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SUMMARY

MyD88, an adaptor molecule downstream of innate
pathways, plays a significant tumor-promoting
role in sporadic intestinal carcinogenesis of the
Apcmin/+ model, which carries a mutation in the
Apc gene. Here, we show that deletion of MyD88
in intestinal mesenchymal cells (IMCs) significantly
reduces tumorigenesis in this model. This pheno-
type is associated with decreased epithelial cell
proliferation, altered inflammatory and tumorigenic
immune cell infiltration, and modified gene expres-
sion similar to complete MyD88 knockout mice.
Genetic deletion of TLR4, but not interleukin-1 re-
ceptor (IL-1R), in IMCs led to altered molecular pro-
files and reduction of intestinal tumors similar to
the MyD88 deficiency. Ex vivo analysis in IMCs indi-
cated that these effects could be mediated through
downstream signals involving growth factors and
inflammatory and extracellular matrix (ECM)-regu-
lating genes, also found in human cancer-associ-
ated fibroblasts (CAFs). Our results provide direct
evidence that during tumorigenesis, IMCs and
CAFs are activated by innate TLR4/MyD88-medi-
ated signals and promote carcinogenesis in the
intestine.
INTRODUCTION

Intestinal carcinogenesis is the result of multiple mutations,

but it is now well established that the microenvironment plays

also an important role in cancer growth, progression, and

metastasis (Hanahan and Coussens, 2012). One of the most

important deregulated pathways in intestinal cancer is the
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b-catenin pathway. In mice, mutation in the Apc gene, a cen-

tral regulator of b-catenin signaling, leads to spontaneous in-

testinal carcinogenesis similar to human familial adenomatous

polyposis, characterized by multiple polyps located mainly in

the small intestine (Apcmin/+ model) (Dove et al., 1997). The

difference in tumor location between mice and humans is

due to the different number of stem cell divisions in the colon

and small intestine between the two species (Tomasetti

and Vogelstein, 2015). Antibiotic treatment or rederivation of

Apcmin/+ mice in germ-free conditions results in reduced

tumor load, indicating an important tumor-promoting role of

the microbiota in intestinal tumorigenesis (Dove et al., 1997;

Li et al., 2012; Song et al., 2014). This is mechanistically asso-

ciated with increased c-Jun and signal transducer and acti-

vator of transcription 3 (STAT3) phosphorylation in cancer

cells and increased infiltration of inflammatory cells (Li et al.,

2012).

MyD88 is a central regulator of innate immunity, as it acts

directly downstream of Toll-like receptors (TLRs) and

cytokine receptors, while it is also implicated in carcinogen-

esis (Salcedo et al., 2013). Genetic deletion of MyD88 in

Apcmin/+ mice results in reduced number and size of tumors

and correlates with suppressed proliferation, enhanced

apoptosis, and a deregulated gene expression profile in

tumors (Rakoff-Nahoum and Medzhitov, 2007). Bone marrow

chimeras have shown that polyp growth in Apcmin/+ mice de-

pends on MyD88 signaling in non-hematopoietic cells, and

MyD88 in intestinal epithelial cells (IECs) was shown to stabi-

lize Myc expression through ERK phosphorylation (Lee et al.,

2010).

The role of intestinal mesenchymal cells (IMCs) in inflamma-

tion and cancer has recently gained momentum. The ability of

IMCs to respond to inflammatory stimuli and regulate immune

responses and inflammation has been demonstrated in vitro;

however, its pathophysiological significance has only recently

started to be characterized (Koliaraki et al., 2017; Powell

et al., 2011). We have recently dissected intracellular MAPK
).
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and nuclear factor kB (NF-kB) signals that modulate the func-

tion of IMCs in the development of colitis and colitis-associ-

ated cancer (Henriques et al., 2018; Koliaraki et al., 2012,

2015; Roulis et al., 2014). In the present study, we explored

the in vivo role of mesenchymal-specific innate sensing in

spontaneous intestinal tumorigenesis of the Apcmin/+ mouse

model. We reveal that TLR4/MyD88 signaling in IMCs and/or

CAFs is a dominant physiological mechanism in the promotion

of cancer.

RESULTS

MyD88 Signaling in Mesenchymal Cells Promotes
Intestinal Tumorigenesis in the Apcmin/+ Model
Since IMCs have been shown to respond to immune stimuli

in vitro, we hypothesized that IMCs could play a significant role

in intestinal carcinogenesis via sensing of innate stimuli.

To examine the pathophysiological role of IMC-specific

MyD88 in disease pathogenesis of the Apcmin/+ model, we

crossed MyD88 conditional knockout mice with ColVI-cre mice

(Apcmin/+-Myd88IMCko), which target mesenchymal cells in the

intestine and intestinal tumors (Armaka et al., 2008; Koliaraki

et al., 2015). Deletion efficiency in ColVI+ cells was verified

by qRT-PCR analysis (Figure S1A). 4-month-old Apcmin/+-

Myd88IMCko mice displayed a significant reduction in both

the number and size of tumors in comparison to their littermate

Apcmin/+-Myd88F/F controls (Figures 1A–1D). Stratification of

tumor frequency by intestinal region showed that the differences

were mainly found in the small intestine and particularly in the

ileum and jejunum, where the majority of polyps are also located

(Figure 1B). It should be noted that Cre itself did not affect tumor

development (Figures S2A and S2B). In addition, size-matched

tumors from the Apcmin/+-Myd88IMCko mice showed decreased

proliferation, while there was no difference in apoptosis, as-

sessed by bromodeoxyuridine (BrdU) incorporation and Tunel

staining, respectively (Figures 1E–1G). Histopathological anal-

ysis at 6 weeks of age did not show a statistically significant

decrease in the number of dysplastic foci in the small intestine

of Apcmin/+-Myd88IMCko mice, suggesting a more important

role for IMC-specific MyD88 in the progression rather than

initiation of carcinogenesis, which is consistent with the role of

MyD88 in this model (Rakoff-Nahoum and Medzhitov, 2007)

(Figure 1H).

