratories and grown in-house. CD3-IL5 transgenic
mice (NJ.1638, Il5Tg) mice were kindly provided by Dr. Jamie
Lee (Mayo Clinic, Scottsdale, AZ). DdblGATA mice were kindly
provided by Dr. August Avery (Cornell University, Ithaca, NY).
ApcMin/þmice were obtained from The Jackson laboratory. ApcMin/

þ/DdblGATA mice were generated by mating male ApcMin/þ mice
with female DdblGATA. All experiments were reviewed and
approved by the Animal Care Committee of Tel Aviv University
(Number M-14-061, M-15-001) and were performed in accor-
dance with its regulations and guidelines regarding the care and
use of animals for experimental procedures. All of the experiments
were conducted in the specific pathogen-free facilities of Tel Aviv
University. In all experiments, age-, weight-, and sex-matched
mice were used.

Colitis-associated cancer
Mice were injected intraperitoneally with 12.5 mg/kg azoxy-

methane (AOM, Sigma). At 5 days after injection,mice were given
2.25% dextran sodium sulfate (DSS) in drinking water for 5 days,
followed by 16 days of normal drinking water. DSS treatment was
repeated for 2 additional cycles of 2.25% and 2% DSS, and mice
were euthanized at 10 to 13 weeks after AOM injection.

Adoptive transfer experiments
Spleens were extracted from Il5Tg mice and crushed through a

70-mm strainer. Red blood cells were lysed, and the remaining
white blood cells were subjected to lymphocyte depletion using
Dynabeads conjugated to antibodies against Thy1.2 and B220
(Thermo Fisher Scientific). The purity of eosinophils was deter-
mined using flow cytometry and was consistently >95%. There-
after, DdblGATA mice were injected intravenously with 50 � 106

eosinophils on day 4 of the DSS treatment or at the age of 6 weeks
in the Apcmin/þ mouse model.

Orthotopic injections
Mice were anesthetized using Ketamine/Xylazine. Submucosal

injections of MC38 colorectal cancer cells were accomplished
using flexible stainless steel, 8 inch long, 30 gauge, 45 degree
bevel hypodermic needles custom made according to our spec-

ification (Cadence, Inc.). The needle was inserted through Luer
lock (S€ollner, GmbH) screwed on the working channel of the
endoscope to avoid air leakage. After the scope was inserted into
the mouse colon and the colon inflated, the needle was brought
through the working channel to the scope's front. The colorectal
cancer cell implantation procedure required two persons: one to
navigate the colonoscopywhile the other performed the injection.
The injection consisted of a very gentle submucosal penetration
with the open side of the bevel heading up at aflat angle. A volume
of 50 mL colorectal cancer tumor cells in saline was then injected
into the colonic submucosa. Mice were euthanized on day 21 and
histologic specimens were prepared.

IL5 neutralization
Apcmin/þ mice were treated for a period of up to 5 months with

anti-IL5 (TRFK5, 50 mg/mouse, twice a week) or isotype control
antibodies. Thereafter, mice were euthanized, and eosinophil
levels were determined in the peripheral blood and intestines.

Punch biopsies
Colons were flushed with phosphate-buffered saline and

opened along a longitudinal axis; 3 mm2 punch biopsies were
incubated for 24 hours in RPMI supplemented with 10% fetal calf
serum and antibiotics. Supernatants were collected and assessed
for cytokine expression by ELISA (19).

Coculture experiments
Primary eosinophils were isolated from the peritoneal lavage of

Il5Tg mice and enriched by lymphocyte depletion through use of
either a MACS cell separation system with antibodies against
CD90.2 and CD45R (Miltenyi Biotec) or Dynabeads conjugated
to antibodies against Thy1.2 and B220 (Thermo Fisher Scientific).
Eosinophils were then seeded togetherwithCT26orMC38 cells at
800,000 cells per well at varying ratios. In several experiments,
eosinophils were cultured in the presence of colorectal cancer
cell–conditioned media, which was obtained from the cells after
they reached confluency. Eosinophils were cultured with tumor
cell–conditioned media in the presence of anti-IL5 (clone TRFK5,
0.15 mg/mL) or isotype control.

Enzymatic digestion of gastrointestinal lamina propria cells
Colonic tissue was excised and flushed with 1 mL of calcium-

andmagnesium-free HBSS (CMF-HBSS). The colonwas dissected
longitudinally and shaken (250 RPM) in 5 mL CMF-HBSS con-
taining 5% FCS, 2 mmol/L EDTA, and 1mmol/L DTT (Ditiother-
itol) for 40minutes at 37�C in order to remove epithelial cells and
intraepithelial lymphocytes. Then, the colonic tissue was vortexed
and strained through 70-mm gray mesh. The remaining tissue or
isolated tumors were washed in PBS and then incubated and
shaken (250 RPM) with complete PBS (containing calcium and
magnesium) supplemented with 5% FCS, 1mg/mL collagenase A
(Roche), and 0.1mg/mLDnase I (Sigma) for 40minutes at 37�C.
The cell suspension was filtered using gauze (70-mm mesh) and
suspended in flow cytometry staining buffer (HBSS, 1% FCS).

Flow cytometry
Single-cell suspensions of mouse cells were stained using the

following antibodies: anti-CD45-APC, anti-CD45-APC-
eFluor780, anti-CD11b-PerCP-Cy5.5, anti-Gr1-PE, anti-CD8a-
PE (obtained from eBioscience), anti-CD3e-PE-Cy7 (obtained
fromBioLegend), anti-CCR3-FITC (obtained fromR&DSystems),
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anti-Siglec-F-PE (BD Biosciences), and DAPI (Sigma). Eosino-
phils were identified as CD45þ/CD11bþ/Siglec-Fþ/Ly6c�/
Ly6g�/MHC-II� (colon and ileum); CD45þ/Siglec-Fþ/CCR3þ

(Blood and bone marrow). T cells and myeloid-derived suppres-
sor cells were identified as CD45þ/CD3þ/CD8þ and CD45þ/
Gr1þ/CD11bþ cells, respectively.

