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Abstract

It is common knowledge that mast cells (MCs) exert different roles in the gastrointestinal tract, from the maintenance of
homeostasis to the onset and propagation of different gut diseases such as food allergies, infections, inflammation, and
cancer. However, the mechanisms through which MCs dialog and influence the intestinal tissue are not completely known.
To get insight into the bidirectional crosstalk between MCs and the intestinal microenvironment, both in homeostatic and
pathological settings, colon organoids from intestinal epithelium of healthy mice and adenomas from AOM/DSS-treated
mice have been exploited and co-cultured with MCs. The influence of MCs on organoid architecture and the effect of
healthy and tumoral organoids on the phenotype and responsiveness of MCs have been addressed. We observed that MCs
interact with intestinal organoids and contribute to the differentiation of healthy organoids by upregulating the expression
of mucin-2, chromogranin A, cadherin-1, and claudin 4. On the contrary, in co-culture with tumoral organoids a decrease in
cell proliferation, chromogranin A, and lysozyme expression was observed. Tumoral organoids have been shown to activate
MCs via the IL-33/ST2 axis leading to increased release of TNF-a which in turn was responsible for the observed effects on
tumoral organoids. Our results indicate that MCs are important mediators of intestinal tissue homeostasis and that a different
environment can shape and direct MCs toward the dampening or propagation of the inflammatory response. Ultimately, our
MC-organoid co-cultures represent a valid in vitro tool to investigate the role of MCs in the gut.
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Introduction described as one of the most plastic cells of the immune

system [1]. The gastrointestinal (GI) tract comprises the

Mast cells (MCs) are long-living innate immune cells
widely distributed in mucosal and connective tissues at the
interface with the external environment. Tissue-specific
MC:s display differences in their granule content, cytokine
expression pattern, and tissue-specific receptors provid-
ing context-related functions. Of note, the MC has been
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largest population of MCs in the body, as they represent
2-3% of the immune cell pool in the lamina propria, albeit
they can be found also in the muscular and serous layers
that harbor nerve and sensory fibers [2]. It is common
knowledge that MCs exert different roles in the GI tract,
from maintaining homeostatic conditions to the onset and
propagation of different GI diseases such as food allergies,
infections, inflammatory diseases, and cancer. Indeed,
MCs harbor a broad quantity of different preformed and
de novo synthesized mediators that can exert a large vari-
ety of functions [2] from influencing the intestine blood
flow, peristalsis, and mucosal secretion to mediating the
crosstalk with adaptive immune cells [3, 4]. Changes in
the number of MCs are a common trait of all GI disor-
ders and are often associated with other gastrointestinal
alterations, including architectural changes, such as the
broadening and flattening of villi in the small bowel, and
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changes in crypt size, shape, and space in the colon. Most
of these evidences are correlated with an increased num-
ber of MCs, but their role in intestinal tissue development
remains mostly unknown [5, 6].

Similarly, their role in the development of colorectal
cancer (CRC) is not fully understood and is still under
debate. Several studies reported an increase in the num-
ber of MCs in the colon of patients affected by intestinal
neoplasia, where MCs can be activated and release their
pre-stored mediators which, in turn, can affect the integrity
of the barriers favoring carcinogenesis [7-10]. However,
despite evidence supporting a pro-tumoral role for MCs,
other works documented a correlation between high MC
density and better clinical outcomes [11, 12]. Difficulties
in identifying and isolating intestinal MCs precluded for
a long period to decipher their roles in the pathogenesis of
CRC, and evidence of their direct effect is still lacking. In
this scenario, the use of organoid technology enables the
development of an in vitro model that allows the study of
these issues. In the past decades, great efforts have been
made to develop organoid technology for the study of tis-
sue development, genetic disorders, infection, and cancer
[13-15].

In the present work, we took advantage of organoid tech-
nology [13, 16] to establish co-cultures of bone marrow-
derived mast cells (BMMCs) and organoids obtained from
the colon of healthy mice or adenomas derived from AOM/
DSS-treated mice that developed inflammation-driven colo-
rectal cancer. This in vitro model allowed us to investigate
the bidirectional crosstalk between terminally differentiated
BMMCs and the intestinal microenvironment, both in health
and in CRC. The effect of BMMCs on the organoid archi-
tecture as well as the effect of different organoid types on
the phenotype and responsiveness of BMMCs have been
addressed.

