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ABSTRACT
The signal adapter MyD88, an essential component of Toll-like receptor (TLR) signaling, is important for
gut-microbiome interactions. However, its contribution to cancer and its cell-type specific functions
are controversially discussed. Therefore, we generated new tissue-specific mouse models and analyzed
the clinical importance in human colorectal cancer. A gene-trap was inserted into the murine Myd88 gene
(Myd88LSL), yielding MyD88-deficient background with Cre-mediated re-expression in myeloid (MYEL) or
intestinal epithelial cells (IECs). These lines were bred with the Apc1638N model that develops invasive
adenocarcinoma and analyzed at 12 months. Further, two patient collectives of colorectal cancer (n D 61,
and n D 633) were analyzed for expression of Myd88 and TLRs. MyD88 expression was significantly
increased in carcinomas, and increased intratumoral levels of MyD88 and TLR pathway components were
associated with significantly shorter disease-free (P D .011), and overall survival (P < .0001). In accordance,
fully MyD88-deficient mice showed highly significantly decreased tumor incidence, tumor numbers,
increased survival, and, importantly, fully lacked malignant lesions. Thus, MyD88 is essential for
tumorigenesis and especially progression to malignancy. Tissue-specific re-expression of MyD88 highly
significantly increased tumor initiation by differing mechanisms. In intestinal epithelia, MyD88 enhanced
epithelial turnover, whereas in myeloid cells, it led to increased production of tumor- and stemness-
enhancing cytokines, significantly associated with altered expression of adaptive immune genes.
However, neither re-expression of MyD88 in IECs or myeloid cells was sufficient for malignant progression
to carcinoma. Thus, MyD88 crucially contributes to colorectal cancer initiation and progression with non-
redundant and cell-type specific functions, constituting an attractive therapeutic target.
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Introduction

Chronic inflammation is a pivotal risk factor for the development
of solid tumors, such as colorectal cancer,1 and the pro-inflamma-
tory NF-kB (nuclear factor kB) signaling pathway is a key pro-
moter of inflammation-associated carcinogenesis.2,3 In mouse
models for inflammation-induced colorectal carcinogenesis, inhi-
bition of the NF-kB pathway lead to decreased lesion formation.2

Moreover, also sporadic colorectal carcinomas often feature a
pro-inflammatory microenvironment, even in the absence of
inflammatory bowel disease. Among the upstream signaling path-
ways that induce NF-kB and promote carcinogenesis feature
prominently the Toll-like receptors (TLRs).4 Polymorphisms in
TLR genes are associated with solid tumors,5,6 and increased
expression of TLR4 and the intracellular TLR adaptormyeloid dif-
ferentiation response gene 88 (MyD88) is associated with poor
prognosis in colorectal cancer.7 TLRs represent a highly conserved
group of receptors triggering rapid initiation of inflammatory
immune responses.8 Located at the plasma membrane and in
endosomes, TLRs bind to microbial pathogen-associated molecu-
lar patterns (PAMPs) as well as host-derived danger-associated
molecular patterns (DAMPs).9 Therefore, TLR/MyD88-signaling

