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ABSTRACT
Background  Colorectal cancer (CRC) has a high mortality 
rate and can develop in either colitis-dependent (colitis-
associated (CA)-CRC) or colitis-independent (sporadic 
(s)CRC) manner. There has been a significant debate 
about whether mast cells (MCs) promote or inhibit the 
development of CRC. Herein we investigated MC activity 
throughout the multistepped development of CRC in both 
human patients and animal models.
Methods  We analyzed human patient matched samples 
of healthy colon vs CRC tissue alongside conducting a The 
Cancer Genome Atlas-based immunogenomic analysis and 
multiple experiments employing genetically engineered 
mouse (GEM) models.
Results  Analyzing human CRC samples revealed that MCs 
can be active or inactive in this disease. An activated MC 
population decreased the number of tumor-residing CD8 T 
cells. In mice, MC deficiency decreased the development 
of CA-CRC lesions, while it increased the density of 
tumor-based CD8 infiltration. Furthermore, co-culture 
experiments revealed that tumor-primed MCs promote 
apoptosis in CRC cells. In MC-deficient mice, we found that 
MCs inhibited the development of sCRC lesions. Further 
exploration of this with several GEM models confirmed that 
different immune responses alter and are altered by MC 
activity, which directly alters colon tumorigenesis. Since 
rescuing MC activity with bone marrow transplantation 
in MC-deficient mice or pharmacologically inhibiting MC 
effects impacts the development of sCRC lesions, we 
explored its therapeutic potential against CRC. MC activity 
promoted CRC cell engraftment by inhibiting CD8+ cell 
infiltration in tumors, pharmacologically blocking it inhibits 
the ability of allograft tumors to develop. This therapeutic 
strategy potentiated the cytotoxic activity of fluorouracil 
chemotherapy.
Conclusion  Therefore, we suggest that MCs have a 
dual role throughout CRC development and are potential 
druggable targets against this disease.

INTRODUCTION
Mast cells (MCs) have been suggested to play 
a pivotal yet complex role in several immune-
mediated reactions in the body.1–3 Bone 
marrow releases immature MCs that migrate 
towards their patrolling sites that are then acti-
vated according to immediate region-specific 
needs. Also, MCs synthesize inflammatory 
factors towards antigens binding to the Fc 
region of IgE coating their membrane.2–4

In human colorectal cancer (CRC), a 
reduced MC population has been associated 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ The role of mast cells (MCs) in colorectal cancer 
(CRC) is controversial as they can either promote or 
inhibit it. Studying this issue may reveal druggable 
targets for oncostatic therapies.

WHAT THIS STUDY ADDS
	⇒ Our study shows that an MC-lymphocyte axis al-
ters the development of both CA-CRC and sporadic 
CRC. However, several immune mechanisms can 
also change MCs’ function and CRC development. 
Moreover, pharmacologically inhibiting MC activity 
blocks the growth of CRC and melanoma tumors. 
This therapeutic strategy can be combined with a 
chemotherapeutic compound.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ Our findings define specific conditions in which 
MCs can promote or block CRC development. They 
also highlight MCs as a versatile druggable target 
against melanoma and CRC.
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with a good prognosis, while elevated numbers appear to 
be associated with poorer disease outcomes.5 6 Conversely, 
there have also been reports suggesting that increased 
MC numbers in tumors promote patient survival rates.7 8 
In carcinogen-exposed animal models, which resemble 
the development of sporadic CRC (sCRC), MC deficiency 
reduced tumor burden.9 Pharmacologically inhibiting 
MCs’ activity decreased CRC risk also.10

Other research groups have suggested that MCs 
promote the development of colitis-associated CRC (CA-
CRC) in mice.11 12 Haribabu and colleagues reported 
that MC deficiency promotes the development of colon 
tumors in mice carrying a heterozygous mutation in the 
adenomatous polyposis coli (ApcMin/+) gene; thus, MCs might 
orchestrate an anticancer immunological reaction during 
the development of intestinal tumorigenesis.13 Sinnamon 
et al demonstrated similar observations that MC defi-
ciency increases tumor numbers in ApcMin/+ mice.14

Whether the MC activity can differentially alter the 
development of CA-CRC and sCRC lesions remains 
unknown. We have thus challenged the hypothesis that 
MC activity alters and can be altered by different immune 
reactions. Our findings not only confirm that a MC-T cell 
axis alters the development of CA-CRC and sCRC tumors 
but that its potential can be pharmacologically harnessed 
to treat CRC in combination with a standard chemother-
apeutic compound.

MATERIALS AND METHODS
Human samples and immunogenomic analysis
According to the Declaration of Helsinki for the research 
use of previously collected human biospecimens in 
minimal risk studies, this Research Ethics Committee 
waived the patient informed consent. None of the 
patients underwent chemotherapy or radiotherapy prior 
to sample collection. Coded tissue samples ensured 
patient confidentiality.

Also, we performed an immunogenomic analysis 
based on 604 CRC cases from The Cancer Genome Atlas 
(TCGA). It investigated the immune cell population esti-
mated by CIBERSORT,15 and the immune features that our 
previous report described.16 Additionally, we selected the 
TCGA CRC samples classified as ‘genome stable subtype’ 
and divided them in two groups based on the frequency 
of activated MC by setting up a dichotomy comparing 
the top quarter (high MC activated frequency, HMCA) 
against the bottom quarter (low MC activated frequency, 
LMCA). The samples with intermediary frequency were 
excluded from the analysis.