Materials and methods
Mice models

Female 4-8-week-old C57BL/6 mice were purchased from
Envigo (Netherlands) and maintained at the animal facility
of the Department of Medicine of the University of Udine
(Italy). All animal experiments were performed in accord-
ance with institutional guidelines and national law. Colitis-
associated colon cancer was induced with an intraperitoneal
injection of azoxymethane (AOM, Sigma-Aldrich, 10 mg/
kg body weight) in combination with 3 cycles of 2.5%
dextran sulfate sodium salt (DSS, MP Biomedicals; MW
36.000-50.000) in drinking water, followed by 14 days of
recovery with normal drinking water on 8-week-old mice.
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Mouse organoids and co-cultures with BMMCs

Co-culture experiments between tumoral organoids (TO) or
healthy organoids (HO) and 99% pure bone marrow-derived
mast cells (BMMCs), as shown in Figure S2, were main-
tained in ENR medium (supplemental methods) at a ratio
of 100.000 BMMCs/Matrigel dome for different timing,
as indicated in the figure legends. For separate analysis of
organoids or BMMCs, BMMCs were mechanically isolated
by gentle pipetting and medium recovery. Several washes
with warm PBS were carried out to collect any remaining
BMMC:s. Organoids were harvested using cell recovery
solution (Corning) to dissolve the Matrigel, followed by
disaggregation with TryPLE Express (Gibco). Where indi-
cated, co-cultures were performed in presence of 5 ug/ml of
anti-ST-2 blocking antibody (Bio-Techne, clone 245,707) or
10ug/ml of TNF-« antibody (Miltenyi, clone MP6-XT22).
Detailed information on BMMCs and organoids generation
can be found in supplemental information.

Proliferation assays

After 48 h of co-culture, BMMCs were removed and the pro-
liferation rate of organoids was evaluated by using CellTiter-
Glo® Promega Kit according to manufacturer’s instructions.

The proliferation rate of MC38-GFP cells (kindly gifted
by Dr. Annalisa Capobianco, [.LR.C.C.S. Ospedale San Raf-
faele, Milano) was assessed by in-cell western blot through
the quantification of GFP inside cells directly on the plate, by
using anti-GFP mAb (clone GF28R, Invitrogen) and second-
ary mAb anti-mIgG (H+L) CF™750 (Sigma-Aldrich). The
fluorescence was detected with Odissey®DLx (LICORbio).

Flow cytometric analysis

For surface staining of BMMCs or organoids, single-cell
suspensions were stained with desired antibodies for 15
min at 4 °C, then washed in PBS +2% FBS. All samples
were acquired with the Attune NxT flow cytometer (Thermo
Fisher) and analyzed with the FlowJo software. All antibod-
ies used in flow cytometry are listed in Table S1.

In some experiments, BMMCs were stained with CFSE
(Invitrogen) before being added to the organoid cultures,
harvested after 48 h of co-culture, and subjected to cyto-
fluorimetric analysis.

For Ki67 staining, organoids were harvested after 48 h
of co-culture with BMMC:s using the cell recovery solution
(Corning), to dissolve the Matrigel, and disaggregated with
TryPle Express (Gibco). Briefly, the single-cell suspension
was labeled with L/D and cells were fixed by adding drop by
drop 3 ml of 70% ethanol under continuous vortexing. Cells
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were then incubated for 1 h at —20 °C and washed three
times with PBS before staining with anti-Ki67 monoclonal
antibody (BioLegend) following manufacturer’s instructions.
Data were analyzed with FlowJo™ v10.

RNA extraction and real-time PCR analyses

BMMCs recovered from the supernatant of the cell cul-
ture or organoids adequately released from Matrigel were
lysed with TRI reagent (Sigma-Merck), and total RNA was
extracted according to manufacturer’s instructions. Total
RNA was retro-transcribed with the SensiFAST™ cDNA
Synthesis kit (Bioline). gPCR analyses were performed with
SYBR Green (BioRad) using a BioRad CFX96 real-time
PCR detection system. Target gene expression was quanti-
fied with the AACt method using g3pdh as a normalizer
gene. All primers used are listed in Table S2.