IHC
Tissues were fixed, embedded, sectioned, and stainedwith anti-

EPX or anti-major basic protein (MBP) (kindly provided by Dr.
Jamie Lee, Mayo Clinic, Scottsdale, AZ), as described previously
(19). For anti-CD31 and anti-ki67 staining, slides were trypsi-
nized with 0.1% trypsin at 37�C for 5 minutes (BD Difco),
incubated with 180 mL methyl alcohol and 3 mL of 30% hydro-
gen peroxide, blocked with 2% rabbit serum/PBS/Triton for
2 hours, and incubated overnight with rat anti-mouse CD31
(PECAM-1) or rat anti-mouse Ki67 (both obtained from Abcam),
at 4�C. Slides were then incubated with biotinylated rabbit anti-
rat (Vector Laboratory; BA-4001) for 60 minutes, developed with
ABC complex andDAB substrate (Vector Laboratory, and counter-
stained with 0.1% nuclear fast red in 5% aluminum sulfate for
2 minutes or hematoxylin. Images were captured using either an
Olympus AX70 fluorescent microscope (Center Valley) equipped
with a DP72 camera or a Leica DM1000 equipped with an ICC50
camera (Leica). Image analysis and quantitation were performed
with ImageJ (NIH).

Immunofluorescence
Tissues were placed in OCT (Tissue-TEK) and snap-frozen over

dry ice. Tissue sections were cut, air dried, fixed, and blocked.
Thereafter, tissues were stained with anti-MBP (kindly provided
by Dr. Jamie Lee, Mayo Clinic, Scottsdale, AZ) and anti-cleaved
caspase-3 (Cell Signaling) followed by the following secondary
antibodies: donkey anti-rat AlexaFluor 488 (1:300, Jackson
ImmunoResearch) and goat anti-rabbit AlexaFluor 546 (1:500,
Life Technologies). Slides were stained with DAPI (Sigma) and
mounted using gel-mount (Sigma). Images were captured using
an LSM 800 confocal microscope (Zeiss).

RNA-seq
RNA was extracted using TRIzol (Invitrogen) according to the

manufacturer's instructions. Samples were preparedwith CEL-seq
and sequenced using Illumina HiSeq 2500. Sample preparation,
sequencing, quality control, and differential expression analyses
were conducted by the "Technion Genome Center," Life Science
and Engineering Interdisciplinary Research Center, Technion,
Haifa, Israel.

Proteomics
To identify differentially expressed proteins and phospho-pro-

teins, eosinophils and macrophages were subjected to protein
isolation using scioExtract Pro (Sciomics) using adapted proto-
cols. All samples to be analyzed were normalized to have equal
protein yields according to the respective cell counts. Individual
eosinophil cell sorting batches were pooled to yield at least
229,000 to 235,000 cells in total. The individual samples were
extracted in a cascade fashion,meaning that the first samples were
treated with scioExtract and the whole solution was carried to the
next sample tube. Three individual sampleswere pooled to yield a
sample for analysis. For all other samples, individual samples
were extracted according to standard Sciomics protocols with

scioExtract Pro. The complete resulting protein fraction was
labeled with scioDye 1 (Sciomics) and purified with low cell
count additives (Sciomics) during the purification step. All sam-
ples were incubated for three hours on scioDiscover arrays con-
taining 1,130 antibodies against 900 proteins (Sciomics) accord-
ing to standard protocols for microarray analysis for protein
expression and phosphorylation analysis. Subsequently, slides
werewashed anddried. Slideswere scannedusing a Powerscanner
(Tecan) to obtain fluorescent values. The resulting raw data were
analyzed using the linear models for microarray data (LIMMA)
package of R-Bioconductor for differential protein expression
including normalization (Cyclic Lowess) and P value as well as
logFc calculation. The false discovery rate was controlled accord-
ing to Benjamini and Hochberg (20).

Proliferation assays
Cell proliferation was assessed using the Click-iT EdU kit

(Invitrogen) according to the manufacturer's instructions.

Statistical analysis
Data were analyzed by analysis of variance followed by Tukey

post hoc test or Student t test using GraphPad Prism 5. Survival
curves were analyzed using the Gehan–Breslow–Wilcoxon test
and the log-rank (Mantel–Cox) test. Data are presented asmean�
SEM, and values of P < 0.05 were considered statistically signif-
icant; P values for differential expression of RNA-seq data
were corrected for multiple testing according to the Benjamini–
Hochberg procedure (20).

Results
Accumulation of eosinophils in human colorectal cancer
inversely correlates with tumor stage

To define the role of eosinophils in colorectal cancer, we first
analyzed intratumoral eosinophils using tissue arrays containing
biopsies from 275 patients and healthy individuals (see the
patient characteristics in Supplementary Table S1). Tissues were
stained with anti-eosinophil peroxidase (EPX), a commonly
usedmethod determine human eosinophil numbers and degran-
ulation in situ (21). Stained biopsies were assessed using com-
puterized analyses and divided into four groups based on
the numbers of intratumoral eosinophils: <10 eosinophils/mm2;
10–40 eosinophils/mm2; 40–100 eosinophils/mm2; and >100
eosinophils/mm2 (Fig. 1A). Segregation of the biopsies according
to the tumor stage revealed an inverse correlation between tumor
stage and intratumoral eosinophils (Fig. 1B), which was not due
to alterations in eosinophil numbers in the adjacent healthy tissue
(Fig. 1C). Most specimens, independent of tumor grade, con-
tained degranulated eosinophils as observed by extracellular
deposition of eosinophil granule content (Fig. 1D, blue arrows)
as well as intact cells (Fig. 1D, black arrows).