Mouse experiments
The Research Ethics Committee for Animal Use of the 
School of Pharmaceutical Sciences of Ribeirao Preto 
of the University of Sao Paulo approved the current 
study (22.1.233.60.2). The following mouse strains were 
purchased from the Jackson Laboratories (USA): KitW/

sh (#012861), KitW/W-v (#100410), B2m knockout (KO; 

#002087), Ciita KO (#003239), Il6 KO (#002650), NOD 
(#001976), NOD-scidγ (#005557), C57BL/6J (#000664; 
named herein KitB6, B2mWT, or CiitaWT), BALB/cJ 
(#000651; named herein St2WT), C57BL/6-Tg(CAG-
EGFP)131Osb/LeySopJ (#006567; named herein KitB6-

Tag(CAG-EGFP)), and Rag1 KO (#002216). The St2KO 
mouse strain was developed and donated by Dr Andrew 
McKenzie.17

Cell culture, co-culture, and allograft CRC model
A murine CRC cell line (MC38) was cultured (±95% 
humidity; 37°C; 5% CO2) in Dulbecco’s Modified Eagle 
Medium (D5030; 10% foetal bovine serum, 12 103C; 
100 U/mL penicillin-streptomycin, P0781; 10 mM sodium 
pyruvate, P5280; Sigma-Aldrich, USA).

To harvest tumor-primed MCs, KitB6 mice were intra-
peritoneally (i.p.) injected with MC38 cells (1×106). 
Following 7 days from this procedure, MCs were isolated 
from the peritoneal cavity according to our previous 
description.18 Tumor-primed MCs were co-cultured with 
MC38 cells at a ratio of 1:10.

MC38 cells (2×106) were subcutaneously injected to 
induce allograft tumors in both KitW/sh and KitB6 mice. 
Tumors grew for 14 days and were monitored with a 
caliper. Treatments started from the seventh day onwards. 
Treatments were saline, cromolyn (CA; Sigma-Aldrich; 
C0399; 25 mg/ kg/ day,19 and 5-fluorouracil (5-FU; Libbs 
Farmaceutica Ltda, Sao Paul, Brazil; 70 mg/ kg once 
every 3 days.20

Colon tumorigenic mouse models
The CA-CRC protocol consisted of a single i.p. injection of 
azoxymethane (AOM; 10 mg/kg; Sigma-Aldrich; A5486) 
followed by three cycles of 2% dextran sulfate sodium 
(Sigma-Aldrich; 42867.21 Experiments were ended in a 
CO2 chamber (10th week).

The sCRC protocol consisted of 6 i.p. injections of AOM 
throughout 6 weeks. Tumors were detected after other 18 
weeks.21 Early tumorigenic lesions (APL) were detected 
after 6 weeks from the sixth AOM exposure. DNA damage 
can be studied after 3 days and single APLs (PL) after 
1 week from the sixth AOM injection. Our protocol of 3 
i.p. AOM injections followed by 3 days or 3 weeks was also 
applied.22

Bone marrow transplantation
To rescue MC deficiency, KitW/sh mice and their coun-
terparts underwent a single lethal dose of whole-body 
irradiation (IR; RS-2000 Biological Research Irradiator 
[Rad Source, Kansas City, MO, US]; 7 Gy). After 12 hours, 
IR-exposed mice received 1×107 freshly isolated mouse 
bone marrow cells expressing enhanced green fluores-
cent protein (EGFP) from KitB6-Tag(CAG-EGFP) mice.23 After 
other 6 weeks, bone marrow transplantation (BMT) was 
confirmed by counting EGFP cells in flow cytometry 
(Guava easyCyte 8HT [MerkMillipore, Burlington, MA, 
USA]; InCyte 2.7 software). Then, mice underwent sCRC 
protocol.
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qPCR
The RNeasy Mini Kit (74104; Qiagen, DE) was used to 
prepare RNA samples. Then, cDNA synthesis followed 
the manufacture’s guideline for the SuperScript III 
Reverse Transcriptase kit (Thermo Fisher Scientific, USA; 
18080093). Online supplemental table 1 and 2 show 
probes and primers, respectively. Data were collected 
and analyzed using an Eppendorf Mastercycler RealPlex2 
system (Eppendorf, DE). The fold-change (FC) between 
reaction control, experimental control, and target groups 
was calculated using the 2-∆∆Ct method (Gapdh as a house-
keeping gene).

Flow cytometry
According to the manufacturer’s guideline (Thermo 
Fisher Scientific, USA), the Annexin V/ 7AAD kit (#88-
8006-74) was used to analyze viability and apoptosis. Also, 
colonic lymphocytes, tumor immune cellular popula-
tions, and tumor cells were isolated as we have described 
previously.24 25 Then, samples were incubated with anti-
bodies against CD45-FITC (1:250), CD45-APC (1:250), 
CD45-BV421 (1:300), CD117-PE-Cy7 (1:250), FcɛRI-PE 
(1:250), CD8a-PE (1:300), CD3-FITC (1:250), CD4-FITC 
(1:250), and FOXP3-APC (1:300; online supplemental 
table 3). Cellular viability was checked by 7AAD (#A1310; 
Thermo Fisher Scientific) or FVS-APC Cy-7 (#565388; 
BD Biosciences). The data acquisition was performed on 
FACSVerse (BD Biosciences) and analysis carried out by 
the FlowJo software (FlowJo LLC, USA). Lymphocytes 
were determined as CD4+, CD4+FOXP3+, CD8+, and 
CD8+CD3+ gated from singlet viable CD45+ cells. MCs 
were determined as CD45+FcɛRI+CD117+ cells. Values 
are given as percentage.