ELISA assay

Quantification of TNF-a and IL-33 mediators in culture
supernatants was performed using specific ELISA kits (eBi-
osciences) following manufacturer’s instructions.

Statistical analysis

Experimental data are shown as mean + standard error of
mean (SD). The unpaired or paired Student’s t-test and the
one-way or two-way ANOVA (GraphPad Prism 10 Software,
La Jolla, CS, USA) were used to assess statistical signifi-
cance. A confidence level of 95% was used. *=p <0.05,
**=p<0.01, ***=p<0.001.

Results

Setup and characterization of intestinal
organoids-BMMCs co-cultures: healthy

versus pathological organoids differently affect
the biology of MCs

To investigate the interaction between intestinal epithe-
lial cells and MCs, we first generated and characterized
intestinal organoids from the healthy colon (HO, healthy
organoids) and from adenomas (TO, tumoral organoids) of
mice treated with azoxymethane (AOM)/dextran sodium
sulfate (DSS), as shown in Supplemental Figure S1A-B.
TO highly expressed Igr5 (intestinal stemness marker)
and lyzIl (marker of Paneth cells, normally absent in the
colon) while HO had higher expression of differentiation
markers, namely cdhl (major component of adherens junc-
tions), muc2 (marker for Goblet cells), and chgA (marker
for enteroendocrine cells) (Supplemental Fig. S1C). We

then set up a co-culture system in which BMMCs were
placed together with intestinal organoids embedded in
Matrigel (Supplemental Fig. S3A). BMMCs were stained
with a cell tracker dye (CFSE) before adding them to
organoids culture. As shown in Supplemental Fig. S3B,
some BMMCs were able to penetrate the Matrigel dome,
reached the organoids, and interacted with them at the
basolateral side, thus placing themselves in a position that
physiologically would constitute the lamina propria where
they reside in vivo [17, 18]. In our experiments, we ana-
lyzed BMMCs outside the Matrigel dome (Supplemental
Fig. S3C).

First, we studied whether the microenvironment recreated
in vitro by means of the organoid cultures could influence
the state of activation and phenotype of BMMCs. Hence,
the phenotype of BMMCs was evaluated by analyzing the
gene expression level of specific proteases expressed by
MC:s residing in the connective tissue (mcpt4) or the mucosa
(mcpt2). As shown in Fig. 1A, the expression of both mcpt2
and mcpt4 genes was unchanged in BMMCs cultured with
HO compared with BMMCs alone, while co-culture of
BMMCs with TO induced an important increase of both
mcpt4 and mept2 expression (Fig. 1B). Altogether, these
data suggest that BMMCs co-cultured with HO maintain
the same phenotype, while, in the presence of TO, BMMCs
upregulate levels of both mcpr4 and mcpt2, thus promoting
a phenotype likely associated with enhanced capability to
produce broad-spectrum proteases [19].

Next, the bioenergetic profile of BMMCs was assessed.
The analysis revealed that glycolysis was significantly higher
in BMMCs maintained in co-culture with TO than with
healthy ones (Fig. 1C). Similarly, ATP production increased
only in BMMCs that were in presence of TO (Fig. 1D).
These results suggest that MCs, when co-cultured with TO,
are more metabolically active as they engage more glycoly-
sis and ATP production, probably to sustain their activation.
This was further confirmed by cytofluorimetric analysis of
the surface expression of LAMP-1 (CD107a), a well-known
marker of MCs exocytosis and activation [20]. As shown
in Fig. 1E, BMMCs co-cultured for 24 h with TO upregu-
lated LAMP-1 compared to BMMCs grown in the presence
of HO or cultured alone, suggesting the potential of TO to
potentiate the activation of MCs and granule release. To
gain further insight, some mediators known to be released
by BMMCs were analyzed. Among them, the expression of
the TNF-o mRNA level was increased in MCs co-cultured
with TO compared to HO (Fig. 1F). The effect is limited to
TNF-a since no changes in gene expression for IL-4, IL-6,
IL-13, and TGF-f have been detected (Fig. 1F). To further
sustain the ability of TO to induce the activation of MCs
and to promote the release of their cytokines, unstimulated
BMMCs were incubated with the conditioned media of HO
and TO and tested for cytokines secretion.
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Fig. 1 Healthy and tumoral organoids differently affect the behavior
of MCs. (A-B) qPCR analysis of mcpt2 and mcpt4 on BMMCs alone
and co-cultured with HO (A) or TO (B) for 48 h. (C) Glycolysis and
(D) ATP production evaluation in BMMCs alone and co-cultured
with HO or TO. (E) Percentage of CD107a* expressing BMMCs
alone and co-cultured for 24 h with HO or TO. (F) qPCR analysis
of tnf-a, il-4, il-13, il-6, and tgf-f on BMMCs alone and co-cultured