Next, we asked whether eosinophils were also present in
draining lymph node metastases. To this end, eosinophils in
biopsies from 91 patients who displayed lymph node metastasis
were assessed (Fig. 1E). Prominent eosinophilia (i.e., more than
10 eosinophils/mm2) was observed in �27% of the biopsies
(Fig. 1F).

Eosinophils are recruited and activated in experimental
colorectal cancer

To delineate the roles of eosinophils in colorectal cancer, we
investigated whether eosinophils accumulate in the GI tract
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during experimental colorectal cancer, using two models that
represent distinct etiologies: chronic inflammation (i.e., colitis-
associated cancer; CAC) and genetic predisposition (Apcmin/þ

mice, resembling familial adenomatous polyposis patients—who
do not always have an inflammatory phenotype; ref. 22).

Anti-eosinophil MBP stain revealed a gradual elevation in
colonic eosinophils following induction of CAC (Fig. 2A). Early
stages of this model (weeks 3 and 7) showed elevated eosino-
philia, and the colon was highly infiltrated with eosinophils by
week 11. Intratumoral eosinophils were readily detected (Fig. 2B)
and extracellular MBP, amarker of eosinophil degranulation, was
observed in the colonic lamina propria (Fig. 2C).

Subsequently, we aimed to determine whether eosinophils
accumulate in the ileum of Apcmin/þ mice, which spontaneously
develop intestinal polyps. Our analyses revealed that eosinophils
infiltrate the lamina propria (Fig. 2D) and the tumor (Fig. 2E).
Flow-cytometric analysis of excised adenomas revealed that intra-
tumoral eosinophils (defined as CD45þ/CD11bþ/MHC-II�/
Siglec-Fþ/Ly6g�/Ly6c�/SSChi) constituted up to 13% of all intra-
tumoral leukocytes (Fig. 2F) and �30% of all intratumoral
myeloid cells (i.e., CD11bþ cells). Degranulating eosinophils and
extracellular MBP were observed in 5-month-old Apcmin/þ mice,
which displaymultiple adenomas at that timepoint (Fig. 2G, blue
arrows).

Figure 1.

Eosinophils accumulate in human colorectal cancer and are inversely correlated with the tumor stage. A, Human tissue arrays from patients with colorectal
cancer (n¼ 275) were stained with anti-eosinophil EPX. B, Stained tissues were divided according to the presence of eosinophils per mm2, ranging from <10 to
>100 eosinophils/mm2 and assessed for their tumor stage (I–IV). C, The number of eosinophils in nontumor, healthy areas was determined and assessed for
tumor grade.D, A representative anti-EPX stained slide demonstrating degranulating and intact eosinophils (blue and black arrows, respectively) is shown.
Eosinophil numbers were determined in colorectal cancer lymph nodemetastasis using anti-EPX staining (n¼ 91, E) and divided according to the presence of
eosinophils per mm2, ranging from <10 to >100 eosinophils/mm2 (F).
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The accumulation of eosinophils in the GI tract of mice under-
going CAC and in 5-month-old Apcmin/þmice was associated with
fewer eosinophils in the peripheral blood (Fig. 2H and I) and, to
lesser extent, in the bone marrow (Supplementary Fig. S1).
Finally, syngeneic intracolon injection of MC38 colorectal cancer
cells resulted in the peritumoral accumulation of eosinophils
(Supplementary Fig. S2).

Increased expression of CCL11/eotaxin-1 in colorectal cancer
Assessment of the eosinophil-specific chemokines CCL11/

eotaxin-1 and CCL24/eotaxin-2 in GI punch biopsies revealed
a specific increase in CCL11, but not CCL24 (Supplementary Fig.
S3). Thus, eosinophil homing signals are present in the TME, and
accumulation of eosinophils in colorectal cancer is independent
of mode of disease induction.

The TME in colorectal cancer promotes eosinophil recruitment
To demonstrate that eosinophils were actively and specifically

recruited into the TME, purified splenic eosinophils from Il5Tg

mice were adoptively transferred into DdblGATA mice undergo-
ing CAC (Fig. 2J, top) or into Apcmin/þ mice that lack eosinophils
(Apcmin/þ/DdblGATA; Fig. 2J, bottom). The colons of DdblGATA
mice, which received no eosinophils (No Eos), or na€�ve
DdblGATAmice that were injected once with eosinophils (þEos),
displayed few eosinophils (defined as CD45þ/CD11bþ/Siglec-
Fþ/Ly6c�/Ly6G�/MHC-II�/SSChi cells; Fig. 2K). In contrast, a
single injection of eosinophils into DdblGATA mice undergoing
CAC resulted inpreferential and rapidhomingof eosinophils into
the colon (Fig. 2K and L). Similarly, a single injection of eosino-
phils into Apcmin/þ/DdblGATA mice resulted in significantly more
eosinophils in comparisonwithDdblGATAmice (Fig. 2M andN).

Prolonged eosinophil survival in the TME is independent of IL5
The observation that eosinophils were still present in the colon

of DdblGATA mice undergoing colitis-associated cancer and the
ileum of Apcmin/þ/DdblGATA mice, respectively, for up to three
months (Fig. 2K–N), following a single injection (Fig. 2J), sug-
gests that as well as recruiting eosinophils, the TME supports
prolonged eosinophil survival. Indeed, 14 days following adop-
tively transferring eosinophils, we could not detect peripheral
blood eosinophils nor observe any eosinophil proliferation in situ
(Supplementary Fig. S4).