Clonogenic assay
For decades the clonogenic assay has been used to test 
the number of cancer cell colonies in different experi-
mental settings.26 It can also be applied in co-culturing 
systems.27 After tumor-primed MCs were co-cultured with 
MC38 cells for 5 days, colonies were fixed and stained with 
0.2% crystal violet solution. The well area normalized the 
number of colonies.

Histopathological analysis and multiplex 
immunohistochemistry
As previously reported,28 4 µm paraffin-embedded 
tissue sections were stained with toluidine blue (Sigma-
Aldrich; 89640) before determining the density of MCs 
per sample area (iTB; Axio Imager M2 [Carl-Zeiss, DE]). 
To validate this analysis (iTRY), immunohistochemistry 
(IHC; Picture-Max Dab Kit; Thermo Fisher Scientific, 
USA; 878983) stained samples following manufacturer’s 
instructions (anti-MC tryptase [TRY; 1:100; ab2378], 
ABCAM, USA;).

Following our previous description,22 tumors and 
preneoplastic tissue samples underwent H&E staining 
and analysis (lesions per mm2). IHC stained samples with 

primary antibodies (online supplemental table 1) for 
analysis (number of positive per crypt).

A multiplex IHC was performed following our 
protocol.22 Reactivity to primary antibodies (online 
supplemental table 3; online supplemental figure 1) was 
determined by a Vector AEC Substrate kit (Vector Labora-
tories, USA; SK-4200). Stained tissue slides were scanned 
using an Aperio ImageScope AT system (Leica Biosystems, 
DE). Image processing and visualization were carried out 
using ImageScope software (Leica Biosystems).

RNAseq panel analysis
To prepare RNA samples, we used Qiagen RNeasy (#74106) 
and Qiagen RNase-free DNase kits (#79254). The RNA 
integrity was analyzed by Agilent Bioanalyzer RNA 6000 
Nano kit (Agilent Technologies, USA; #5067–1511). The 
cDNA libraries were built with QIAseq Targeted RNAseq 
Mouse Immuno-Oncology panel (#333005) and QIAseq 
Targeted RNA 96-Index I kits (#333117). The Agilent 
Bioanalyzer DNA 1000 Assay (#5067–1504) assessed 
libraries quality and size. The QIAseq Library Quant 
Assay Kit (#333314) quantified libraries before the Illu-
mina MiSeq Reagent Kit v3 (150 cycles; Illumina Inc., 
USA; #15043894) was applied for sequencing them in a 
MiSeq Sequencing System. Datasets (GSE 146786) were 
analyzed with the R package DESeq2.29

Immunoblotting analysis
According to our previous report,22 immunoblot-
ting analyses were performed. Following cold protein 
extraction (RIPA Buffer, R0278; phosphatase inhibitors, 
P0044; protease inhibitor, P2714; Sigma-Aldrich), protein 
concentration was determined (Pierce BCA Protein Assay 
Kit, 23225; Thermo Fisher Scientific). Any kD Mini-
PROTEAN TGX Stain-Free Protein Gels (#4568123; Bio-
Rad Laboratories, USA) were used for electrophoresis. 
Then, we used the Bio-Rad Trans-Blot Turbo Mini Nitro-
cellulose Transfer Packs (#1704158) together with the Bio-
Rad Trans-Blot Turbo Transfer System. Next, membranes 
were incubated at 4°C overnight with primary antibodies 
(online supplemental table 3).

Statistical analysis
The R software was applied for the TCGA-based immu-
nogenomic analysis.30 Also, we computed the Pearson 
correlation between immune features and MC popula-
tions. A two-tailed T-test was used to analyze the frequency 
of immune cell populations/signatures between CRC 
samples with low (LMCA) and HMCA frequencies.

The R software was also applied for analyzing the 
RNAseq datasets. After the data normalization by 
DESeq2, the differential expression was calculated (p 
value adjust<0.05). Test t was used to analyze only two 
groups, while the one-way analysis of variance (ANOVA) 
(post hoc test Benjamini–Hochberg) was used to analyze 
more than two groups. The libraries used were: DESeq2, 
ComplexHeatmap, gplots and parallel.

P
rotected by copyright.

 on N
ovem

ber 28, 2022 at U
S

P
 - U

niversidade de S
ao P

aulo.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2022-004653 on 11 O

ctober 2022. D
ow

nloaded from
 

https://dx.doi.org/10.1136/jitc-2022-004653
https://dx.doi.org/10.1136/jitc-2022-004653
https://dx.doi.org/10.1136/jitc-2022-004653
https://dx.doi.org/10.1136/jitc-2022-004653
https://dx.doi.org/10.1136/jitc-2022-004653
https://dx.doi.org/10.1136/jitc-2022-004653
https://dx.doi.org/10.1136/jitc-2022-004653
https://dx.doi.org/10.1136/jitc-2022-004653
http://jitc.bmj.com/


4 Sakita JY, et al. J Immunother Cancer 2022;10:e004653. doi:10.1136/jitc-2022-004653

Open access�

Other datasets were analyzed in the GraphPad Prism 9.3 
software (Graph Pad Software Inc., USA). The two-tailed 
Mann-Whitney’s U test analyzed probabilities between 
two different groups. The one-way ANOVA test (Kruskal-
Wallis’ post hoc test) was applied to analyze experiments 
with more than two groups. The two-way ANOVA test 
(with Bonferroni’s post hoc test) was applied to analyze 
different categorical independent endpoints with one 
dependent variable. A probability of p<0.05 was consid-
ered to be statistically significant.