Contrary to spontaneous tumorigenesis, mesenchymal-spe-

cific deletion of MyD88 did not have a significant effect in the

azoxymethane (AOM)/dextran sulfate sodium (DSS) model of

inflammation-induced colorectal carcinogenesis (Figure 1I).

These results suggest an important tumor-promoting role of

the MyD88 signaling pathway in IMCs in spontaneous intestinal

tumorigenesis and are in agreement with the phenotype of

complete MyD88 knockout mice in this model, which show a

significant reduction in tumor load, accompanied by reduced

proliferation (Rakoff-Nahoum and Medzhitov, 2007). Differences

in the severity of the disease, apoptosis, and the effect on

colonic polyps between the complete and conditional knockout

mice indicate that MyD88 in other stromal cell types, including

other mesenchymal cell populations, could also contribute to

the phenotype of the complete MyD88 knockout mice.
Deletion of MyD88 in IMCs Results in Deregulated Gene
Expression, Reduced STAT3 Phosphorylation, and
Altered Inflammatory Cell Infiltration
To further analyze the similarities between Apcmin/+-Myd88IMCko

mice and the complete knockout mice, we next analyzed the

gene expression profile of Apcmin/+-Myd88IMCko tumors by

measuring the expression level of genes that were differentially

regulated in the complete MyD88 knockout mice (Rakoff-Na-

houm and Medzhitov, 2007). We found significant deregulation

in many genes, especially those encoding pro-inflammatory me-

diators and matrix metalloproteinases (MMPs), while Igf1 and

Igfbp5 were not upregulated in our tumor samples (Figure 2A).

Interestingly, among the deregulated genes were Il6 and Il11,

two pro-inflammatory cytokines with important functions in

enhancing epithelial cell proliferation and tumorigenesis through

STAT3 activation (Bollrath et al., 2009; Schmidt et al., 2018).

Accordingly, we found that Apcmin/+-Myd88IMCko mice showed

decreased pSTAT3 staining both in tumors and normal villi in

comparison to Apcmin/+-Myd88F/F controls (Figures 2B and

2C). Since there was a significant differential expression of

pro-inflammatory genes in the small intestine of Apcmin/+-

Myd88IMCkomice, we also examined inflammatory cell infiltration

in tumors by fluorescence-activated cell sorting (FACS) analysis.

We did not find statistically significant differences in the numbers

of infiltrating CD45+ hematopoietic cells between the two

genotypes (Figure 2D); however, we found a reduction in

CD45+CD11b+F4/80+ macrophages, CD45+CD11b+Gr1+ neu-

trophils, and CD45+CD4+ T cells, while CD45+CD8+ T cells

were increased in the Apcmin/+-Myd88IMCko tumors (Figures 2E

and 2F; Figure S3A). There was no statistically significant differ-

ence in the normal small intestine between the two genotypes

(Figure S3B). Therefore, Apcmin/+-Myd88IMCko mice display

altered balances in immune infiltration toward a less pro-inflam-

matory microenvironment and interestingly enhanced cytotoxic

T cell infiltration, both being directly associated with the

decreased number and size of tumors. These results indicate

that a MyD88-dependent pathway in IMCs and/or CAFs regu-

lates the infiltration of immune populations creating a pro-

tumorigenic inflammatory milieu in the Apcmin/+ model, which

potentially acts as an additional mechanism to accelerate

tumorigenesis.

Importantly, deletion of MyD88 did not influence the distribu-

tion of ColVIcre+ cells in tumors of the Apcmin/+-Myd88IMCko

mice, as assessed by combining these mice with the

RosamT/mG (mT/mG) reporter mice, suggesting that MyD88

signaling does not interfere with normal development of these

cells (Figure 2G). The specificity of the ColVI-cre mouse for

IMCs and/or CAFs in tumors was also verified by FACS analysis,

using the lineage-negative markers epithelial cell adhesion

molecule (EpCAM), cluster of differentiation 45 (CD45), and

CD31 for epithelial, immune, and endothelial cells, respectively

(Figures 2H and S3C).

IMC-Specific Genetic Deletion of TLR4, but Not IL-1R,
Reduces Tumorigenesis in the Apcmin/+ Model
To further identify the innatemolecular mechanisms regulated by

MyD88 in IMCs, we next isolated mesenchymal cells from the

small intestine and incubated them with various MyD88
Cell Reports 26, 536–545, January 15, 2019 537



Figure 1. Deletion of MyD88 in Intestinal Mesenchymal Cells Reduces Tumorigenesis in the Apcmin/+ Model of Sporadic Intestinal Cancer

(A and B) Total number of tumors per mouse (A) and number of tumors per intestinal part (B) in 4-month-old Apcmin/+Myd88IMCkomice (n = 15) and their littermate

controls (n = 18). The insert shows the number of colonic tumors.

(C and D) Size of small intestinal tumors presented as mean tumor size (C) and distribution of tumors per size (D) in the two genotypes.