Higher amounts of TNF-a were detected in the super-
natants of BMMCs incubated for 24 h with the condi-
tioned medium of the organoids, especially TO, compared
with BMMCs alone (Fig. 1G).

Taken together, these data demonstrate that BMMCs
behave differently when co-cultured with healthy or
tumor-derived colon organoids. In particular, TO lead
to the activation of BMMCs, thus mimicking the in vivo
pathological setting [21].

@ Springer

with HO or TO organoids for 4 h. (G) TNF-a quantified by ELISA
in supernatant from BMMCs cultured in normal medium or cultured
in organoid-derived conditioned media and from organoids condi-
tioned media. Data are expressed as mean+SD from at least n=3-5
experiments. Statistical analysis was performed with paired Student
t-test or with one-way ANOVA with Dunnet correction (*=p <0.05
**=p<0.01; ¥***=p <0.001)

MCs influence intestinal architecture and cell
differentiation

To investigate the role of MCs in the structural organization
of the intestine, HOs were co-cultured for 48 h with rest-
ing or IgE/antigen-activated BMMCs. The mere presence
of BMMCs, regardless of their activation status, induced a
significant downregulation of Igr5 gene expression, which
fell by around 80% (Fig. 2A), suggesting that MCs may be
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Fig.2 Effect of MCs on the polarization and organization of HO.
(A) gPCR analysis of Igr5, muc2, chgA, cdhl, and cldn4 on HO after
72 h co-culture with resting or IgE/antigen-activated BMMCs (Act
BMMCs). (B) Immunofluorescence staining of ZO-1, Ezrin, and
claudin 4 (all green) in HO co-cultured with resting and activated
MCs. Nuclei in blue. (C) Western blot analysis of Cldn4 expression

involved in driving the differentiation of major intestinal cell
types along the crypt axis. Indeed, in presence of resting
and, principally, of IgE/antigen-activated MCs, the mRNA
expression levels of the two markers of the secretory lineage
muc?2 and chgA increased, respectively, by 1 and 0.5 times
(Fig. 2A). Moreover, the presence of activated BMMCs
seemed to also affect the architectural structure of the orga-
noids, as shown by the altered expression of E-cadherin
(cdhl), a structural marker, and claudin 4 (cldn4), a tight

in healthy colon organoids cultured alone, and co-culture with resting
or activated BMMCs. Right panel shows densitometry analysis cal-
culated over actin expression and normalized versus organoid alone.
Data are expressed as mean+SD from n=3-6 experiments; statisti-
cal analysis were performed with one-way ANOVA with Dunnet cor-
rection (*=p<0.05 **=p <0.01; ***=p <0.001)

junction expressed throughout all the GI tract, but largely
found in the colon (Fig. 2A) [22]. In presence of activated
BMMCs, there was an upregulation of cdhl and, to a major
extent, of cldn4, which is 1.5-fold higher. To deepen these
results, immunofluorescence staining (IF) of the co-cultures
was performed for the analysis of structural markers such as
zonula occludens-1 (ZO-1), a peripheral membrane protein
that contributes to the intestinal barrier integrity interact-
ing with the other tight junctions [23] (Fig. 2B, left part),
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Ezrin, a member of the apical complex that links to the actin
cytoskeleton to drive the intestinal epithelium organization
[24] (Fig. 2B, middle part), and claudin 4 (Fig. 2B right
part). The presence of activated BMMCs caused an altered
localization of Ezrin and ZO-1, which were no longer found
at the apical level but were delocalized at the basolateral
side. Moreover, the immunofluorescence of claudin 4 con-
firmed the qPCR data, highlighting a cldn4 gene expres-
sion upregulation in the presence of activated BMMCs. The
increased amount of claudin 4 protein in the presence of
activated BMMCs was further demonstrated by western blot
analysis (Fig. 2C).