RESULTS
The MC activity alters the lymphocyte population in human 
CRC cases
Analyzing matching samples of normal colon and CRC 
tissues reveals that MC numbers might increase or 
remain unchanged in this pathological condition when 
compared with normal colon tissue from the same patient 
(figure  1A,B). Furthermore, TCGA-based immunog-
enomic analysis of 604 CRC cases shows that MCs reside 
in tumors as either active or inactive units (figure 1C). We 
also observed that activated MCs negatively correlated with 
lymphocyte infiltration in CRC cases, whereas dormant 
MCs positively correlated with these cells (figure  1C). 
We further verified these observations by studying CRC 
cases in which activated MCs were present in either low 
(LMCA) or high numbers (HMCA). An HMCA appeared 
to decrease the number of tumor-residing CD8 T cells 
(figure 1D). Our observations confirm previous reports 
that MCs may alter the CRC development and CD8 T cell 
density in those lesions.

The MC activity impacts the development of colitis-dependent 
or colitis-independent tumors in mice
To test the idea that MCs can directly affect CRC cells, 
we first harvested high-MC numbers from KitB6 mice 
bearing MC38 cell-induced ascites (figure 2A. Peritoneal 
MCs from MC38-bearing mice reduced proliferation of 
CRC cells in a co-culture model (figure  2B). MCs also 
promoted apoptosis in MC38 cells (figure 2C,D). More-
over, MCs decreased the number of MC38 colonies in a 
long-term co-culturing system (figure 2E,F).

To mechanistically explore MC activity throughout 
the multi-stage development of CRC, tumorigenesis was 
induced in mice in either a colitis-dependent (CA-CRC) 
or a colitis-independent fashion (sCRC).21 Induction of 
CA-CRC in MC-deficient mice (KitW/sh) reduced tumor 
burden compared with counterparts, even with high-Cd8 
expression levels in those tumors (figure 3A,B). However, 
this experimental condition did not alter Cd3 expres-
sion levels (KitB6 – 1.0±0.1; KitW/sh – 1.3±0.2; p=0.38). 
Histopathological analysis confirmed that MC-deficiency 
promoted a higher number of CD8+ cells in CA-CRC 
lesions (figure 3B). MC deficiency did not alter the Cd11c 
(KitB6 – 0.6±0.08; KitW/sh – 0.4±0.17; p=0.48) and Cd4 
levels (KitB6 – 1.8±0.2; KitW/sh – 2.5±0.6; p=0.48).

After mice underwent the sCRC induction protocol, 
we observed that MC deficiency promoted the develop-
ment of sporadic colorectal tumors (figure 3C). In sCRC 
lesions, unlike the CA-CRC ones, MC deficiency did 
not alter the Cd8 expression levels, nor the tumor infil-
tration of CD8 lymphocytes (figure  3D,E; Suppl online 
supplemental figure 2A). However, it decreased tumor 
Cd3 expression levels (KitB6 – 1.0±0.1; KitW/sh – 0.6±0.1; 
p=0.04). By analyzing a proliferation biomarker, we 
observed proliferative rates did not change, significantly 
(figure 3E; online supplemental figure 2A–C).

To explore these findings, we performed an RNAseq 
analysis to investigate that MC deficiency alters several 
inflammatory responses (figure 3F; Suppl online supple-
mental table 4). MC deficiency upregulated the cytokine–
cytokine receptor interaction pathway (p=9.8−11; online 
supplemental table 5). Our findings suggest that MC 
activity varies according to the various factors inducing 
the development of colorectal tumors, as opposing results 
between CA-CRC and sCRC models demonstrate.

The MC-lymphocyte axis impacts the development of early 
tumorigenic events in the colon
Considering that MC deficiency may promote significant 
changes in the tumor microenvironment, we explored 
the hypothesis that MCs play a pivotal role in building 
this tumor microenvironment from the early tumorigenic 
steps onwards. First, we observed that the sCRC protocol 
increased the colonic CD8 T cell population during the 
development of the early tumorigenic steps in the colon 
(figure 4A; online supplemental figure 3). This finding 
led us to rationalize that major histocompatibility complex 
class I (MHCI) activity directly impacts the lymphocyte 
population.31 When we induced early tumorigenic lesions 
in a MHCI deficiency model (B2m KO), we observed 
reduced Cd8 expression levels but increased levels of MC 
biomarkers (MC protease 1, Mcpt1 (epithelial); Mcpt4 
(stromal)32; figure 4B–E; online supplemental figure 1). 
Conversely, MHCII deficiency decreased the expression 
of Mcpt1 and Mcpt4 in the colon of AOM-exposed mice 
(figure 4F–I; online supplemental figure 4). To confirm 
that these early tumorigenic steps required a specific 
immune response to develop, they were induced in NOD-
scidγ immunosuppressed mice. This experiment revealed 
that immunosuppression decreases the development 
of early tumorigenic lesions, epithelial cellular prolif-
eration, and the number of MCs (online supplemental 
figure 5A–C).