(E) Representative BrdU and Tunel staining in small intestinal tumors ofApcmin/+Myd88IMCkomice and their littermate controls. DAPI was used to stain the nuclei in

the Tunel stainings.

(F and G) Quantification of the number of BrdU+ cells per tumor (F) and Tunel+ cells (G) per field in equal-sized tumors (n = 6 mice per genotype).

(H) Number of dysplastic lesions per mouse in 6-week-old Apcmin/+Myd88IMCko and their littermate controls (n = 6–7 mice per genotype).

(I) Number of tumors per mouse inMyd88IMCkomice (n = 8) and their littermate controls (n = 7) at the end of the AOM/DSS protocol (one representative experiment

of four performed).

Data represent mean ± SEM. **p < 0.01, ***p < 0.001, ns = not significant. Scale bars represent 50 mm. See also Figures S1 and S2.
inducers, including TLR ligands and interleukins IL-1b (inter-

leukin-1b), IL-18, and IL-33. We used measurement of IL-6 as

the readout of this initial analysis. Our results showed that IL-6

was increased in response to IL-1b and ligands for TLR1/2,

TLR4, and TLR6 and that lipopolysaccharide (LPS) and IL-1b

were the stimuli that produced the most abundant effect

(Figure 3A). Moreover, analysis of the dataset GEO:

GSE39395, which contains expression profiles of isolated can-

cer cells, leukocytes, and cancer-associated fibroblasts from
538 Cell Reports 26, 536–545, January 15, 2019
tumors of patients with colorectal cancer, revealed enrichment

in genes encoding TLR4 and TLR5, as well as receptors for the

cytokines IL-1 and IL-33 (IL1R1, IL1RL1, and IL1RAP) in CAFs

versus cancer cells or leukocytes (Figure 3B) (Calon et al., 2012).

Based on this analysis, we focused more on LPS and

IL-1b stimulation. LPS is known to activate innate immune

responses in IMCs in vitro, leading to production of pro-inflam-

matory molecules, such as IL-6, COX2, and CXCL1, through

activation of several signaling pathways, including NF-kB,



(legend on next page)
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phosphatidylinositol 3-kinase (PI3K), and mitogen-activated

protein kinases (MAPKs) (Walton et al., 2009). IL-1b mediates

the activation of a pro-inflammatory signature in CAFs through

the NF-kB pathway and has been implicated in carcinogenesis

(Erez et al., 2010). To verify if upstream signaling from TLR4 or

IL-1R was responsible for the IMC-specific MyD88-induced

effect on intestinal carcinogenesis, we next crossed Il1r1F/F

(Abdulaal et al., 2016) and Tlr4F/F (Sodhi et al., 2012) mice with

ColVI-cre mice (Figures S1B and S1C). We found that

4-month-old Apcmin/+-Il1r1IMCko mice showed no difference in

tumor multiplicity and size (Figures 3C and 3D), indicating that

IL-1R signaling in IMCs does not play an important role in

spontaneous intestinal carcinogenesis. On the contrary,

Apcmin/+-Tlr4IMCko showed a significant reduction in both tumor

multiplicity and size (Figures 3E–3H). Tumors from these mice

also displayed decreased proliferation measured by BrdU stain-

ing (Figures 3I and 3J) and decreased phosphorylation of STAT3

(Figures 3I and 3K), as well as reduced expression of inflamma-

tory mediators (Figure 3L). These results are in agreement both

with the phenotype observed in Apcmin/+-Myd88IMCko and our

in vitro data, suggesting that upstream signaling from TLR4

drives MyD88 activation in IMCs and concomitant modulation

of intestinal tumorigenesis.

We also subjected Tlr4IMCko and their controls to the AOM/

DSS model of colitis-associated cancer and found no difference

in tumorigenesis, in accordance with Myd88IMCko mice, indi-

cating that TLR4 signaling in IMCs and/or CAFs is necessary

only for the development of sporadic intestinal carcinogenesis

(Figure 3M).

An IMC-Specific TLR4/MyD88-Regulated Gene
Signature Is Found Also in Human CAFs
To identify the IMC-specific MyD88-dependent gene expression

changes, we next performed 30 RNA sequencing of ColVIcre+

wild-type (WT) andMyD88 knockout IMCs before and after treat-

ment with LPS for 6 h. Interestingly, even unstimulated MyD88

knockout cells showed a significantly altered gene expression

profile in comparison to the unstimulated control cells (Fig-

ure S4A). Gene Ontology (GO) analysis of the mostly downregu-

lated genes in non-induced MyD88 knockout cells revealed

differences in pathways related to inflammatory and/or immune

response and cell proliferation, indicating an intrinsic defect of

these cells in acquiring an innate identity under homeostatic
Figure 2. Tumors from Mice with Deletion of MyD88 in IMCs Show Di

Inflammatory Cell Infiltration

(A) Gene expression analysis in the small intestine ofMyd88F/F andMyd88IMCko m

(n = 6). Hprt was used for normalization.

(B) Representative immunohistochemical staining for pSTAT3 in the normal sm

(n = 5 mice per genotype).

(C) Quantification of pSTAT3 staining in tumors from Apcmin/+Myd88F/F and Apcm

(D–F) Infiltration of CD45+ cells (D), CD11b+F4/80+ macrophages and CD11b

CD11c+ dendritic cells (F) in tumors from 4- to 5-month-old Apcmin/+Myd88F/F an

independent experiments).

(G) Representative confocal images from tumors of Apcmin/+-ColVIcre-Myd88F

represent 50 mm.