IL5 is an eosinophil survival factor that regulates eosinophil
differentiation, maturation, and survival (23). To determine
whether eosinophil survival in colorectal cancer is regulated by
IL5, Apcmin/þ mice were treated with anti-IL5 neutralizing anti-
bodies for 5 months, at which point peripheral blood and
colonic eosinophils were assessed. Neutralization of IL5 in

Apcmin/þ mice significantly decreased peripheral blood eosino-
phils in comparison with isotype control–treated mice (Sup-
plementary Fig. S5). Nonetheless, eosinophils were detected in
the colons of anti–IL5-treated Apcmin/þ mice, and no difference
was observed between the anti–IL5-treated and isotype con-
trol–treated mice (Supplementary Fig. S5). Consistently, con-
ditioned media of MC38 colorectal cancer cells increased
eosinophil survival in vitro (Fig. 2O). Neutralization of IL5
had no effect on eosinophil survival in response to MC38-
conditioned media (Fig. 2O).

Eosinophils prevent the development of colorectal cancer
To address the in vivo function of eosinophils in colorectal

cancer, CAC was induced in WT and DdblGATA mice. The fre-
quency of colitis-associated cancer mortality in WT mice was
13.3% (n ¼ 30 mice). In contrast, in the absence of eosinophils,
themortality rose by 4.2-fold, and 56.2%of themice died (n¼ 32
mice, P < 0.05); Fig. 3A). Eosinophil-deficient mice undergoing
CAC had an increased tumor load (Fig. 3B), as determined by the
increased total tumor counts and size (Fig. 3C andD).Despite our
efforts to assess whether eosinophil reconstitution will decrease
tumor load, and similar to previously published data (24),
maximum eosinophil reconstitution reached only 50% in com-
parison with the levels of eosinophils in WT mice undergoing
CAC. Thus, as an alternative approach, we examined tumor load
in hypereosinophilic Il5Tg mice. Il5Tg mice undergoing CAC dis-
played decreased tumor burden following the induction of CAC
(Supplementary Fig. S6).

To further establish the antitumorigenic activity of eosinophils
in colorectal cancer, we aimed to determine their role in Apcmin/þ

mice. Apcmin/þ/DdblGATA mice displayed approximately a 3-fold
increase in cancer-associated mortality (Fig. 3E). Apcmin/þ mice
displayed a mortality frequency of 13.8% (n¼ 41mice), whereas
Apcmin/þ/DdblGATAmice displayed 40.9% (n¼ 44mice; Fig. 3E, P
< 0.01). Increased mortality in Apcmin/þ/DdblGATA mice was
accompanied by an increase in tumor load (Fig. 3F and G).

Antitumorigenic activities of eosinophils in colorectal cancer
are independent of CD8þ T cells

Eosinophilsmay orchestrate tumor rejection in part by enhanc-
ing the infiltration of CD8þ T cells (11). However, immune
phenotyping of the cellular infiltrate that was present in
the colonic tissue in DdblGATA mice undergoing CAC and in
Apcmin/þ/DdblGATA mice revealed that increased tumor load in
the absence of eosinophils was not associatedwith any alterations
in CD8þ T cells or myeloid-derived suppressor cells (Supplemen-
tary Fig. S7).We assessedwhether the antitumorigenic activities of
eosinophils in colorectal cancer were dependent on CD8þ T cells.

Figure 2.
Eosinophils are recruited to the TME, which fosters their prolonged survival. The presence of eosinophils was determined using anti-eosinophil MBP staining in
colonic (A–C) and ileal (D–E,G) sections, which were obtained at the indicated time points frommice undergoing colitis-associated cancer (A–C) or from
Apcmin/þmice at the age of 5 months (D–E, G). Intratumoral MBPþ cells were identified following colitis-associated cancer (B) and in Apcmin/þ adenomas (E). The
presence of intratumoral eosinophils was confirmed by flow cytometry of single-cell suspensions obtained from isolated adenomas (F). Eosinophils were
identified as CD45þ/CD11bþ/Siglec-Fþ/MHC-II�/Ly6g�/Ly6c�/SSChi cells. The percentage of peripheral blood (H, I) eosinophils out of the total CD45þ cells was
determined throughout colitis-associated cancer (H) and in 3- and 5-month-old Apcmin/þmice (I). Data represent 4–5 mice per time point; �� , P < 0.01;
��� , P < 0.001; ns, nonsignificant. Highly purified eosinophils from the peritoneal cavity of Il5Tgmice were adoptively transferred into na€�ve DdblGATAmice
(DdblGATA), DdblGATAmice undergoing colitis-associated cancer or DdblGATA/Apcmin/þmice using a single time point injection protocol (J). Thereafter, the
mice were euthanized at the indicated time points and colonic (K–L) and ileal (M–N) eosinophils were assessed. Data in K and L represent n¼ 5 experiments
conducted with 3–5 mice per group. Data inM–N are from n¼ 3 with 3–5 mice per group; �� , P < 0.01. Eosinophil survival following overnight incubation in MC38
colorectal cancer cell conditionedmedia (CM) was determined by flow cytometry (O). Data are from n¼ 3; ns, not significant; � , P < 0.05; �� , P < 0.01;
��� , P < 0.001.
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Therefore, Apcmin/þ and Apcmin/þ/DdblGATA mice were treated
with antibodies to deplete CD8þ T cells (25). Depletion of CD8þ

T cells in Apcmin/þ mice (Supplementary Fig. S8) resulted in 16%
tumor-associated death in comparison with isotype control-
treated mice, who showed no mortality (Fig. 3H). Isotype
control–treated Apcmin/þ/DdblGATA mice displayed 50%
tumor-associateddeath,whichwas further increased to66%upon
depletion of CD8þ T cells (Fig. 3H). Tumor burden was increased
in anti–CD8-treatedApcmin/þ/DdblGATAmice in comparisonwith
anti–CD8-treated Apcmin/þ mice (Fig. 3I). Collectively, these data
indicate that eosinophils display antitumorigenic activities in
colorectal cancer independent of CD8þ T cells.