As MC-deficient sCRC tumors had low Il6 expression 
levels (figure 3F), a mouse Il6 deficiency model underwent 
induction of early tumorigenic lesions. This colonic Il6 
deficient microenvironment decreased the development 
of early tumorigenic lesions and MC numbers (online 
supplemental figure 5D-E). Considering that we found 
that high-Il33 levels occurs in MC deficient sCRC lesions 
(figure 3F) and a previous study has shown that the inter-
leukin 33 receptor (Il33r) modulated MC-related tumor-
igenic effects [11], we induced early colon tumorigenic 
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Figure 1  MC activity (MCA) effects in human CRC cases. (A) Representative images of MCs stained by TB (CRC or normal 
colon (CT) samples from the same patient; 40× (left-side) and 100× (right-side) magnification; sectioned lines indicate 
100×magnified areas; arrows lead to positive cells). (B) Representative images of MCs stained by anti-tryptase antibody (TRY; 
20× magnification; increased [upper-left] or unchanged (lower-left) MC numbers) in both CT and CRC samples. (A, B) MC 
density was found to be increased (A, n=16, *p=0.023; B, n=14, *p=0.026), or remain unchanged (A, n=22; B, n=12; p>0.05). 
(C) A Immune features (y axes; total MCs (upper panels), or leukocyte infiltration (lower panels)) vs MC activated (left panels) or 
resting fractions (right panels; x axes) for CRC cases from TCGA. (D) The CRC cohort positive for a MCA profile was divided 
in two groups of cases with low (LMCA) or high MCA values (HMCA). Lymphocytes and CD8 T cell levels are shown to be 
increased in LMCA group (****p=0.000105; *p=0.0284). Data are shown as the median, highest and lowest values, and upper 
and lower quartiles. Dots represent individual tumor samples. The Pearson correlation was applied. P values were calculated 
using two-tailed Mann-Whitney’s U test. CRC, colorectal cancer; LMCA, low MC activated frequency; MC, mast cell; TB, 
toluidine blue; TCGA, The Cancer Genome Atlas.
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Figure 2  MCs induce apoptosis in murine CRC cells. (A) Tumor-primed MCs were isolated 7 days after KitB6 mice received a 
single i.p. injection of murine CRC cells (MC38). Once purified, tumor-primed MCs were co cultured with MC38 cells for 2 (B–D) 
or 5 days (E, F). (B) Gene expression analysis by qPCR for Mki67 (*, p<0.05). (C, D) Representative dot plots of flow cytometric 
analysis for gating CD45(-) cells or MC38. It was followed by viability and apoptosis analysis. Graph shows percentages of 
negative or positive MC38 cells for Anexin V (*, p<0.05). (E, F) Representative images of clonogenic assays. Graph shows the 
relative number of colonies for each group (****, p<0.001). Dots represent individual values together with mean±SEM. P values 
were calculated using two-tailed Mann-Whitney’s and two-way ANOVA tests (Bonferroni’s post hoc) tests. ANOVA, analysis of 
variance; CRC, colorectal cancer; MCs, mast cells; ns, not significant.
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Figure 3  The dual MC role in colorectal tumorigenesis. (A) Representative images of tumors induced by the CA-CRC protocol 
(Scale bars=1 cm). Graph shows tumor numbers per mice (n=8; *p=0.0286). (B) Gene expression analysis for Cd8 (p=0.0286). 
Representative images of tumors stained by an anti-CD8 antibody (40× (left-side) and 100× (right-side) magnification; 
lines indicate 100× magnified areas; arrows lead to positive cells). (C) Representative images of tumors induced by sCRC 
protocol (Scale bars=1 cm). Graph shows tumor numbers per mice (n=17; p=0.0164). (D) Gene expression analysis for Cd8 
(p>0.05). (E) Representative images of multiplex IHC staining for CD8 lymphocytes (CD8) and proliferating tumor cells (Mki67; 
magnification at 200 µm). Data are shown as the median, highest and lowest values, and upper and lower quartiles (A, B) or 
individual data points with mean±SEM. (C, D) P values were calculated using two-tailed Mann-Whitney’s U test. (F) Heatmap of 
hierarchical clustering indicates differentially expressed genes (rows) between tumor samples from KitB6 and KitW/sh mice (n=10). 
Red indicates upregulation (Max) and blue indicates downregulation (Min). CA-CRC, colitis-associated colorectal cancer; MC, 
mast cell; sCRC, sporadic CRC.
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Figure 4  The early colorectal tumorigenic steps require complex immune reactions to develop. (A) Representative dot plot 
graphs of CD4+ and CD8+ lymphocytes gated for CD45+, live cells, and singlet. (B–D, F, G, J–O) Gene expression analysis for 
Cd8 (B, n=8, *p=0.02; H, n=13, p>0.05; O, n=9, *p=0.03), Mcpt1 (C, n=8, *p=0.02; G, n=13, *p=0.02; M, n=9, *p=0.01), Mcpt4 
(D, n=8, *p=0.02; F, n=13, *p=0.02; N, n=9, *p=0.01), Ctnnb1 (J, n=9, *p=0.03), and Mki67 (L, *p=0.03) in B2MKO, CiitaKO, and 
St2KO mice, and their counterparts. (E, I, P) Representative images of multiplex IHC staining with anti-CD8, anti-CD3, and 
anti-TRY antibodies (magnification at 50 µm). Data are shown as the median, highest and lowest values, and upper and lower 
quartiles. P values were calculated using a two-tailed Mann-Whitney’s U test. IHC, immunohistochemistry.
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lesions in an Il33r deficiency model. The Il33r deficiency 
reduced CRC-related biomarkers in carcinogen-exposed 
mice (figure  4J,L). This condition upregulated expres-
sion levels of MC biomarkers but downregulated the gene 
encoding Cd8 (figure 4M–P; online supplemental figure 
4).

We further confirmed that an MC-lymphocyte axis 
impacts the development of early tumorigenic lesions 
in the colon. Thus, these lesions were induced in MC 
deficient mice and analyzed after 6 weeks from the sixth 
carcinogenic exposure. This experiment revealed that 
MC activity reduces the development of early tumorigenic 
lesions and the levels of Cd4 and Cd11c (figure  5A–C). 
We further confirmed that increased Cd4 and Cd11c 
levels were occurring just a week from the sixth carcino-
genic exposure (figure 5D–E). Moreover, MC deficiency 
decreased the expression of a gene associated to an 
essential DNA damage repair mechanism against AOM-
related DNA adducts known as O6-methylguanine-DNA-
methyltransferase (Mgmt) (figure 5F).