(H) FACS analysis of tumors from Apcmin/+-ColVIcre-mTmG mice, stained with

(n = 3 mice). Unstained controls are presented as gray histograms.

Data represent mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ns = not signific
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conditions (Figures 4A and 4D). Comparisons with the LPS-stim-

ulated control and MyD88 knockout samples further showed a

significant number of MyD88-regulated genes, which either

remained unchanged or were altered upon LPS stimulation (Fig-

ure 4B; Figures S4B and S4C). GO analysis of these MyD88-

regulated genes showed enrichment in inflammatory and/or

immune response and regulation of cell proliferation (Figure 4C).

Related genes includedmainly chemokines (Cxcl1,Cxcl2,Cxcl5,

Ccl2, Ccl7, Ccl8, Ccl11), cytokines (Il6, Il34), growth factors

(Fgf7, Fgf10, Tgfa, Ctgf, Igf1, Igfbp4), and MMPs (Mmp3,

Mmp8, Mmp9, Mmp10, Mmp13) (Figure 4D). This MyD88-

dependent gene signature is in agreement with the deregulated

gene expression of the IMC-specific MyD88 knockout tumors

and the accompanied reduced proliferation and altered inflam-

matory infiltration.

To further validate if this expression profile was also present in

human CAFs, we next compared this MyD88-regulated gene

profile with two datasets that contained comparisons of CAFs

versus cancer cells (GEO: GSE39395 and GSE35602) (Calon

et al., 2012; Nishida et al., 2012). We found that out of 120 genes,

68 and 65were preferentially expressed in CAFs in each dataset,

respectively, while 53 were in common between the two lists

(Figures 4E and 4F). These included cytokines (IL6), chemokines

(CCL2, CCL8, CCL11), growth factors (FGF7, CTGF, IGF1), and

MMPs (MMP3, MMP10, MMP13) (Figure 4F), suggesting that a

similar TLR4/MyD88-regulated gene signature exists also in

human CAFs.

DISCUSSION

MyD88 is known to have a tumor-promoting role in spontaneous

intestinal cancer (Rakoff-Nahoum and Medzhitov, 2007). Here

we show, through its IMC-specific deletion, that it is MyD88 in

IMCs that is responsible for this function, in agreement with

previous bonemarrow transfer studies, indicating a predominant

role of MyD88 in the non-hematopoietic compartment (Lee et al.,

2010). It should be noted that the phenotypic differences

between the IMC-specific and the published complete MyD88

knockout mice also suggest a possible contribution of MyD88

in other non-hematopoietic cell types, including other mesen-

chymal cell populations.

In agreement with these data, IMC-specific TLR4, but not

ILR1, ablation also ameliorates intestinal tumorigenesis,
fferential Gene Expression, Reduced STAT3 Activation, and Altered

ice (n = 3) and in tumors from Apcmin/+Myd88F/F and Apcmin/+Myd88IMCko mice

all intestine and tumors of Apcmin/+Myd88F/F and Apcmin/+Myd88IMCko mice

in/+Myd88IMCko mice (n = 12–14 tumors from 5 mice per genotype).
+Gr1+ neutrophils (E), and CD4+ T cells, CD8+ T cells, CD19+ B cells, and

d Apcmin/+Myd88IMCko mice (n = 4–7), quantified by FACS analysis (from two

/+-mTmG and Apcmin/+-ColVIcre-Myd88F/F-mTmG mice (n = 3). Scale bars

markers for epithelial (EpCAM), immune (CD45), and endothelial (CD31) cells

ant. See also Figure S3.



Figure 3. Deletion of TLR4 in IMCs Reduces Tumorigenesis in the Apcmin/+ Model of Sporadic Intestinal Cancer

(A) IL-6 quantification by ELISA in the supernatants of IMCs stimulated for 24 h with TLRs and interleukins, as described in STARMethods. One representative of

three independent experiments performed in triplicates is presented.

(B) Heatmap of the differential expression of the indicated genes in CAFs versus cancer cells and leukocytes from the dataset GEO: GSE39395. Log2 fold-change

of genes is shown. Red denotes high expression values, and blue denotes low expression values.

(legend continued on next page)
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indicating that microbial sensing by these cells may be a patho-

genic mechanism in the development of the disease. Although

many ligands for TLR4 have been described and may be (co)

responsible for the TLR4 effects described here, a potential

source for TLR4 stimulation could be LPS from bacteria that

are detected close to neoplastic lesions and within tumors in

the intestine (Grivennikov et al., 2012). Recently, a specific spe-

cies, Fusobacterium nucleatum, which is a Gram-negative

bacterium, has been found in tumors from human patients and

in tumors fromApcmin/+mice fed with this strain but not in normal

mucosa (Kostic et al., 2013; Yang et al., 2017). Importantly, infec-

tion of Apcmin/+ with this bacterial strain led to increased tumor-

igenesis, associated with increased proliferation, infiltration of

CD11b+F4/80+ and CD11b+Gr1+ immune cells, and expression

of inflammatory genes, such as Il6, Ptgs2, and Mmp3 (Kostic

et al., 2013). These data indicate that microbes can be found in

intestinal tumors and are causally linked to cancer progression.

Our study therefore offers a direct mechanistic link between

intratumoral bacterial sensing and innate activation of IMCs

and/or CAFs that together contribute strongly to tumor

progression.