Transcriptome signatures of intratumoral eosinophils and
macrophages

To identify potential mechanisms that mediate the antitumori-
genic activities of eosinophils in colorectal cancer, we defined
their transcriptional signature. We compared the transcriptional
signatures of intratumoral eosinophils with those of macro-
phages, which have been better characterized. To this end, na€�ve
colonic eosinophils and macrophages as well as intratumoral
eosinophils and macrophages were sorted (purity of both cell

types was �95%) and subjected to RNA-seq following induction
of CAC. Principal component analysis (PCA) revealed four dis-
tinct cellular populations: na€�ve colonic eosinophils, na€�ve colon-
ic macrophages, intratumoral eosinophils, and intratumoral
macrophages (Fig. 4A). In comparison with na€�ve eosinophils,
intratumoral eosinophils displayed multiple differentially
expressed transcripts. Of these, 587 transcripts were upregulated
and438downregulated [fold change>2;P value adjusted for false
discovery rate (FDR) < 0.05; Fig. 4B; Supplementary Tables S2 and
S3]. Unbiased STRING analysis, which identifies known and
predicted protein interactions (26), revealed that the transcrip-
tome signature of intratumoral eosinophils was associated with a
proinflammatory phenotype and was divided into three clusters
(Fig. 4C; Supplementary Tables S4–S6). Cluster 1 included enrich-
ment of transcripts that represent a response to interferons and
regulation of TLR signaling (e.g., Ifit1, Irf1, Irf7, Irf9, Ifi47, Ifitm1,
Nos2, and Stat1; FDR¼2.37�10�13). Cluster 2was enrichedwith
transcripts associated with chemokines and cell migration. Clus-
ter 3 comprised transcripts associated with inflammatory and
innate immune responses (e.g., Ccl2, Cd14, Cd19, Il12b, Tlr2,
Il17a, and Traf1). Consistent with our STRING analysis, visuali-
zation and integrated discovery (DAVID) annotation analysis of

Figure 3.

Eosinophils mediate antitumorigenic activities in colorectal cancer independent of CD8þ T cells. Colitis-associated cancer-inducedmortality was determined
inWT and DdblGATA (A) n¼ 30–32mice, P < 0.05. Representative photos of colonic adenomas (B) and quantitative assessment of tumor load (C), size
and number (D) in WT and DdblGATA undergoing colitis-associated cancer are shown. Data are from n¼ 4 experiments with 8–21 mice per group;
��� , P < 0.001. Colorectal cancer–associated mortality was determined in Apcmin/þ and DdblGATA/Apcmin/þmice. E, n¼ 41–44mice; P < 0.01. Representative
photos of ileal adenomas (F) and quantitative assessment of tumor load are shown (G). Data are from n¼ 4 with experiments with 6–17 mice per group;
� , P < 0.05. Colorectal cancer–associated mortality (H) and representative photos of ileal adenomas (I) in Apcmin/þ and DdblGATA/Apcmin/þmice following
depletion of cytotoxic T cells using anti-CD8 antibodies (aCD8;H). n¼ 6–9mice.
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gene ontology (GO) pathways revealed enrichment of inflam-
matory pathways in intratumoral eosinophils including defense
and innate immune responses to various stimuli involving bac-
teria, stress, lipids, and external stimuli such as cytokines, specif-
ically IFNg (Fig. 4D). Intratumoral eosinophils also displayed
increased mRNA expression of the antiapoptotic molecule Bcl2l1
and decreased mRNA expression of the proapoptotic molecule
Casp3 (Supplementary Tables S2 and S3).

A similar analysis of the macrophage transcriptome revealed
that in comparison with na€�vemacrophages, intratumoralmacro-
phages displayed 1,392 transcripts that were differentially
expressed. Of these, 654 were upregulated and 738 were down-
regulated (fold change > 2; P value adjusted for FDR < 0.05;

Supplementary Tables S7 and S8). Intratumoral eosinophils and
macrophages displayed distinct phenotypes, because only 270
(26% of the eosinophils and 19% of the macrophage transcript
signatures, respectively) were shared between eosinophils and
macrophages (Fig. 4E; Tables S7–S9). Analysis of these 270 shared
transcripts in intratumoral eosinophils andmacrophages revealed
discrete expression patterns between the two cells (Fig. 4F andG).
For example, expression of eosinophil-associated ribonuclease 2
(Ear2) was increased in eosinophils and decreased in macro-
phages, whereas vascular endothelial growth factor (Vegf)
decreased in eosinophils but increased in macrophages
(Fig. 4G). Transcripts that are associated with innate immune
activation such as formyl peptide receptor 1 (Fpr1) andCd14were

Figure 4.