constitutes a major functional hub between the gut and the micro-
biome. TLRs as well as interleukin-1 family receptors recruit the
intracellular adaptor proteins MyD88 and TRIF, respectively, and
induce distinct signaling pathways. The MyD88-dependent path-
way activates the NF-kB- andMAPK-pathways, inducing the pro-
duction of pro-inflammatory cytokines.10 Moreover, NF-kB
protects intestinal epithelial cells from apoptosis in a cell-autono-
mous fashion.2 Since MyD88 is a central protein linking TLRs and
potentially oncogenic signaling pathways, many previous studies
analyzed its role in tumorigenesis. MyD88-dependent signaling
was found to prevent lesion formation upon chemical induced
inflammation and carcinogenesis (AOM/DSS treatment).11 More-
over, MyD88 has been described to dampen the development of
Helicobacter-induced gastric malignancies.12 However, global
Myd88-deficiency in the genetic mouse model ApcMin/C strongly
reduced benign polyp formation,13 and the tumor promoting role
of MyD88 was further attributed to activation of the kinases
ERK1/2 (extracellular signal–regulated kinase 1 and 2) in intesti-
nal epithelia.14 However, a more detailed analysis of the signaling
pathway is crucial, as Myd88 is known to be expressed in several
cell types within the intestine.15 Therefore, our goal was to
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determine the cell-type specific role of MyD88 in vivo. Moreover,
the preclinical models used here not only recapitulates the early
steps of colorectal carcinogenesis, i.e., aberrant crypts and benign
adenoma, but rather allows the analysis of the contribution of
MyD88 to the clinically important adenoma-carcinoma transition
without chemical-induced chronic inflammation. MyD88 expres-
sion was crucially required for progression to malignancy, with
non-redundant, tumor-enhancing functions both in intestinal epi-
thelia and in myeloid cells. Further, we found an association of
MyD88 signaling with expression of intratumoral T-cell markers
and epithelial-mesenchymal transition, hitherto not reported for
intestinal cancer.

Results

MyD88/TLR-signaling components are overexpressed and
associated with poor prognosis in human colorectal cancer

Expression of MyD88 and TLR2 was significantly upregulated
in human colorectal carcinoma (CRC) on mRNA level
(n D 51), compared to normal colon (n D 25, Fig. 1A). In
good accordance, intratumoral expression of Tlr2 and Tlr4
was increased in the Apc1638N/C cancer mouse model
(Fig. 1A). Prognostic association was assessed with the “The
Cancer Genome Atlas (TCGA)” data set in 629 CRC patients.
The analysis comprised the signal adaptors MYD88 and
TRAF6, TLR4-coreceptors CD14 and LY96, and MyD88-
mediated TLRs expressed in the large intestine (TLR1, TLR2,
TLR4, TLR5, TLR6, TLR7, TLR8, and TLR9). Increased
expression was found in 228 (37%) of all samples, most fre-
quently upregulation of CD14 (n D 104, 16%), or MYD88
(n D 80, 13%)(not shown). Upregulation was highly signifi-
cantly associated with poor overall survival in Kaplan-Meier
survival analysis (log-rank test: P D .0009), and with decreased
disease-free survival (log-rank test: P D .0013, Fig. 1B).

MyD88 is required for tumor initiation and tumor
progression in vivo

To assess the contribution of MyD88 in vivo, we generated a new
“switch-on”mouse model that allows cell-type specific expression
of Myd88, by insertion of a loxp-flanked transcriptional termina-
tion element (“LSL”) between exon 1 and 2 of the Myd88 gene.16

Crossing Myd88LSL/LSL mice with pvillin-Cre17 mice and LysM-
Cre mice18 lead to excision of the intron-gene-trap and therefore
re-expression of Myd88 on mRNA and protein level (Fig. 1C) in
intestinal epithelial (Myd88IEC) or myeloid cells (bone marrow
derived macrophages,Myd88MYEL; for a schematic representation
of the mouse strains refer to Supplementary Fig. 1). Control tis-
sue (e.g., brain) showed essentially no re-expression of Myd88
(Fig. 1C). Interbreeding of Myd88LSL/LSL, Myd88IEC and Myd88-
MYEL animals with the genetic model Apc1638N/C for colorectal
cancer19 enabled the analysis of MyD88-mediated signaling dur-
ing tumor formation. At 12 months of age, all examined
Apc1638N/C mice developed intestinal tumors with an average of
3.4§ 1.9 tumors per animal, whereas wildtype controls remained
tumor-free. MyD88-deficient mice had a striking and highly sig-
nificant reduction in tumorigenesis (Fig. 1D and E). The number
of lesions per animal was highly significantly reduced compared