Our ex vivo data indicated that the mechanism downstream of

innate sensing in IMCs includes the production of effector mole-

cules, which in turn affect both cancer cell proliferation and the

immune microenvironment, mainly during the progression rather

than the initiation stage of spontaneous tumorigenesis. Among

them, IL-6/IL-11 and downstream-regulated STAT3 signaling is

an important pro-tumorigenic mechanism (Bollrath et al., 2009;

Schmidt et al., 2018). Interestingly, we have recently published

that inhibitor of nuclear factor kB subunit b (IKKb) deletion in

IMCs leads to reduced inflammation and carcinogenesis in the

AOM/DSSmodel of colitis-associated cancer, which ismediated

by the production of IL-6 and downstream phosphor-STAT3

(pSTAT3) phosphorylation, while it does not affect carcinogen-

esis in the sporadic Apc1638N/+ or AOM model (Koliaraki et al.,

2015). The Myd88IMCko mice and Tlr4IMCko mice show an

opposite phenotype, affecting the number and size of tumors

in spontaneous, but not in colitis-associated, cancer. These

results suggest that production of IL-6 and other inflammatory

cytokines and/or chemokines is mediated in IMCs through the

NF-kB pathway, which can be activated, but not exclusively,

by Myd88-dependent signals in the early stages of colitis

associated cancer (CAC). In spontaneous intestinal cancer,

this cytokine and/or chemokine production is induced largely

by the TLR4/MyD88 pathway, and it is notably not dependent

on NF-kB, indicating heterogeneous signaling in the context of
(C and D) Total number (C) and size (D) of tumors per mouse in 4-month-old Apc

(E and F) Total number of tumors per mouse (E) and number of tumors per intest

controls (n = 20). The insert shows the number of tumors in the colon.

(G and H) Mean tumor size (G) and distribution of tumors (H) per size in the two g

(I) Representative BrdU and pSTAT3 staining in small intestinal tumors of Apcmin

(J) Quantification of the number of BrdU+ cells per tumor (n = 6 mice per genotyp

(K) Mean signal intensity (MSI) of pSTAT3 (n = 12–14 tumors from 4 mice per ge

(L) Gene expression analysis in tumors from Apcmin/+Tlr4F/F and Apcmin/+Tlr4IMCk

(M) Number of tumors permouse in Tlr4IMCkomice (n = 8) and their littermate contro

three performed).

Data represent mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ns = not signific
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IMC and/or CAF innate activation, which is probably regulated

by the distinct microenvironment of the tumors. It should be

noted that in the Apcmin/+ model, the colon tumor number,

although very low, was also not affected, implying that potential

site-specific differences, such as the mesenchymal population

targeted by the ColVI-cre mouse, could also play a role in the

absence of a phenotype.

Besides IL-6, a variety of other effector molecules, such as

growth factors, chemokines, and MMPs, are also regulated

by the TLR4/MyD88 pathway in IMCs. A pro-inflammatory

gene expression profile has been found also in other types of

cancer (Erez et al., 2010), and the role of specific cytokines

and chemokines in cancer promotion is now well established

(Terzic et al., 2010). Interestingly, we have found that many of

these are also found enriched in CAFs from human colorectal

cancer, suggesting a potential role for innate responses also

in human tumors and their possible utility as prognostic

markers. For example, MMP3 and CXCL1 have already been

suggested as potent stromal protein markers of dysplasia-to-

carcinoma transition in sporadic colorectal cancer (Sipos

et al., 2014).

In conclusion, our results reveal the cellular specificity of

MyD88’s function in spontaneous intestinal carcinogenesis and

provide direct evidence for a pathophysiological significant

innate immune function of IMCs and CAFs in cancer. This sug-

gests that these cells could directly respond to the microbiota

and that this response is crucial for tumor growth, providing a

conceptual advance on the regulation, functions, and potential

therapeutic targeting of CAFs, including recent efforts to

enhance immune targeting of cancer.
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Figure 4. TLR4/MyD88 Signaling Induces a Pro-Tumorigenic Gene Signature in IMCs

(A) Gene Ontology (GO) terms enriched in differentially expressed genes between untreated control and MyD88 knockout IMCs.

(B) Venn diagram showing the number of overlapping differentially regulated genes between untreated and LPS-treated control and MyD88 knockout IMCs.

(C) GO terms enriched in MyD88-regulated genes indicated as bold in (B).

(D) Heatmap of differentially expressed genes between control and LPS-induced WT and MyD88 knockout IMCs that belong to the GO terms shown in (C). Log2

transformed normalized read counts of genes are shown. Read counts are scaled per column. Red denotes high expression values, and blue denotes low

expression values.

(E and F) Venn diagram showing the number of overlapping genes (E) and heatmap of their expression between the IMC-specificMyD88-regulated gene signature

and genes overexpressed in CAFs versus cancer cells from the datasets GEO: GSE39395 and GSE35602 (F). Log2 fold-change of genes is shown.