Intratumoral eosinophils and macrophages display distinct transcriptome signatures. Na€�ve colonic and intratumoral eosinophils and macrophages
were sorted from mice undergoing colitis-associated cancer and subjected to RNA-seq (n ¼ 2 for na€�ve groups and 6 for intratumoral groups). PCA
of the different experimental groups is shown (A). The transcriptome signature of na€�ve (N1–2) colonic eosinophils and intratumoral (C1–6)
eosinophils is shown (B; fold change > 2, P value adjusted for FDR < 0.05). Significantly upregulated transcripts were subjected to STRING analysis
(C). Furthermore, the transcriptome signature of intratumoral eosinophils was subjected to bioinformatics analysis using the database for annotation,
visualization, and integrated discovery (DAVID) and annotation of gene ontology (GO) pathways (D). The transcriptome signature of intratumoral
eosinophils was compared with that of macrophages using a Venn diagram (E) and heat plot analyses (F). G, A comparison of the expression of
selected transcripts from intratumoral eosinophils and macrophages is shown. The transcriptome signature of intratumoral macrophages was
subjected to bioinformatics analysis using the DAVID and the annotation of GO pathways (H).
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increased to a greater extent in eosinophils, whereas transcripts
that were associated with tissue repair, such as matrix metallo-
proteinase 7 (Mmp7) and arginase 2 (Arg2), increased to a greater
extent in macrophages. The resistin-like molecule a (Retnla),
a hallmark of alternatively activated macrophages, which
resemble tumor-associated macrophages (27), was decreased
in eosinophils and macrophages, although it was downregu-
lated to a greater extent in macrophages (Fig. 4H; a complete
transcript list of genes that are differentially regulated in macro-
phages and eosinophils can be found in Supplementary Table
S8). Bioinformatics analysis, using the DAVID annotation of
GO pathways, revealed enrichment of pathways that are asso-
ciated with developmental and tissue repair processes in intra-
tumoral macrophages (Fig. 4H).

IFNg as a key activator of eosinophils in colorectal cancer
Next, we characterized the proteomic profile of intratumoral

eosinophils following CAC by means of antibody array (28).
PCA analysis and subsequent hierarchical clustering segregated
the samples according to cell type and treatment (Fig. 5A).
Hierarchal clustering revealed that all four cell groups segre-
gated distinctly (Fig. 5A, bottom tree cluster). However, na€�ve
colonic eosinophils were distinctly separated from na€�ve
macrophages as well as intratumoral macrophages and eosi-
nophils (Fig. 5A, bottom tree cluster). Intratumoral and na€�ve

eosinophils differentially expressed 155 proteins. Of these
proteins, 49 were abundant in na€�ve eosinophils and 106 were
abundant in intratumoral eosinophils (Fig. 5B and see list in
Supplementary Table S10). STRING analysis of the differen-
tially regulated proteins in intratumoral eosinophils revealed
that they were grouped into three unique clusters (Fig. 5C).
Cluster 1 comprised proteins associated with cell survival (e.g.,
BAX, BCL2, caspase-3); cluster 2 included the enrichment of
various cytokines and cell-surface receptors (e.g., IL4, IFNg ,
IL12b, CD44, and CD79); cluster 3 comprised growth factors
and enzymes that can regulate the integrity of the extracellular
matrix (e.g., MMP7, TIMP-1, and FGF7). Comparison of the
proteomic signature, which was retrieved for eosinophils,
revealed that only 40 of 155 proteins (25% of the eosinophil
proteomic signature) were shared between intratumoral macro-
phages and eosinophils (Fig. 5D; Supplementary Tables S1–
S13). Although these 40 proteins were the majority of the
proteins detected in macrophages, further analysis revealed
that the expression pattern (i.e., increased vs. decreased expres-
sion) of 90% of them (36 proteins) was higher in intratumoral
eosinophils in comparison with macrophages (Fig. 5E). Con-
sistent with our transcriptome data, unbiased bioinformatics
analysis, with DAVID annotation of GO pathways, revealed
that the pathway most enriched in intratumoral eosinophils
was associated with IFNg signaling (Fig. 5F).

Figure 5.

Proteomic analysis of tumor-associated eosinophils in colorectal cancer. Protein lysates of na€�ve colonic and intratumoral eosinophils and macrophages (n¼ 3
for na€�ve groups and 2 for intratumoral groups) were subjected to scioDiscover antibody microarrays. PCA of the different experimental groups is shown (A). A
volcano plot depicting the distribution of proteins, which were differentially expressed in na€�ve and intratumoral eosinophils, is shown (B). Differentially
expressed proteins were subjected to STRING analysis, and the identified clusters were circled (C). Venn plot analysis (D) of differentially regulated proteins in
intratumoral eosinophils and macrophages (D) as well as representative expression (E) of selected proteins from these cells is shown. The proteomic pathway
signature of intratumoral eosinphils, as analyzed by the database for annotation, visualization, and integrated discovery (DAVID) and the annotation of GO
pathways is shown (F).

Reichman et al.

Cancer Immunol Res; 7(3) March 2019 Cancer Immunology Research396

on March 18, 2019. © 2019 American Association for Cancer Research. cancerimmunolres.aacrjournals.org Downloaded from 

Published OnlineFirst January 21, 2019; DOI: 10.1158/2326-6066.CIR-18-0494 

http://cancerimmunolres.aacrjournals.org/


IFNg potentiates eosinophil-mediated colorectal cancer cell
killing

The increased abundance of IFNg-regulated pathways in intra-
tumoral eosinophils suggested a role for IFNg in their antitumori-
genic activities.

Coculture of eosinophils with MC38 or CT26 cells resulted in
increased colorectal cancer cell death without eosinophil activa-
tion (Fig. 6A). Nonetheless, IFNg enhanced the ability of eosi-
nophils to kill colorectal cancer cells in vitro (Fig. 6B). Increased
cytotoxic activities of eosinophils in response to IFNg were not

Figure 6.