Taken together, these data suggest that activated MCs
influence/impact the organization and constitution of HO by
inducing major structural alterations, thus suggesting altered
functionality induced by the presence of activated MCs.

The behavior of tumoral organoids is influenced
by MCs

To assess the role of MCs in the reorganization and differen-
tiation of tumor intestinal tissue, BMMCs were maintained
in culture with TO for 48 h. As shown in Fig. 3A, simi-
larly to HO, the presence of BMMC:s in the culture caused
a significant downregulation of 1gr5 also in TO, which was
reduced by 50%. This observation is further supported by
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Fig. 3 Effect of MCs on the polarization and organization of TO. (A)
qPCR analysis of Igr5, muc2, chgA, lyzl, and cdhl on tumoral colon
organoids after 72 h of co-culture with resting or IgE/antigen-acti-
vated BMMCs. (B) Percentage of Ki67" and Ki67 gMFI of tumoral
organoid cells after 48 h of co-culture with resting BMMCs. (C)
Proliferation of TO through luminescent assay or of (D) MC38-GFP
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bioinformatic analysis on human samples of CRC (TCGA),
where MCs abundance negatively correlates with Igr5
expression in the early stage of tumor development (Sup-
plemental Fig. S5). No changes in cdhl and muc2 were
detected (Fig. 3A). Surprisingly, the presence of BMMCs
led to a strong downregulation of chgA, which drops by 50%
(Fig. 3A), inducing an opposite effect compared to the one
observed in HO (Fig. 2A). Moreover, since Paneth cells are
not usually present in the healthy colon, but can be present in
a tumoral context [25, 26], the variation of lysozyme expres-
sion (lyzl) was also evaluated. As shown before, the expres-
sion of lyzl mRNA was detectable in TO as compared to its
healthy counterpart (Supplemental Fig. S1): In the presence
of BMMCs, regardless of their activation state, a significant
reduction of lyzl mRNA expression was observed (Fig. 3A).

The downregulation of Igr5, chgA, and lyzI was accom-
panied by a restriction in cell proliferation (Fig. 3B), where
Ki67 expression on TO was evaluated by cytofluorimetric
analysis, and in Fig. 3C, where the viability of organoids
alone or co-cultured with BMMCs was tested with Cell Titer
Glow. To further confirm the effect of MCs on intestinal cell
proliferation, the GFP-expressing MC38 colon cancer cell
line (MC38-GFP) was cultured for 48 h in the presence or
absence of BMMC:s at two different BMMCs number ratios.
The intensity of the GFP was measured and used as an indi-
cator of cell proliferation. As depicted in Fig. 3D, in the
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cells, through evaluation of GFP fluorescence, cultured alone or in
the presence of BMMC:s. In the case of GFP-MC38 cells, data were
normalized over GFP-MC38 cultured alone. Data are expressed as
mean+ SD from n=3 experiments. Statistical analysis was performed
with paired Student t-test ore one-way ANOVA with Dunnet correc-
tion (*=p <0.05 **=p<0.01; ***=p<0.001)
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presence of BMMCs, a reduced proliferation of MC38-GFP
cells was detected supporting the results observed with TO.

Together, our results suggest that in TO, with respect to
HO, MC:s exert different effects, thus playing different roles
depending on the intestinal microenvironmental clues. In
this context, MCs seem to have a positive effect in limiting
tumoral cell proliferation.

MC-released TNF-a influences tumoral organoid
status

In peripheral tissues, MCs are an important source of TNF-
a, given their ability to release both pre-stored and newly
formed TNF-a [27]. Nowadays, increasing evidence indi-
cates that TNF-a is not only detrimental but can also play
an important role in health by maintaining homeostasis in
the gut [28, 29].