to parental Apc1638N/C mice (Fig. 1E), as well as tumor inci-
dence, with 57% of MyD88-deficient mice protected from
tumor formation (P D .0001; Table 1). Survival was highly sig-
nificantly increased in MyD88-deficient mice compared to
MyD88-proficient littermates (P D .0005, Fig. 1F). This was
accompanied by decreased tumor-induced morbidity and
splenomegaly (Supplementary Fig. 2B). Next, we dissected the
tissue-specific contributions of MyD88 in epithelial versus
myeloid cells. Importantly, Myd88 re-expression in intestinal
epithelia, as well as in myeloid cells, resulted in tumor inci-
dence of 100%, highly significantly increased over globally
MyD88-deficient mice (Table 1). In accordance, the mean
number of lesions was significantly increased compared to
global MyD88-deficiency, but still significantly reduced com-
pared to Apc1638N/C animals (Fig. 1E). No significant differ-
ence in tumor number was seen between Apc1638N/C

MyD88IEC and Apc1638N/C MyD88MYEL models (Fig. 1E). Sur-
vival was increased over the parental Apc1638N/C-model, even
though the Apc1638N/C MyD88MYEL line did not attain signifi-
cantly better survival (Fig. 1F). Anatomical tumor distribution
along the intestinal tract did not change compared to parental
mice (Supplementary Table 1, Supplementary Fig. 2). To dis-
tinguish between tumor initiation and progression, macro-
scopically visible lesions were measured along the largest
diameter. No significant differences in tumor size were
observed between the four models, indicating negligible effects
on tumor growth (Fig. 1G). Upon blinded histopathological
analysis of tumors, major differences in tumor malignancy
were observed. In accordance with earlier findings, Apc1638N/C

tumors were classified as low to high grade neoplasia and as
invasive carcinoma, frequently featuring de-differentiated
areas with dysplastic epithelial cells and prominent nuclear
atypia (Fig. 2A). In contrast, lesions from the Apc1638N/C

MyD88LSL model had benign hyperplastic features and were
mainly staged as adenomas, rarely as low grade intraepithelial
neoplasia (Table 2, Fig. 2B). Both “switch-on” animal models
(Apc1638N/C MyD88IEC and Apc1638N/C MyD88MYEL) presented
tumors of low-grade intraepithelial neoplastic type, and in one
case, a high-grade intraepithelial neoplasm was observed upon
re-expression of MyD88 in IECs. However, carcinoma in situ
or invasive carcinoma was never observed in the “switch-on”
models (Fig. 2B, Table 2).

MyD88 signaling is required for turnover of intestinal
epithelia, but does not interfere with canonical WNT-
signaling