IFNg potentiates eosinophil-mediated killing of colorectal cancer (CRC) cells. Eosinophils were cocultured with CT26 and MC38 colorectal cancer cells at the
indicated ratios. Thereafter, the survival of colorectal cancer cells was determined by flow cytometry (A). Eosinophils were activated with IFNg (B) or additional
stimuli (C) and cocultured with MC38 (B, C), CT26 colorectal cancer cells (B) as well as with PyMT breast cancer cells (D) at a 20:1 ratio and the percentage of
dead tumor cells was determined (B,D). Data inA–D represent n¼ 5 experiments; ns, nonsignificant; � , P < 0.05; �� , P < 0.01; ��� , P < 0.01. Human peripheral
blood eosinophils were activated with IFNg and cocultured with SW-480/HCT-116 colorectal cancer cells (E). Thereafter, tumor cell viability was determined by
flow cytometry. Data represent n¼ 3; � , P < 0.05; �� , P < 0.01. Tumors were excised from Apcmin/þmice andmice undergoing CAC and stained with anti-
eosinophil MBP, anti-cleaved caspase-3, and DAPI (F–G). Representative photomicrographs of MBPþ cells residing in the proximity of cleaved caspase-3þ cells
are shown (F–G). Colonic and ileal samples obtained fromWT and DdblGATA undergoing colitis-associated cancer as well as from ApcMin/þ and ApcMin/
þ/DdblGATAmice, respectively, were stained with anti-cleaved caspase-3 (H). Quantitative analysis of cleaved caspase-3 staining in the GI tract (I–J) are shown.
Data are from n¼ 6–10 mice; � , P < 0.05.
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due to increased eosinophil death in vitro, because nonstimulated
and stimulated eosinophils displayed�12% cell death. Increased
cytotoxicity of eosinophils toward colorectal cancer cells was
specifically enhanced by IFNg because stimulation of eosinophils
with additional stimuli such as E. coli, poly I:C, TNFa, and
f-met-leu-phe (FMLP) did not increase eosinophil cytotoxicity
(Fig. 6C). Eosinophil-mediated cytotoxicity is likely not gen-
eralized to all tumor cells, because eosinophils did not induce
cytotoxicity in vitro toward PyMT breast cancer cells (Fig. 6D).

Similar to ourfindingswithmouse eosinophils, humanperiph-
eral blood eosinophils cocultured with SW480 colorectal cancer
cells induced cell death, an effect potentiated by activation of
eosinophils with IFNg (Fig. 6E).

Antitumorigenic activities of eosinophils are associated with
cytotoxicity

Dual immunofluorescence staining of MBP and cleaved
caspase-3 in WT mice undergoing CAC demonstrated intratu-
moral eosinophils in the vicinity of apoptotic (i.e., active
caspase-3þ) tumor cells (Fig. 6F and G). The majority of
eosinophils (>99%) were negative for active caspase-3 staining,
confirming our observation regarding prolonged eosinophil
survival in the TME (Fig. 2).

Moreover, tissues from WT and DdblGATA mice undergoing
CAC as well as tissues from Apcmin/þ and DdblGATA/Apcmin/þ

mice were obtained and stained with anticleaved caspase-3. The
number of cleaved caspase-3þ cells was decreased in the absence
of eosinophils both in colitis-associated cancer and in Apcmin/þ

mice (Fig. 6H–J). No differences, however, were observed in the
numbers of Ki67þ epithelial cells (Supplementary Fig. S9) and/or
CD31þ blood vessels (Supplementary Fig. S9).

Discussion
Our perceptions regarding the roles of eosinophils in health

and disease have changed because functions for these cells have
been identified in settings that are beyond classic type-2 immunity
(29, 30). In this study, we dissected the roles of eosinophils in
colorectal cancer. We demonstrate that elevated eosinophilia in
human colorectal cancer was associatedwith an improved disease
stage, suggesting beneficial roles for eosinophils in colorectal
cancer. Experimentally, eosinophils were recruited to the TME,
which supported prolonged eosinophil survival andCD8þT-cell–
independent antitumorigenic activities. Transcriptome and prote-
omic analysis of intratumoral eosinophils revealed an activated
eosinophil phenotype, which was associated with IFNg signaling.
These data provide insight into the transduction mechanisms
unleashing antitumor activities from eosinophils and identify
these cells as targets for future immunotherapy especially in
colorectal cancer.

Our analyses revealed that tumor eosinophilia in colorectal
cancer was inversely correlated with tumor grade, in line with
studies that have associated tumor eosinophilia with improved
overall and/or colorectal cancer–specific survival (13, 14, 31–34).
Furthermore, we demonstrated that 27% of colorectal cancer
patients with lymph node metastasis displayed lymph node
eosinophilia. Although previous reports in colorectal cancer did
not directly assess eosinophils in metastatic sites such as the
lymph node, eosinophilia in the primary site was inversely
correlated with local recurrence and distant metastases, and
tumors with more tumor eosinophilia displayed less metastasis

(35). Future studies will be required to assess the role of eosino-
phils in lymph nodes and distant metastatic sites during tumor
progression in colorectal cancer.

We established that eosinophils display prolonged survival in
the TME independently of IL5 and confirmed this with adoptive
transfer experiments and the sparse number of active caspase-3þ

eosinophils in the GI tract. Consistent with previous reports in
murinemodels of allergic GI inflammation and IBD (36–38), the
eosinophil-specific chemokine CCL11/eotaxin-1 (but not
CCL24/eotaxin-2) was increased during the progression of colo-
rectal cancer. Increased CCL11/eotaxin-1 was associated with
accumulation of eosinophils in human colorectal cancer (39),
although CCL24/eotaxin-2 may also be involved (40). The find-
ing that the TME supports eosinophil accumulation and survival
suggests that eosinophil degranulation in vivo and eosinophil-
mediated tumor elimination is not necessarily a consequence of
eosinophil cell death.