As shown in Fig. 1J, we observed that TO-conditioned
media was able to induce considerable release of TNF-a by
BMMC:s. Therefore, we performed BMMCs-organoids co-
cultures in the presence/absence of a specific blocking anti-
body against TNF-a. As demonstrated by data in Fig. 4A, in
the presence of the TNF-a blocking antibody the expression
of Igr5, chgA, and lyzl was maintained. The regulation of
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Fig.4 Blocking MC-derived TNF-a attenuates the effects produced
on TO. (A) qPCR analysis of /gr5, chgA, and lyzI in TO after 72 h of
co-culture with BMMC:s in the presence or absence of TNF-a block-
ing antibody. (B) qPCR analysis of Igr5, chgA, and lyzl on TO after
72 h co-culture with wild type (wt) or TNF-o”~ BMMCs. (C) Prolif-
eration rates of GFP-MC38 cultured alone or in presence of TNF-a

lgr5, chgA, and lyzI was further investigated by co-culturing
TO with TNF-a~~ BMMCs (Fig. 4B). lyzI downregulation
strongly depended on TNF-a produced by BMMCs, while
lgr5, chgA downregulation was still partially present and
might depend also on autocrine TNF-a produced by TO.
As further evidence, we also analyzed MC38 proliferation:
The reduction of GFP-MC38 proliferation in co-culture with
BMMCs was attenuated in the presence of TNF-a blocking
ab or TNF-a-deficient BMMC:s (Fig. 4C), thus confirming
that the effects showed in Fig. 3 are mediated by TNF-a.
Moreover, the proliferation of TO was not reduced in pres-
ence of TNF-a-deficient BMMCs (Fig. 4D). Collectively,
these data show that TNF-« is a major mediator in the regu-
lation of TO proliferation and of Igr5, chgA, and lyzl expres-
sion in TO.

The role of ST2/IL-33 axis in MC-tumoral organoids
interaction

Upon barrier disruption, IL-33 is known to recruit and
activate innate immune cells toward a type 2 inflammatory
response with the primary goal of tissue regeneration [30,
31] and to activate intraepithelial lymphocytes, basophils,
eosinophils, and MCs [32]. Therefore, we asked whether

C s 15 x
8 * *
° L .
S P
S -
34 1.0 g
Su
S0 oo |
23
=8 ]
e 0.5
k=)
2
o
w
O 00 T T T T T
x © P PP
ng ((év. @Q @Q (((y?“
RSP RAN
W o0 &S
R RN
é(Q S L&
9 & O
@O{b V\o’”‘b .
N é(‘?
i
&
1.5
.
= - .
. ] —
%1.0— L To
§ EE TO +BMMCs
08) I TO + TNF-a" BMMCs
& 0.5+
€
3
-

o
o
L

blocking antibody, wt BMMC:s, TNF-a~~ BMMCs, or wt BMMCs
together with TNF-a blocking ab. (D) Proliferation rates of TO cul-
tured alone or in presence TNF-a ”~ BMMCs or wt BMMCs. Data
are expressed as mean+SD from n=3-8 experiments. Statistical
analysis was performed with one-way ANOVA with Dunnet correc-
tion (¥*=p <0.05 **=p<0.01; ***=p<0.001)

@ Springer



205 Page 8 of 11

Cancer Immunology, Immunotherapy (2025) 74:205

intestinal organoids expressed IL-33, and if so, whether
organoid-derived IL-33 was conceivable responsible for
the activation of BMMCs and TNF-« secretion. In our sys-
tem intestinal organoids, both HO and TO expressed and
secreted IL-33 (Fig. 5A-B) with TO having a 50-times
fold increase of //-33 gene expression compared to HO. As
expected, stimulation of resting BMMCs with recombinant
IL-33 induced the release of TNF-a (Fig. 5C). We obtained
TNF-a release from BMMCs also by stimulating them with
the conditioned media of both HO and TO, with higher
effect produced when using TO supernatants (Fig. 5C).