See also Figure S4.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-Phospho-STAT3 (Tyr705) Cell Signaling Cat#9131; RRID: AB_331586

Purified Rat anti-mouse CD16/32 Biolegend Cat#101302; RRID: AB_312801

FITC-conjugated Rat anti-mouse CD11b (clone M1/70) eBioscience Cat#11-0112-85; RRID: AB_464936

APC/Cy7-conjugated Rat anti-mouse CD45 (clone 30-F11) Biolegend Cat#103116; RRID: AB_312981

A700-conjugated Rat anti-mouse CD45 (clone 30-F11) Biolegend Cat#103128; RRID: AB_493715

PE/Cy7-conjugated Armenian Hamster anti-mouse CD11c

(clone N418)

Biolegend Cat#117318; RRID: AB_493568

A700-conjugated Rat anti-mouse CD19 (clone eBio1D3 (1D3)) eBioscience Cat#56-0193-80; RRID: AB_837082

A700-conjugated Rat anti-mouse CD4 (RM4-5) eBioscience Cat#56-0042-82; RRID: AB_494000

APC-conjugated Rat anti-mouse CD8a (clone 53-6.7) Biolegend Cat#100712; RRID: AB_312751

A647-conjugated Rat anti-mouse Gr-1 (clone RB6-8C5) Biolegend Cat#108418; RRID: AB_389331

PE-conjugated Rat anti-mouse F4/80 (clone BM8) eBioscience Cat#12-4801-82; RRID: AB_465923

Streptavidin-conjugated A750 Life Technologies Cat#S21384

Biotinylated Goat Anti-Rabbit IgG Vector Laboratories Cat#BA-1000; RRID: AB_2313606

Chemicals, Peptides, and Recombinant Proteins

Collagenase IV Sigma-Aldrich C5138

Collagenase XI Sigma-Aldrich C7657

Deoxyribonuclease I from bovine pancreas (DNase I) Sigma-Aldrich DN25

Dispase II, powder Roche 25766800/04942078001

DMEM Biochrom F0455

Fetal Bovine Serum (FBS) Biosera FB-1001/500

Antibiotic-antimycotic solution GIBCO 15240-062

L-Glutamine GIBCO 25030-024

Nonessential amino acids (MEM NEAA) GIBCO 11140-035

Penicillin and streptomycin GIBCO 15140-122

Amphotericin B Sigma-Aldrich A2942

Propidium Iodide Solution Sigma-Aldrich 255535-16-4

BrdU, powder Roche 10 280 879 001

Vectastain ABC Vector Laboratories PK-6100

ImmPACT DAB Peroxidase (HRP) Substrate Vector Laboratories SK-4105

MMLV Reverse Transcriptase Promega M1701

Platinum SYBR-Green qPCR SuperMix Invitrogen 11733046

Oligo-dT primers New England BioLabs S1316S

Azoxymethane (AOM) Sigma-Aldrich A5486

Dextran Sodium Sulfate (DSS) MP Biomedicals M9147

LPS from E. coli Sigma-Aldrich L2630

Recombinant Murine IL-1b Peprotech 211-11B

Recombinant Mouse IL-18 MBL B002-5

Recombinant Mouse IL-33 R&D Systems 3626-ML

Critical Commercial Assays

RNeasy Mini Kit QIAGEN 74104

RNeasy Micro Kit QIAGEN 74004

Mouse IL-6 Duo-Set ELISA R&D Systems DY4046

(Continued on next page)

e1 Cell Reports 26, 536–545.e1–e4, January 15, 2019



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

BrdU Proliferation kit BD Biosciences 550803

DeadEnd Fluorometric Tunel assay Promega G3250

Mouse TLR1-9 Agonist kit Invivogen tlrl-kit1mw

Agilent RNA 6000 Nano kit Agilent Technologies 5067-1511

QuantSeq 30 mRNA-Seq Library Prep Kit

for Ion Torrent

Lexogen 012

DNA High Sensitivity Kit Agilent Technologies 5067-4626

Ion PITM IC 200 Kit ThermoFisher Scientific 4488377

Ion PITM Sequencing 200 V3 Kit ThermoFisher Scientific 4488315

Ion Proton PITM V2 chips ThermoFisher Scientific 4482321

Deposited Data

Normalized data Calon et al., 2012 GEO: GSE39395

Normalized data Nishida et al., 2012 GEO: GSE35602

Raw and analyzed data This study GEO: GSE119341

Experimental Models: Organisms/Strains

Mouse: C57BL/6J-ApcMin/J Jackson Laboratory https://www.jax.org/strain/002020

Mouse: B6.129(Cg)-

Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J

Jackson Laboratory https://www.jax.org/strain/007676

Mouse: Tg(CollagenVI-Cre) Kollias Laboratory Armaka et al., 2008

Mouse: Myd88f/f Pasparakis Laboratory Vlantis et al., 2016

Mouse: Tlr4f/f Hackam Laboratory Sodhi et al., 2012

Mouse: Il1r1f/f Muller Laboratory Abdulaal et al., 2016

Oligonucleotides

See Table S1 for primer sequences This study; Salcedo et al.,

2010; Ding et al., 2016

N/A

Software and Algorithms

ImageJ National Center for Microscopy

and Imaging Research

RRID: SCR_003070

GraphPad Prism GraphPad RRID: SCR_002798

Leica Application Suite X Leica Microsystems RRID: SCR_013673

Opticon Monitor Bio-Rad RRID: SCR_014241

FACSDiva BD Biosciences RRID: SCR_001456

FlowJo Tree Star Inc RRID: SCR_008520

Geo2R function NCBI N/A

InteractiveVenn Heberle et al., 2015; http://

www.interactivenn.net

N/A

Functional Annotation tool from DAVID for

Gene Ontologies

Huang et al., 2009a, 2009b;

https://david.ncifcrf.gov/

N/A
CONTACT OR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, George

Kollias (kollias@fleming.gr).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
Myd88F/F, Tlr4F/F, Il1r1F/F and ColVI-cre mice have been previously described (Abdulaal et al., 2016; Armaka et al., 2008; Sodhi et al.,

2012; Vlantis et al., 2016). RosamTmG and Apcmin/+ mice were purchased from the Jackson Laboratory (Dove et al., 1997; Muzumdar

et al., 2007). Bothmale and femalemicewere used at the ages of 2-4months. All miceweremaintained on aC57/Bl6 background and
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experiments were performed using littermate and co-housed (according to gender) control and experimental mice. Experiments

were performed in the animal facilities of Biomedical Sciences Research Center (BSRC) ‘‘Alexander Fleming’’ under specific

pathogen–free conditions. Mice were euthanized by CO2 asphyxiation.