To further investigate the MC role in these early colon 
tumorigenic events, we applied our previous reported 
strategy to study DNA damage and single early tumori-
genic events.22 DNA damage was analyzed following 
72 hours from the third carcinogenic exposure to reveal 
that MC deficiency did not alter the γH2AX levels 
in the colon while increasing the Cd11c expression 
(figure 5G–H). To study the earliest immunological reac-
tions activated by MC deficiency, we performed transcrip-
tomic analyses in the colon of mice at the third week from 
the third carcinogenic exposure. Out of several immuno-
logical reactions (figure 5I; online supplemental table 6), 
MC deficiency significantly impacted the inflammatory 
bowel disease pathway (online supplemental table 7).

We next validated these findings by performing BMT in 
KitW/sh mice before inducing the development of single 
early colon tumorigenic lesions in them (figure  5J). 
This experiment revealed that restoring MCs into previ-
ously MC deficient mice increased proliferation in the 
carcinogen-exposed colon (Mki67 (FC), KitB6BMT – 
1.3±0.1; KitW/sh BMT – 2.9±0.5; p=0.006). Interestingly, 
rescuing MC activity in MC deficient mice before the 
development of single early colon tumorigenic lesions 
increased the Mcpt4 levels while blocking the expression 
of Cd11C (figure 5K,L). These results illustrate that MCs 
impact and are impacted by other immune reactions acti-
vated throughout the development of early colon tumor-
igenic lesions.

Targeting MCs against CRC lesions
Since our observations suggested that the MC population 
could promote specific effects in different stages of CRC 
development, we treated KitB6 mice with CA to inhibit 
MC activity throughout the 3 weeks of carcinogenic expo-
sure or following this period (figure 6A). Although CA 
treatment did not alter DNA damage levels (figure 6B), 
inhibiting MC activity throughout the carcinogenic 
exposure increased sCRC risk, whereas mice given CA 

post-carcinogen induction did not develop early tumor-
igenic lesions (figure 6C). This time-related MC inhibi-
tion that promoted the development of early tumorigenic 
lesions also increased proliferation and upregulated the 
expression levels of Cd4, Foxp3, Cd8, and Cd3 (Cd3 (FC), 
AOM – 1.3±0.1; AOM+CA – 3.0±0.3; AOM-CA – 2.3±0.7; 
AOM vs AOM+CA, p=0.03; figure 6D,F–H).

We then performed transcriptomic studies to clarify 
significant changes in inflammatory reactions promoted 
by pharmacologically inhibiting the MC activity (figure 6I; 
online supplemental table 8,9). Out of several immuno-
logical changes that the CA treatment induces, it inhib-
ited key elements of the cell adhesion pathway (figure 6I; 
online supplemental table 10). Conversely, when CA 
treatment and carcinogenic exposure are given together, 
it down-regulates the antigen processing and presenta-
tion pathway (online supplemental table 11).

These findings led us to verify how much MCs could 
impact the engraftment potential of CRC cells. This 
experiment revealed that MC deficiency blocks the devel-
opment of CRC allograft tumors without altering their 
proliferative activity (figure  7A; online supplemental 
figure 6A). Interestingly, this MC deficiency significantly 
up-regulates the tumor Cd4 and Cd8 expression levels 
(online supplemental figure 6B). Moreover, it increased 
the tumor infiltration of CD8 lymphocytes (figure  7B). 
When we performed an RNAseq analysis to explore 
potential immune reactions associated with MC deficient 
tumors, it showed a down-regulation of the proteasome 
pathway and upregulation of key elements of the antigen 
processing and presentation mechanism (figure  7C; 
Suppl. online supplemental table 12,13).

Once we tested the therapeutic potential of MC inhi-
bition against CRC development, it revealed that inhib-
iting MC activity significantly blocks the development 
of allograft colorectal tumors (figure 7D; online supple-
mental figure 7A). To further explore the anticancer ther-
apeutic potential of MC activity blockade, we observed 
that CA treatment prevented the growth of melanoma 
tumor allografts (figure 7E; online supplemental figure 
8A,B). Surprisingly, blocking MC activity in melanoma 
reduced the CD8+CD3+ T cell population without altering 
the MC one (figure 7F; online supplemental figure 8C,D). 
Encouraged by these findings, we blocked MC activity 
in colorectal tumors 14 days after cancer implantation 
(online supplemental figure 9A,B). Again, CA treatment 
inhibited colorectal tumor development and increased 
the CD8+CD3+ T cell population without altering the MC 
numbers (figure 7G–I; online supplemental figure 9C). 
To challenge the idea that inhibiting MC activity would 
enhance anticancer response by cytotoxic lymphocytes, 
we treated CD3-deficient mice with CA for 3 days before 
implanting MC38 cancer cells. We then monitored the 
tumor growth for other 11 days. It revealed that without 
an effective T cell-based response CA treatment did not 
reduce tumor growth (online supplemental figure 11).