Notably, the addition of the ST2-blocking antibody,
which prevents the binding of IL-33 on target cells, reduced
the release of TNF-a by BMMCs in culture with TO, but not
HO, derived conditioned medium (Fig. 5C). It is possible
to speculate that HO induce basal release of TNF-o from
MC:s via an IL-33-independent mechanism, while, in tumor
conditions, the IL-33 present in the co-culture can induce a
greater release of TNF-a which may be responsible for the
effects observed on TO.

We next performed co-culture experiments in the pres-
ence of the ST2-blocking antibody to assess whether the
IL-33-dependent activation of MCs was responsible for
influencing the expression of intestinal markers by qPCR
(Fig. 5D). We observed a statistically relevant restoration of
lgr5 and chgA lyzI (and a similar trend for lyz/), expression

levels when the ST2/IL-33 axis was blocked which indicates
the relevancy of a micromilieu enriched of IL-33 in modulat-
ing the MCs/intestinal organoids crosstalk.

Discussion

The plasticity of MCs is of major importance in the gut
where encountering external environment and pathogenic
stimuli is more likely to happen [17]. In the intestine, MCs
are a rare, interspersed cell population, which makes it dif-
ficult to properly analyze their role in both the regulation of
physiological processes and their involvement in tumor initi-
ation or progression. For this reason, we set up an in vitro co-
culture system using intestinal organoids. The great advan-
tage of the organoid model, in this work, is that it sheds light
on the role of MCs in both healthy and pathological gut con-
texts, allowing the 3D architecture and cellular composition
of the gut to be studied [33]. In the present study, we mainly
used the co-culture system of BMMCs with organoids from
healthy colon or derived from adenomas of AOM/DSS-
treated mice. The AOM/DSS model resembles the human
adenomas of colitis associated-CRC and, in particular, our
organoids present a mutation in the exon 3 of ctnnbl gene
(with wild-type Kras, data not shown) leading to an aberrant
Wnt pathway activation [34], a signaling pathway whose
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alteration is fundamental for the initiation and progression of
CRC [35]. Indeed, our tumoral organoids harbor a mutation
in B-catenin and still express several markers of differenti-
ated intestinal cells albeit at lower levels respect to organoids
obtained from healthy tissue (Supplemental Fig. S1C). We
can therefore consider our model as an early stage of CRC
that can allow us to investigate the roles of MCs in the onset
of CRC. Indeed, the analysis of the mutations present in our
TO is equivalent to those found in human tumors at the same
stage of development [36].

Common understanding indicates that MCs can be both,
directly and indirectly, involved in various intestinal patholo-
gies, not least CRC progression. However, published data on
the role of MCs in tumor progression are still contradictory
[10]. One possible explanation relies on the intrinsic plastic
nature of the MCs: They sense the surrounding microenvi-
ronment shaping and adapting their response accordingly
[27, 37]. Additionally, it should be taken into consideration
the time frame in which MCs act on the tumor since these
cells could have opposing roles during the onset or the pro-
gression of the pathology.

We herein demonstrated that BMMCs interact with the
basolateral side of intestinal organoids, namely the lamina
propria side, where MCs are normally found in vivo. We
further demonstrated that MCs are attracted by the organoids
and can directly reach the epithelium by actively moving
inside the Matrigel (Fig. S3B). To our knowledge, no differ-
ences in the number of MCs actively interacting with healthy
rather than tumoral organoids have been reported to date.
However, it has been shown that MCs, even in the absence
of direct contact, generate a different response in healthy or
pathological contexts, modulating the expression of struc-
tural parameters and cell viability. As a matter of fact, we
here have pointed out how the microenvironment indirectly
exerts an effect on the polarization of the MCs response,
which in turn induces different outcome on the organoid
depending on the setting (e.g., HO or TO). BMMCs, nor-
mally used for in vitro experiments, express an intermediate
phenotype between mucosal and connective tissue MCs. We
demonstrated that BMMCs co-cultured with healthy colon
organoids maintain their immature phenotype. Differently,
when co-cultured with TO, they significantly upregulate
the expression of both mcpt2 and mcpt4, suggesting that
BMMCs received strong activating stimuli from the tumor
and respond increasing the transcription of both proteases
analyzed. These proteases can play a relevant role in tissue
remodeling during tumorigenesis [38]. The evidence that
MCs accumulate and are activated in the tumor microenvi-
ronment is well-established [7, 8]. As demonstrated by the
upregulation of CD107a, the co-culture with TO resulted in
BMMC activation and granule release. In this scenario, we
hypothesized that tumor-derived IL-33 could participate in
the strong activation of BMMC:s. As the literature reports,