Next, we assessed the role of MyD88 for proliferation and self-
renewal in premalignant epithelia. Ki67-staining of intestinal tis-
sue revealed a significant reduction of the transit-amplifying
compartment in MyD88LSL mice, compared to the parental
Apc1638N/C strain. This reduced proliferation was rescued by re-
expression of MyD88 in intestinal epithelia, but not in myeloid
cells (Fig. 2C). Next, we investigated the signaling pathways asso-
ciated with IEC proliferation, notably the MAP-kinase cascade,
and analyzed phosphorylation of ERK1/2 in intestinal tissue
lysates. Phospho-ERK1/2 levels in normal jejunum were signifi-
cantly reduced in globally MyD88-deficient animals, clearly res-
cued by re-expression of Myd88 in IECs, but not in myeloid cells
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Figure 1. Myd88/TLR signaling is frequently overexpressed in colorectal cancer and associated with prognosis. A, TLR signaling components are upregulated in human (left) and
murine (right) intestinal tumors compared to normal mucosa, as verified by qRT-PCR for Myd88, TLR2, TLR4 and TLR9. Human colorectal cancer (nD 51 patients) shows significant
upregulation of Myd88 and TLR2 transcripts. Right panel: colon cancer model Apc1638N (nD 15 mice per group) shows a highly significant intratumoral upregulation of TLR2 and
TLR4. �P < .05; ���P < .01; ns: not significant. B, Alterations in the TLR pathway are highly significantly associated with poor overall survival (log-rank test: P D .0009), as well as
with poor disease-free survival (log-rank test: P D .0013). (C-H) Genetic “switch on” mouse models demonstrate that intestinal carcinogenesis depends on MyD88 expression in
both epithelial and myeloid cells. C, Tissue-specific re-expression of Myd88 in intestinal epithelial cells (IEC) was achieved in MyD88IEC mice, or in bone marrow derived macro-
phages in the MyD88MYEL strain. Expression was analyzed on mRNA level by qRT-PCR (nD 4 mice/group; top panel). No expression was detected in control tissue (brain). Bottom
panel: representative example for successful and tissue-specific “switch on” of MyD88 expression on protein level (immunoblot). Loading control: total ERK1/2. D, Macroscopic anal-
ysis of representative tissue samples from mice at 12 months of age: wildtype control is tumor-free, Apc1638N/C-model shows several tumors in proximal duodenum (arrows),
Apc1638N/C MyD88LSL mice have strongly reduced tumor formation (arrow). E, Median tumor numbers per animal. Compared to parental line (Apc1638N/C), tumors per animal are
significantly reduced in MyD88-deficient mice (Apc1638N/CMyD88LSL; PD .00018), as well as in mice with re-expression in IECs (Apc1638N/CMyD88IEC; PD .0123), or in myeloid cells
(Apc1638N/CMyD88LSL; PD .0245). Re-expression of MyD88 in IECs, as well as in myeloid cells is sufficient for a significant, but partial restoration of the tumor phenotype, (Apc1638N/
C MyD88IEC: PD .0256; Apc1638N/C MyD88MYEL: PD .0037). F, Kaplan-Meier survival analysis show significantly enhanced tumor-specific survival for mice with global MyD88-defi-
ciency, or re-expression of MyD88 in intestinal epithelia, as compared to the parental Apc1638N/C strain. G, No differences in tumor size were observed. Macroscopically visible
lesions were measured along the largest diameter.
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(Fig. 2D). In contrast, canonical WNT-signaling, which is aber-
rantly activated in Apc1638N/C tumors, was essentially unaffected
by absence of MyD88. Expression of Ccnd1 (CyclinD1), Spp1
(osteopontin), and Dusp4, targets of the canonical WNT-path-
way,20 was elevated in tumors, but independent of MyD88, simi-
lar to intratumoral b-Catenin protein levels (Fig. 2E). As
expected, intratumoral activation of the NF-kB pathway was
decreased upon MyD88-deficiency, rescued by re-expression of
MyD88 both in intestinal epithelia, as well as in myeloid cells
(Supplementary Fig. 2C).

MyD88 is essential for production of tumor-enhancing
cytokines in myeloid cells, and is associated with altered
adaptive immune gene expression

Next, we investigated tumor-promoting cytokines for their
tissue-specific dependence on MyD88. We observed signifi-
cantly increased transcripts of the pro-inflammatory cyto-
kines IL1b and especially high levels of IL6 in lesions from
Apc1638N/C mice, compared to normal tissue (Fig. 3A). This
intratumoral increase depended on Myd88 expression and
was rescued by MyD88 re-expression in myeloid cells, with
only minor effects upon re-expression in intestinal epithelia.
Of note, TNFa was independent of MyD88 and significantly
upregulated in all tumors. Since microbial signals trigger
MyD88-dependent signaling, we next incubated bone-mar-
row derived macrophages (MYEL), as well as isolated pri-
mary intestinal epithelial cells (IEC) from the different
genetic mouse lines, with microbial-derived TLR-ligands
and analyzed for secretion of IL6 by ELISA. In accordance
with the mRNA expression analysis, macrophages robustly
produced IL6 in a fully MyD88-dependent fashion, most
efficiently after stimulation with ligands for Tlr2 and Tlr4.
This confirms the specificity of Cre-mediated recombina-
tion. Further, IECs showed only minor IL6 secretion. There-
fore, IL1b and IL6 provide pro-tumorigenic effects, their
production being induced by MyD88-mediated signaling in
tumor-associated myeloid cells.