Eosinophils can eliminate tumor cells by direct and indirect
mechanisms (41). Under appropriate settings, eosinophils are
highly suited for eliminating tumors (42–46). It is unclear,
however, what signaling mechanisms induce eosinophils to dis-
play antitumorigenic functions. Our unbiased empirical
approach, subjecting isolated primary intratumoral eosinophils
to RNA-seq and proteomics, revealed that tumor-infiltrating
eosinophils in colorectal cancer displayed an IFNg-associated
signature with multiple innate immune–signaling components,
such as pattern recognition receptors and IFNg-dependent genes
(e.g., Stat1, Ifi202b, Fpr1, Fpr2, Rtp4, Nos2, Slfn4, Ifit1bl2, ifitm1,
and ifit3b). Unbiased proteomic and subsequent bioinformatics
analysis substantiated the IFNg-associated signature by revealing
that the top-enriched pathway (with a P value of 7.83–10�4) was
IFNg-dependent signaling. A reported microarray analysis of
eosinophils differentiated ex vivo with recombinant IL18, which
induces IFNg production, suggests a distinct gene-expression
signature characteristic of "inflammatory eosinophils" (47).
These inflammatory eosinophils display increased expression of
several transcripts that we observed in intratumoral eosinophils,
including Cd274, Saa3, Ly6a, Ifit3, Oasl2, Spp1, and Rtp4. More-
over, Il18bp, anegative regulator of IL18,which is induced by IFNg
(48), is also increased in intratumoral eosinophils. The IFNg
signature, which we identified by means of RNA-seq and prote-
omics, was functionally validated by activation of mouse and
human eosinophils with IFNg , and consequently, the cytotoxicity
toward colorectal cancer cells increased. The finding that IFNg-
activated eosinophils displayed tumoricidal activities suggests
that, in colorectal cancer, eosinophils display an activated phe-
notype that resembles that of classically activated macrophages
(also termed M1 cells), which also have the ability to kill tumor
cells (49). Indeed, IFNg-activated eosinophils are capable of
releasing reactive oxygen species, mitochondrial DNA, and nitric
oxide, which are capable of killing tumor cells (17, 50). Com-
paring the transcriptome and proteome signature of tumor-
infiltrating eosinophils to that of macrophages revealed that
although these two cell types were exposed to similar stimuli
in the TME, their responses differ. Eosinophils were polarized
into an inflammatory state, with increased proinflammatory
cytokines, chemokines, and signaling pathways. In contrast,
macrophages displayed a phenotype that was associated with
tissue repair and organ development, with increased expression of
growth factors and matrix metalloproteinases. Future research
is needed to determine whether, while retaining their
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antitumorigenic activities, eosinophil-derived IL4/IL13 contri-
butes to the suppressive function of macrophages in the TME.

Our data indicate that the antitumorigenic activities of eosi-
nophils in colorectal cancer are independent of CD8þ T cells and
are associated with tumor cell death. In our models, the anti-
tumorigenic function of eosinophils wasmore potent than that of
CD8þ T cells. This conclusion is important because clinical data
show that current T-cell–based immunotherapies have limited
success for most colorectal cancer patients (42). The finding that
the antitumorigenic activities of eosinophils are independent of
CD8þ T cells is in contrast to a report showing that eosinophils
coordinate antitumor immunity via recruitment of CD8þ T cells
(11). In that system, eosinophils recruit CD8þ T cells and render
macrophages antitumorigenic via secretion of CXCL9 and pro-
motion of an environment characterized by elevated IFNg and
TNFa (11).We also identified increased expression of IFNg ,Cxcl9,
and additional IFNg-associated genes in intratumoral eosino-
phils. In addition, experimental models of GI infection also show
increased activity of eosinophils in response to IFNg . Whereas in
infectious disease settings, IFNg-dependent expression of PDL-1
on eosinophils restricted Th1-induced immune responses (43), a
collective view of these data highlight IFNg as a key activator of
eosinophils, especially in the GI tract.

The association between the antitumorigenic activities of eosi-
nophils in response to IFNg is consistent with previous reports
regarding the role of IFNg in colorectal cancer. Given the longevity
of experimental models for colorectal cancer (3–5 months) and
the accumulation of multiple cells that may differentially express
IFNg , future experiments are required to identify the cellular
source of the IFNg and the in vivo role of IFNg signaling in the
antitumorigenic activities of eosinophils. Nonetheless, the find-
ing that eosinophils can mediate antitumor activities indepen-
dent of CD8þ T cells may have therapeutic implications for
combinatorial therapies targeting these cells.

Oneof the conclusions thatwe candraw fromour studies is that
the role of eosinophils in the TME is largely tissue- and context-
dependent. Although this concept is accepted for other immune
cells such as neutrophils and macrophages (44, 45), to date,
eosinophils have been examined from a dichotomic point of
view, leading to the overall notion that the roles of eosinophils in
cancer are controversial (41, 46). On the basis of our data, we
suggest an alternative explanation, whereby the differential roles
of tumor immunology involving eosinophils (i.e., pro- vs. anti-
tumorigenic activities) are dependent upon the TME. Under
settings in which eosinophils are exposed to innate immune

stimuli and in the presence of IFNg , they will be polarized to
display antitumorigenic activities. In contrast, settings lacking
IFNg or innate immune activation may polarize eosinophils to
produce tumor-promoting factors.

In summary, we provided evidence that, in colorectal cancer,
eosinophils have antitumorigenic activity in vivo and their func-
tions can be distinguished from cytotoxic T cells and intratumoral
macrophages. These data enhance our understanding of the
molecular pathways regulating tumor eosinophilia. Our findings
have implications for cancer therapy, in particular for patients
with colorectal cancer.
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