adenoma/CRC cells express high levels of IL-33 mRNA
[39], and our TO secrete higher levels of IL-33 compared to
the healthy colon, supporting the strong validity of the TO
model. We were able to demonstrate that a functional IL-33/
ST2 axis was required to maintain high levels of TNF-a
production and release by BMMCs. Of note, MCs represent
the only cell type able to store preformed TNF-a in their
granules and, upon exocytosis, can exhibit antitumor activity
through direct tumor cell cytotoxicity mediated by TNF-a
and reactive oxygen species [40]. Moreover, a transcriptomic
analysis performed on MCs incubated with HT-29 sphe-
roids unveils TNFSF14 among the transcripts upregulated
in MCs suggesting that the CRC cells can activate the TNF-a
pathway [41]. The role of this mediator is crucial in CRC
development and produces multiple effects. Saito and col-
laborators showed that treatment with recombinant TNF-«
was sufficient to promote an inflammatory response and
decreased intestinal stem cell activity and barrier function.
The authors showed that TNF-a given to enteric culture can
reduce mRNA level of Irg5, muc2, and chgA [42], an effect
that, in part, we reproduced in our conditions: BMMCs
induced the modulation of Igr5 and chgA expression through
TNF-a release (Fig. 4A-B). Interestingly, as suggested in
Fig. 5C, the abrogation of IL-33/ST2 pathway did not com-
pletely abolished the TNF-a release, suggesting that other
soluble factors are involved. A possible candidate could be
the stem cell factor (SCF); in fact, an accumulation of this
factor from tumor lysates derived from the AOM/DSS model
was reported before. However, the SCF, also present in the
lysates from healthy tissue, was not able to induce TNF-a
release [43]. Our observation, that a basal level of TNF-a
is detectable from the BMMCs/HO co-culture medium, is
in line with a recent report that describes how low TNF-a
amounts contribute to maintain intestinal homeostasis in
healthy conditions [28].

According to our observations, MCs can dampen tumor
progression in the early phases of tumor progression. In
our model, they promote the downregulation of the Ki67
marker and of /gr5 and proliferation in TO, all effects
mediated by MCs-derived TNF-a. Besides, we hypoth-
esize that TNF-«a is released by BMMCs in two different
time frames: Pre-stored TNF-a is released immediately,
hypothetically by the effect of mediators such as the SCF,
then newly formed TNF-a production and release is fur-
ther sustained by IL-33 stimulation. Indeed, when we
blocked the TNF-a pathway in the co-culture, we observed
a maintenance of /gr5, lyzI, and chgA expression, while
a-ST2 treatment was less incisive on the expression lev-
els of these genes, suggesting that their transcription was
already compromised. Indeed, we cannot also exclude
that the effect is due to TNF-a produced by organoids
themselves that can still abolish the expression of above-
mentioned genes.
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Taken together these data demonstrate the validity of
our BMMCs/intestinal organoids co-culture model which is
instrumental to assess molecular and biochemical changes in
both MCs and intestinal cells. Bioinformatic analyses from
human CRC samples (Supplemental Fig. S2) seem to go
in line with some of our results: In the early tumorigenesis
phase (T1), more abundance of MCs negatively correlates
with the Irg5 expression on cancer tissue. Even though it
did not reach a statistical significance, proliferation and lyz/
expression of cancer tissue inversely correlated with the den-
sity of MCs in the T1 size. These data from human samples
sustain our model in which the antitumoral effect of MCs
is produced in the first phases of tumor development while
the role of MCs in later stages requires further studies. In
conclusion, the co-culture system herein described is a valu-
able model for studying the role of MCs in the early phase
of CRC progression and can be used to test new candidate
drugs targeting either MCs or CRC organoids.

Supplementary Information The online version contains supplemen-
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