Since MyD88-signalling contributes to innate as well as
adaptive immunity, immune cell transcripts and densities of
infiltrating T-cells and macrophages were analyzed in tissue
sections. Tumor infiltration by macrophages (Mac1C), as well
as of T-cells (CD3C/CD4C) was not significantly altered
between the different mouse strains (Supplementary Fig. 3). In
accordance, intratumoral expression of the macrophage hall-
mark transcript lysozyme M (Lyz2) was independent of
MyD88 (Supplementary Fig. 3). However, MyD88 signaling
was significantly associated with altered immune transcripts
from intratumoral T-cell populations. The T-cell receptor

subunit CD3e was significantly reduced in tumors in the paren-
tal Apc1638N/C model compared to normal tissue, this was also
observed by flow cytometry analysis for CD3-positive cells (not
shown), indicating an intratumoral T-cell deprivation. Upon
global Myd88-deficiency, however, CD3e was not reduced in
tumors anymore. MyD88 re-expression in myeloid cells was
sufficient to induce downregulation of CD3e expression in
tumors (Fig. 3C). MyD88 signaling, especially in myeloid cells,
was negatively associated with intratumoral expression of
Tbx21 (Tbet), a hallmark transcript of anti-tumorigenic TH1

type cells. In contrast, signature markers of pro-tumorigenic
TH2 cells (Gata3), anti-inflammatory Tregs (FoxP3), cytotoxic
effector T-cells and NK-cells (Gzmb, Granzyme B), were essen-
tially independent of MyD88 expression. Since TH17-type cells
were shown to have both pro-tumorigenic and anti-tumori-
genic capabilities, we analyzed several TH17–type markers. Of
note, neither the transcription factor Ror-gT (Rorgt), the cyto-
kines IL22 and IL23, nor the receptor Il23r, showed any associ-
ation with MyD88-expression, even though they were all
largely down-regulated in tumors, indicating an anti-tumori-
genic role in the model used. The cytokine IL17 was not found
to be differentially expressed in tumors or normal tissues, com-
pared to wildtype controls (not shown).

MyD88 contributes to induction of EMT and stemness

Since tumors did not progress to malignancy upon MyD88-
deficiency, we examined the role of MyD88 on epithelial-to-
mesenchymal transition (EMT). Expression of EMT transcrip-
tion factor Slug (Snai2) was significantly increased in tumors
from Apc1638N/C mice over normal tissue (Fig. 4A). Slug was
also increased on the protein level in de-differentiated regions
at the invasive front, clearly accumulating in the nucleus
(Fig. 4B). Tumors from MyD88LSL or MyD88IEC mice showed
no significant increase in Slug expression compared to normal
intestine (Fig. 4A and B). Of note, re-expression of MyD88 in
myeloid cells rescued the intratumoral expression of Slug
(Fig. 4A and B). In addition, intratumoral expression of intes-
tinal stem cell markers Lgr5 and Sox9 depended on MyD88
(Fig. 4A). The number of long-term label retaining cells, a
functional marker for stem-cell-like properties, was tested by
ten days of consecutive in vivo labeling and a 55 day chase
period. Tissue cryosections from n D 4 mice per group were
analyzed, and the number of intratumoral BrdU label-retain-
ing cells strongly depended on MyD88. MyD88-deficient mice
showed a significantly decreased number of label-retaining
cells (Fig. 4C). However, neither expression in IECs nor in
myeloid compartment fully restored the number of label-
retaining cells.

Table 1. Tumor incidence and morbidity in the different mouse strains.