Model Systems and Permissions
All animal studies were approved by the Institutional Committee of Protocol Evaluation in conjunction with the Veterinary Service

Management of the Hellenic Republic Prefecture of Attika according to all current European and national legislation and performed

in accordance with the guidance of the Institutional Animal Care and Use Committee of BSRC ‘‘Alexander Fleming.’’

Isolation and Induction of Primary IMCs
Isolation and culture of primary intestinal mesenchymal cells was performed as previously described (Koliaraki and Kollias, 2016). In

more detail, the small intestine was removed, flushed with ice-cold HBSS (GIBCO), containing antibiotic-antimycotic solution

(GIBCO), opened longitudinally and cut into 1 cm pieces. Fat, adherent connective tissue and Peyer’s patches were removed. Intes-

tinal pieces were incubated with pre-warmed 5mM EDTA (Acros Organics) and 1 mM DTT (Sigma) in HBSS for 20 minutes at 37�C
with horizontal shaking to remove the epithelial layer, washed extensively and then digested using 300u/ml Collagenase XI (Sigma)

and 0.1mg/ml Dispase II (Roche) for approximately 40 minutes at 37�C. The resulting supernatant was passed through a 70 mm

strainer and single cells were pelleted by centrifugation at 300g for 5 minutes and plated in DMEM (Biochrom), supplemented

with 10% FBS, (Biochrom), 2 mM L-glutamine (GIBCO) 1% nonessential amino acids (GIBCO), 100 U/ml penicillin and 100 mg/ml

streptomycin (GIBCO), and 1 mg/ml amphotericin B (Sigma-Aldrich) until confluent. Cells were used at passages 3-4. For induction

assays, cells were plated, serum starved overnight, and stimulated with 2 mg/ml LPS from E. coli (Sigma), 10ng/ml IL1b

(Peprotech), IL33 (MBL), IL18 (R&D systems) and the mouse TLR1-9 Agonist kit (Invivogen). The quantities used for the TLR agonists

were 100ng/ml Pam3CSK4 (TLR1/2), 2x107/ml HKLM cells (TLR2), 10 mg/ml poly(I:C) (TLR3), 100ng/ml FLA-ST (TLR5), 100ng/ml

FSL1 (TLR6/2), 1 mg/ml ssRNA/Lyovec (TLR7) and 1mM ODN1826 (TLR9).

METHOD DETAILS

Induction of Colitis-associated Cancer
Induction of colitis-associated cancer was performed as previously described (Koliaraki et al., 2015;Wirtz et al., 2017). In more detail,

littermate and co-housed 6-8 weeks old male and female mice were injected with 10mg/Kg AOM (Sigma), followed by three cycles of

2.5% DSS (MP Biomedicals, colitis grade, MW: 36–50 kDa) administration in the drinking water. Each cycle lasted 5 days and was

followed by 16 days of regular drinking water. Body weights and animal well-being were monitored throughout the study. The mice

were euthanized 10 days after the end of the last DSS cycle (Day 60), colon was removed and macroscopically visible tumors were

counted.

Histology and Immunohistochemistry
Mice were sacrificed, and the intestine was resected, opened longitudinally, and tumors were counted. Tissues were either fixed

overnight in 10% formalin and embedded in paraffin or fixed in 4%Paraformaldehyde (PFA) and embedded in OCT (VWRChemicals).

Four mm sections were mounted on slides. Formalin-fixed paraffin-embedded (FFPE) sections were stained with hematoxylin and

eosin (Merck) and images were acquired with a Nikon microscope, equipped with a QImaging digital camera. The ImageJ software

was used for measuring tumor size. Sections from OCT-embedded tissues were left to dry, washed with PBS and covered with

mounting medium containing DAPI (Sigma). Images were acquired with the TCS SP8X White Light Laser confocal system (Leica).

For immunohistochemistry, FFPE sections were de-paraffinized with Xylene and hydrated in 100% and 70% ethanol. Antigen

retrieval was performed using heat-mediated Citrate buffer (pH 6.0) for 20 minutes and slides were allowed to cool down. Slides

were then incubated at room temperature in 3% hydrogen peroxidase in PBS for 15 minutes to block endogenous peroxidase

activity. Tissue sections were washed and blocked with 1% BSA in PBS for 1 hour and incubated with the primary antibody against

phospho-STAT3 (Cell Signaling) overnight at 4�C. A secondary biotinylated antibody against rabbit IgG (Vector) was added for 1 hour

at room temperature, followed by the Vectastain ABC kit for 30 minutes at room temperature and peroxidase activity was visualized

using ImmPACTDABPeroxidase (HRP) Substrate (Vector Laboratories). The sectionswere counterstainedwith hematoxylin (Merck),

dehydrated by incubation in 70% and 100% ethanol, permeated with xylene and preserved in mounting medium (Sigma). For

analysis of proliferation and apoptosis, FFPE sections were stained using the BrdU proliferation kit (BD Biosciences) and the

DeadEnd Fluorometric Tunel assay (Promega), respectively, according to manufacturer’s instructions. Hematoxylin and DAPI

(Sigma) were used for counterstain, respectively. For assessment of proliferation, 100mg/ml BrdU (Roche) was administered via

i.p. injection 90min before sacrifice. The number of BrdU and Tunel positive cells was quantified in size-matched tumors.