This observation led to testing whether this drug 
could be combined with a gold-standard chemotherapy 
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Figure 5  The MC activity protects against early colorectal tumorigenic steps. (A) Representative images (10× and 40× (inset); 
scale bars=20 µm) of early tumorigenic events preceding the detection of fully grown tumors in the colon. MC deficiency 
increases the number of them (n=11; *p=0.004). (B, C) Gene expression analysis in colon samples of mice at the sixth week 
after the sixth carcinogenic exposure for Cd4 (n=11; *p=0.03) and Cd11c (*p=0.03). (D–F) Gene expression analysis in colon 
samples of mice at the first week after the sixth carcinogenic exposure for Cd11c (n=10; *p=0.01), Cd4 (*p=0.02), and Mgmt 
(n=11; *p=0.04). (G) DNA damage levels by immunoblotting against γH2AX and GADPH in colon samples of mice at the third 
day after the third carcinogenic exposure. (H) Gene expression analysis for Cd11c in colon samples of mice at the third day after 
the third carcinogenic exposure (n=9; p=0.003). (I) Heatmap of hierarchical clustering obtained from RNA-seq data indicates 
differentially expressed genes between colon samples of KitB6 and KitW/sh mice at the third week after the third carcinogenic 
exposure (n=6). (J) Representative histograms of the BMT protocol performed in both KitB6 and KitW/sh mice. Spectral color 
represents EGFP+ cells by fluorescence intensity (GF; x axis) and cell counting (y axis) in different experimental conditions. (K–M) 
Gene expression analysis for Mcpt4 (*p=0.004), Cd11c (**p=0.01), and Cd8 (p>0.05) in colon samples of mice at the third week 
after the third carcinogenic exposure following the BMT procedure. Data are shown as individual data points with mean±SEM p 
value was calculated using a two-tailed Mann-Whitney’s U test. BMT, bone marrow transplantation.
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Figure 6  The MC activity impacts the development of early tumorigenic lesions in the colon. (A) Timeline for different groups 
treated with CA (red arrows) and AOM (black arrows) throughout 6 weeks. (B) DNA damage levels by immunoblotting against 
γH2AX and GADPH in colon samples. (C) Inhibiting MC activity in specific timepoints of carcinogenic exposure can either 
promote or inhibit the development early tumorigenic events in the colon (n=24; *p=0.042, ****p<0.0001). (D–H) Gene expression 
analysis for Mki67 (n=24; *p<0.01; AOM vs AOM+CA), Cd11c (p>0.05), Cd4 (*p<0.05; AOM vs AOM+CA), Foxp3 (*p<0.01; AOM 
vs AOM+CA), and Cd8 (*p<0.01; AOM vs AOM+CA). Data are shown as the median, highest and lowest values, and upper and 
lower quartiles (C–H). P values were calculated using ANOVA with a Kruskal-Wallis' post hoc test. (I) Heatmap of hierarchical 
clustering obtained from RNA-seq data indicates differentially expressed genes (n=12). ANOVA, analysis of variance; AOM, 
azoxymethane; CA, colitis-associated; MC, mast cell.
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in CRC treatment. We found that CA potentialized the 
anticancer effects of 5-FU (figure 7J; online supplemental 
figure 7B). Nevertheless, the results of this combination 
therapy seem to be comparable to the association of 
chemotherapy with a standard immunotherapeutic anti-
body (figure 7K). Our data demonstrate that MCs impact 
the multistage development of CRC and are a druggable 
target against this disease.

DISCUSSION
In this study, we have shown that MCs play an intricate 
role in CRC development in human patients. Tan et al 
reported that a low MC counting correlates with more 
invasive tumors, increased number of metastatic lesions, 
and reduced 5 year survival rates.33 Another study with 72 
cases of CRC showed that a high MC density could promote 
overall survival and reduce the risk of malignancy-related 

Figure 7  The MC activity can be therapeutically targeted against CRC in mice. (A) Representative images of tumors following 
harvest (scale bars=1 cm). The volume of allograft tumors were analyzed after 14 days from their subcutaneous implantation 
(n=9; *p=0.01). (B) Representative images of CD8+ cells stained by anti-CD8 antibody (40× magnification; scale bars=30 µm; 
arrows lead to positive cells). MC deficiency promotes CD8+ cell infiltration in tumors (n=9, *p=0.01). (C) Heatmap of hierarchical 
clustering obtained from RNA-seq data indicates differentially expressed genes (n=9). (D) Relative tumor volume between 
CA-treated (CA) and untreated (CT) mice at the last day of a 15-days experiment (n=8; *p=0.02). (E) Relative tumor volume 
between CA-treated and untreated mice bearing melanoma tumors at the last day of a 15-days experiment (n=11; *p=0.04). (F, 
H) Representative dot plot graphs of MCs (CD45+CD117+FcεRI+) and CD45+CD8+CD3+ T cells isolated from B16F10 tumor 
samples. (G) Relative tumor volume between CA-treated and untreated mice bearing CRC tumors at the last day of a 26-days 
experiment (n=17; ****p<0.0001). (I) Graphs show percentages of CD45+CD8+CD3+ T cells isolated from tumor samples (n=8; 
*p=0.02). (J, K) Relative tumor growth among untreated, 5-FU-treated, and combined treatments with 5-FU for 17 days (J, 
n=15; *p=0.04; K, n=9; *p=0.04). Data are shown as the median, highest and lowest values, and upper and lower quartiles, or 
individual data points with mean±SEM p values were calculated using two-tailed Mann-Whitney’s U test and ANOVA with a 
Kruskal-Wallis' post hoc test. 5-FU, 5-fluorouracil; ANOVA, analysis of variance; CA, colitis-associated; CRC, colorectal cancer; 
MCs, mast cells.
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deaths.7 A randomized study with 82 cases of colorectal 
liver metastases has shown that chemotherapy increases 
MC density. This study also demonstrated that high MC 
numbers correlates with tumor regression and progres-
sion free survival.34

Contrary, Malfettone et al have shown that a reduced 
MC population improves the prognosis of CRC patients 
while increasing this cell density worsens the outcome of 
the disease.5 Also, Nielsen et al reported that increased 
MC numbers in a tumor might be related to better patient 
survival rates.8 Mao et al also showed in 854 subjects that 
a high MC counting may lead to poor overall patient 
survival. However, the authors also found that a high 
MC number may improve the patient survival in cases of 
stages II and III not receiving adjuvant chemotherapy. 
They further showed that MC density alters the CD8 T 
cell population.6 Our findings suggest that MC popula-
tions closely interacts with tumor-infiltrating lymphocytes.