Genotype Mice (N)
Spleen weight
(Mean § SD)

Tumor Multiplicity
(Mean § SD) Tumor Incidence

Incidence vs.
Apc1638N/C

Incidence vs. Apc1638N/C

MyD88LSL

Apc1638N/C 39 417 § 294 mg 3.4 § 1.9 39 / 39 (100%) – P < .0001
Apc1638N/C MyD88LSL 14 128 § 83 mg 0.7 § 0.9 6 / 14 (43%) P < .0001 –
Apc1638N/C MyD88IEC 11 197 § 114 mg 1.7 § 0,9 11 / 11 (100%) n.s. P D .0029
Apc1638N/C MyD88MYEL 16 172 § 133 mg 2.1 § 1.1 16 / 16 (100%) n.s. P D .0005

Tumor incidence was compared with two-sided Fisher’s exact t test, data were compared to parental Apc1638N/C mice, and Apc1638N/C MyD88LSL animals, respectively.
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Figure 2. MyD88 is required for progression to malignancy and turnover of the intestinal epithelium. A, Typical histology of lesions from the different mouse strains, HE
staining of tissue sections. Carcinoma in situ (Apc1638N/C), low to intermediate benign dysplasia (Apc1638N/C MyD88LSL, Apc1638N/C MyD88IEC, and Apc1638N/C MyD88MYEL).
Size bars: 100 mm. B, Tumor grading as performed by an experienced pathologist. Lesions were staged as adenomas, low to intermediate intraepithelial neoplasia, as
well as invasive carcinoma. C, Extent of the transit amplifying compartment (TA) in jejunum, marked by Ki67-staining, depends on epithelial MyD88-expression. Nuclear
counterstaining by DAPI, size bars: 40 mm. Quantification of TA according to published protocols showed a highly significant decrease in MyD88-deficient mice, rescued
by re-expression in IECs (n�5 per group). D, Immunoblot analysis of small intestinal tissue lysates from all four animal models revealed a-dependency of phospho-ERK1/2
levels from MyD88 expression in IECs (tissue from n D 6 mice analysed per group, shown here are two representative mice per genotype). The density of immunoblot sig-
nals was measured and is shown in relation to total ERK1/2 protein level (n D 6 mice). The relative amount of phospho-ERK1/2 was significantly reduced in Apc1638N/C

MyD88LSL (P D .0058), this decrease in pERK was rescued upon re-expression of MyD88 in IECs (not significantly differing from MyD88-proficient mice), but not by re-
expression in myeloid cells in the line Apc1638N/C MyD88MYEL (P D .0487), compared to the parental Apc1638N/C strain. E, MyD88 deficiency does not alter aberrant activa-
tion of the canonical Wnt-pathway in lesions (L) compared to normal tissue (N), verified by detection of b-catenin in tumor lysates by immunoblot analysis, and by expres-
sion of the surrogate markers osteopontin (Spp1), CyclinD1 (Ccnd1) and dual specificity phosphatase 4 (Dusp4).
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Discussion

The adapter protein MyD88 is a crucial mediator of pro-inflam-
matory pathways that are triggered by microbial-derived and
endogenous danger signals, downstream of TLRs and IL1-recep-
tors. However, the contribution of MyD88-mediated signaling to
carcinogenesis is still under debate. Due to its broad expression,
cell-type specific differences of MyD88 functions are presumed,
but still little understood.13 NF-kB as a central downstream target
of TLR signaling clearly contributes to cell survival of intestinal
epithelia,21 and MyD88 increases the proliferation of intestinal
epithelia.14,22 The results of our study show that MyD88 is
required for intestinal tumor initiation, whereas effects of MyD88
on tumor growth were negligible. These results are in contrast to
earlier findings obtained with a different genetic mouse model,
where ApcMin-Myd88¡/¡ mice highlighted a role of MyD88 in
tumor growth rather than tumor formation or initiation.13 Of
note, 57% of MyD88-deficient were protected from tumor forma-
tion in our study, with essentially no adverse side effects of the
genetic deficiency. This makes MyD88 an interesting therapeutic
target for tumor prevention and therapy. Our data show that
MyD88 expression in either intestinal epithelia, or myeloid
immune cells, is sufficient to induce development of benign
tumors, but not for progression to the malignant carcinoma stage.
Our results further highlight that MyD88-signaling may not inter-
fere in the WNT-pathway, as anticipated before.14 In contrast, we
observed an activation of the MAP-kinase and NF-kB pathways
as main downstream targets of MyD88-dependent signaling.
These results are opposed to earlier results reporting no effect on
intestinal tumorigenesis for MyD88 in hematopoietic cells, based
on reconstitution of ApcMin/C Myd88¡/¡ mice with bone marrow
from wildtype mice.14 However, bone marrow replacement was
performed at a time point when precursor lesions are already well
established in the ApcMin/C model. Therefore, it may be difficult
to draw conclusions on the role of MyD88 in bone marrow
derived cells in this particular model. In contrast, the genetic
mouse model utilized here demonstrates a promoting role for
MyD88-signaling in intestinal epithelia, as well as in myeloid cells.
Moreover, we propose distinct and tissue-specific impacts for
MyD88: in intestinal epithelia, MyD88 is required for cell homeo-
stasis and renewal. MyD88-deficiency led to a strongly decreased
proliferation with a decreased transit amplifying compartment,
thus reducing the stochastic likelihood of a loss of heterozygosity
(LOH) event for the tumor suppressor Apc (Suppl. Fig. 4).