FACS analysis and Cell Sorting
For FACS analysis a part of the small intestine or tumors were removed, washed with HBSS (GIBCO), containing antibiotic-antimy-

cotic solution (GIBCO) and cut into pieces. Intestinal pieces or minced tumors were digested using 400 U/ml Collagenase IV (Sigma-

Aldrich), 1 mg/ml Dispase II (Roche) and 100 U/ml Dnase I (Sigma-Aldrich) in DMEM for 40-60 minutes at 37�C. The cell suspension
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was centrifuged, resuspended in FACS buffer (PBS with 2% FBS) and cells were counted. The anti-Fc Receptor (anti-CD16/32)

antibody (Biolegend) was used to prevent non-specific binding. For stainings, 1-2 million cells were incubated with the following

antibodies: FITC-conjugated anti-CD11b (eBioscience), APC/Cy7-conjugated or A700-conjugated anti-CD45 (Biolegend),

PE/Cy7-conjugated anti-CD11c (Biolegend), A700-conjugated anti-CD19 (eBioscience), A700-conjugated anti-CD4 (eBioscience),

APC-conjugated anti-CD8 (Biolegend), A647-conjugated anti-Gr1 (Biolegend), PE-conjugated anti-F4/80 (eBioscience) and strepta-

vidin-conjugated A750 (Invitrogen) (see Key Resources Table). Propidium iodide (PI) was used for live/dead exclusion (Sigma).

Analysis was performed using a FACSCanto II Flow cytometer (BD Biosciences) and FACSDiva (BDBiosciences) or FlowJo software

(FlowJo, LLC). Cultured cells were used for sorting based on their GFP and Tomato fluorescent protein expression, using a FACSAria

III Cell Sorter (BD Biosciences).

ELISA

Supernatants were collected at 24h and IL-6 quantification was performed using the mouse IL-6 Duo-Set ELISA kit, according to the

manufacturer’s instructions (R&D Systems).

RNA Isolation and qRT-PCR
RNAwas isolated from tumors, intestinal tissue or intestinal mesenchymal cells using the RNeasymini or micro kit (QIAGEN), accord-

ing to the manufacturer’s instructions. Isolated RNA was subsequently used either for 30RNA-seq sequencing and analysis, or for

construction of cDNA, using the MMLV Reverse Transcriptase (Promega), according to the manufacturer’s instruction. The cDNA

was subsequently used for qRT-PCR using the Platinum SYBR-Green qPCR SuperMix (Invitrogen) and the CFX96 Touch

Real-Time PCR Detection System (Biorad). Quantification was performed with the DDCt method. Primer sequences (50-30) are pro-

vided (see Table S1).

30 RNA-Seq sequencing
The quantity and quality of RNA samples were analyzed using Agilent RNA 6000 Nano kit with the bioanalyzer from Agilent. RNA

samples with RNA Integrity Number (RIN) > 7 were used for library construction using the 30 mRNA-Seq Library Prep Kit Protocol

for Ion Torrent (QuantSeq-LEXOGENTM) according to manufacturer’s instructions. DNA High Sensitivity Kit in the bioanalyzer was

used to assess the quantity and quality of libraries, according to the manufacturer’s instructions (Agilent). Libraries were then pooled

and templated using the Ion PITM IC 200 Kit (ThermoFisher Scientific) on an Ion Proton Chef Instrument or Ion One Touch System.

Sequencing was performed using the Ion PITM Sequencing 200 V3 Kit and Ion Proton PITM V2 chips (ThermoFisher Scientific) on an

Ion ProtonTM System, according to the manufacturer’s instructions.

QUANTIFICATION AND STATISTICAL ANALYSIS

Analysis of RNaseq data
Mapping of sequencing reads to reference genome was performed as recommended by the manufacturer and gene differential

expression analysis was performed using Bioconductor package DESeq through metaseqR pipeline, as previously described

(Moulos and Hatzis, 2015). Downstream bioinformatics analysis was performed using InteractiveVenn for Venn diagrams (http://

www.interactivenn.net) (Heberle et al., 2015) and the Functional Annotation tool from DAVID for Gene Ontologies (https://david.

ncifcrf.gov/) (Huang et al., 2009a, 2009b), while volcano plots and heatmaps were generated in R using an in-house developed script

and packages ggplot and gplots (R Core Team, 2017; Warnes et al., 2016; Wickham, 2016).

Datasets and Statistical analysis
The public datasets GEO: GSE39395 and GSE35602 was analyzed using the Geo2R function from NCBI. For Figure 3B, values

with the lowest adjusted p value were selected for each gene. For Figure 4F, genes with adjusted p value % 0.05 and log2 fold

change R 1 were used for downstream analysis.

The Student’s t test was used to calculate statistical significance for samples that showed normal distribution and the Mann Whit-

ney test for those that did not pass the normality test. Equal variance was evaluated by the F-test. One-way ANOVA, corrected using

Tukey test, was used for multiple comparisons. Information on the value of n, what n represents, the definition of center and disper-

sion and precision measures can be found in the Figure legends. Mouse sample size was estimated by power analysis. Data were

analyzed with GraphPad Prism 6. p values % 0.05 were considered significant.

DATA AND SOFTWARE AVAILABILITY

RNA-seq datasets are accessible through GEO: GSE119341 of NCBI’s Gene Expression Omnibus.
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