Our mouse-based dataset provides significant evidence 
that MCs could either promote or inhibit the development 
of colon tumors. Although tumor-primed MCs seemed 
to have some anticancer activity in a co-culture system, 
our in vivo experiments suggest that the MC effects can 
vary according to the type of stimuli promoting CRC. 
Whereas MCs would inhibit CD8 cell density but promote 
inflammation-related CRC (CA-CRC), they may be 
protective against the DNA damage-related form of this 
disease (sCRC). In a Kit mutant mouse strain other than 
the KitW/sh one (differences described by Grimbaldeston 
et al35), Wedemeyer and Galli reported that MC deficiency 
reduced carcinogen-induced colorectal tumor burden.9 
We have also observed that KitW/sh and KitW/W-v respond 
differently to the same carcinogen exposure (figures 3A 
and 5A and online supplemental figure 11).

Sinnamon et al reported that deleting adenomatous 
polyposis coli (Apc) in mice promotes TRY expression in 
tumors. By ablating the MC population in ApcMin/+ mice, 
they found that MC activity blocked tumor development.14 
Bodduluri et al have also shown that chemokine-mediated 
MC recruitment initiates MC-derived leukotriene-
regulated CD8+T cell homing and antitumor immunity 
reducing intestinal tumor burden in ApcMin/+ mice.13 In 
the CA-CRC model, Tanaka et al reported that MC defi-
cient mice are less susceptible to inflammation-associated 
colorectal tumors.12 Rigoni et al also observed that MC 
deficiency increased the number of malignant lesions in 
the colon.11

We further demonstrated that MC activity alters pivotal 
immune mechanisms and vice-versa. Whether MC density 
seemed to determine the growth potential of carcinogen-
induced lesions (figures 3, 5 and 6), an effect completely 
reversed in cancer (figure  7), essential immune factors 
also changed the MC activity. The balance between MHCI 
and MHCII levels altered MC-related chemokines release 
in our study. Le Bouteiller et al found that anti-MHC allo-
antibodies modulate MC activity.36 When MCs were stim-
ulated by antibody bipolar bridging, Daeron and Voisin 
showed that MHC-I reverse signaling modulates MC 

activity.37 38 Moreover, Malbec et al revealed that antigen 
recognition by FcγR-bound IgG on MCs could mediate 
transinhibition without co-clustering with FcεRI binding 
to IgE antibodies, a mechanism inhibiting oncogen-
induced proliferation in mastocytoma.39 Furthermore, 
MCs seem able to express MHCII in cell culture but not in 
vivo.1 40 Then, Dudeck et al showed that innate-to-innate 
synapse-like contacts enable DC-to-MC molecule trans-
fers including MHCII proteins and subsequent T cell 
priming.41

The Il6-related and Il33r-related signaling promoted 
opposing effects on MC activity during the early colon 
tumorigenic steps. Desai et al have shown that Il6 stim-
ulation expands MC population and promotes its 
reactivity.42 It has been demonstrated that that differen-
tiating CD34+ human cord blood cells into MCs requires 
stem cell factor stimulation but adding IL6 increases 
cell size and intracellular levels of chymase and hista-
mine.43 In both human CRC and mouse polyposis, MCs 
can modulate and be modulated by Il10, Il6, Il17, and 
Il2 levels, by which they recruit Treg and promote Treg-
induced suppression of host-vs-graft rejection responses 
or render the Treg proinflammatory role furthering 
CRC development.44 Interestingly, Il33r seems required 
for CRC cellular expansion,45 while Il33 deficiency 
inhibited intestinal tumor burden and reduced intra-
tumor MC density and MC-derived proteases and cyto-
kines release.46 47 Moreover, Il11-induced tumor-derived 
Il33 signaling activates MCs and promotes gastric cancer 
development in mice. Genetically ablating Il33r blocks 
MC-dependent recruitment of macrophages limiting 
tumor growth.48

We further explored the idea that MCs are druggable 
targets against CRC. Pharmacologically inhibiting MC 
activity blocks tumor growth and can be combined with 
standard chemotherapy strategies. Pharmacologically 
inhibiting MCs activity has been shown an effective anti-
cancer strategy against different types of tumors.10 49–51 
Moreover, drug-based MC inhibition has been combined 
with gemcitabine, decreasing pancreatic cancer’s tumor 
growth.50 Also, it has also been associated with anti-
angiogenic therapy to treat murine lymphoma and 
pancreatic cancer.51 These facts illustrate that MCs are 
a druggable target that can potentialize the anticancer 
effects of current therapies. However, a potential limita-
tion of our study is that in addition to inhibiting MC 
activity CA can impact cancer cell signaling and survival 
as well as other immune responses.52 53 The fact that 
CA treatment requires T lymphocytes to block tumor 
growth and can be combined with 5-FU strengthens the 
idea that CRC patients may can benefit from MC-based 
therapies.

Therefore, we suggest that MC activity can significantly 
impact CRC development in either a beneficial or harmful 
fashion; this effect seems to be substantially determined 
during the early stages of this disease. Moreover, this MC 
activity appears to be a druggable target with significant 
potential for anti-CRC therapeutic strategies.
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