Therefore, tumor initiation is controlled by MyD88 in a cell-
autonomous fashion in intestinal epithelial cells. However, re-
expression of MyD88, neither in IECs nor myeloid cells, was suffi-
cient to achieve the parental tumor phenotype of Apc1638N/C

mice, indicating a decisive contribution of stromal cells, such as
macrophages and other myeloid immune cells. The production of
tumor-promoting cytokines like IL1b and IL6 was strongly ham-
pered upon MyD88-deficiency in myeloid cells, in line with other
reports.13,22 In contrast, intratumoral production of the cytokines
IL23 and TNFa did not depend on MyD88 expression in our
hands, and TH17 transcripts were also essentially independent of
Myd88, compared to earlier studies.13,23 These discrepancies may
be at least in part explained by the different genetic mouse models
used, and by the differences in tumor differentiation stages varying
between carcinoma and adenoma. However, differences in gut
microbiota and their derived TLR-ligands, which obviously occur
between different animal facilities, cannot be excluded.

Importantly, however, MyD88 in myeloid cells was signifi-
cantly associated with expression of regulatory transcripts asso-
ciated with adaptive immune cell infiltrates. Transcripts from
pro-tumorigenic TH2 type helper T-cell or cytotoxic effector cells
were independent of MyD88. MyD88-expression in general, and
specifcally in myeloid cells, was negatively associated with anti-
tumorigenic TH1 type transcripts. In accordance, Apc1638N/C

mice show significantly enhanced tumor formation and aggres-
siveness in a T-/B-cell deficient background (not shown). Fur-
ther, we have shown recently that specific microbiota, as likely
initiators of TLR/MyD88-signalling, are associated with T-cell
populations and prognosis in human colorectal cancer.24 Thus,
blocking MyD88 in a therapeutic context might engage anti-
tumoral effects of the adaptive immunity. Previously, TLR sig-
naling was reported to induce EMT and tumor malignancy in
hepatocellular cancer cell lines, however not for colorectal can-
cer.25 According to the current models, tumor progression and
metastasis formation is attributable to cancer cells with promi-
nent stemness properties.26 We found that expression of two
master regulators of EMT and dedifferentiation, Slug and Snail,
as well as of intestinal stem cells markers Lgr5 and Sox9, and the
number of intratumoral BrdU label-retaining cells27 depended
on MyD88 expression. In accordance, Tlr2 and Tlr4 were found
to regulate the proliferation of intestinal stem cells and of Lgr5
expression, even though the effects were reported to be mediated
either by the adapter Trif28 or MyD88.29 Of note, expression of
MyD88 in myeloid cells was sufficient to induce expression of
the transcription factor Slug, a master-induced of epithelia-mes-
enchymal transition, indicating that signaling factors released
by macrophages induce EMT.

Taken together, our study reveals new roles for MyD88 in
intestinal cancer, underscoring its suitability as potential thera-
peutic target,22 which could engage several parallel beneficial
effects, like enhancing anti-tumoral adaptive immunity and
blocking EMT and metastasis.

Patients and methods

Patient samples

The Ethics Committee of the Klinikum rechts der Isar approved
the use of patient tissue samples (1926/7, and 5428/12). Informed,

Table 2. Tumor malignancy.

Genotype Scored
Lesions (n)

Adenoma Low-grade IEN High-
grade IEN

Invasive
Carcinoma

Apc1638N/C 12 0 / 12 2 / 12 5 / 12 5 /12
0% 17% 42% 42%

Apc1638N/C 6 3 / 6 2 / 6 1 / 6 0 /6
MyD88LSL 50% 33% 17% 0%
Apc1638N/C 6 2 / 6 3 / 6 1 / 6 0 /6
MyD88IEC 33% 50% 17% 0%
Apc1638N/C 6 2 / 6 4 / 6 0 /6 0 /6
MyD88MYEL 33% 66% 0% 0%

Tumor tissue sections were stained with hematoxylin/eosin and analyzed by a
trained pathologist. Depending on the histological report, tumors were catego-
rized as hyperproliferative adenoma, low-grade and high-grade intra-epithelial
neoplasia (IEN), and invasive carcinoma.
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written consent of the patients had been obtained prior to the
study. The publicly available Cancer Genome Atlas (TCGA) colo-
rectal adenocarcinoma data set consisted of 633 CRC samples
from 629 patients.

Animal experiments

Mice were kept at the animal facility of the Klinikum Rechts der
Isar (Munich, Germany) under specific and opportunistic

Figure 3. MyD88 signaling in macrophages shapes expression of cytokines and intratumoral T-cell marker transcripts. A, Expression of pro-inflammatory cytokines IL1b and IL6
is increased in tumors (L) compared to normal tissue in parental mice, crucially depending on Myd88 expression in myeloid cells, and only to a minor extent in IECs (n�6 per
group, error bars: s.d.), whereas TNFa is increased in tumors independent of MyD88, as verified by qRT-PCR. B, The tumor-promoting cytokine IL6 is derived from myeloid cells
after stimulation with microbial-derived TLR ligands, but not from primary intestinal epithelial cells. Bone marrow derived macrophages were stimulated in vitro with Pam3Cys
(TLR2 ligand), LPS (TLR4 ligand), or CpG DNA (TLR9 ligand), and IL6 secretion was tested by ELISA (n D 4), demonstrating exclusive dependency on MyD88 expression in the
myeloid compartment. In contrast, isolated primary intestinal epithelial cells showed basically no detectable IL6 secretion. C, Intratumoral immune-regulatory transcripts of T-cell
populations and T-cell produced cytokines were quantified by qRT-PCR. Of note, general T-cell transcripts (T-cell receptor subunit CD3e) were significantly reduced in parental
tumors compared to normal tissue, similar to TH1-type cell transcripts (Tbx21). This intratumoral decrease in expression depends on MyD88-signalling in macrophages. Gata3
(Gata3, TH2 signature marker) was increased in tumors, essentially independent of MyD88. In contrast, Foxp3 (FoxP3, Treg signature marker) was significantly reduced in tumors
upon global MyD88-deficiency. None of the other markers, including TH17-population markers, was found to depend on MyD88 expression (Gzmb (Granzyme B, effector CTLs
and NK-cells), Il22 (Interleukin 22), Rorgt (RorgT, TH17 signature marker), Il23 (IL-23, ligand for IL23r), Il23r (IL23-receptor, TH17 signature marker).
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pathogen-free conditions (for details see supplementary meth-
ods). Approval has been obtained by the local authorities (Dis-
trict Government of Upper Bavaria; No. 55.2-1-54-2532-158-
2015).

Mouse tissue sampling and ex vivo cell culture

Samples were obtained at 12 months, frozen in liquid nitrogen
and stored at -80�C. For immunohistological analysis, tissue

Figure 4. MyD88 signaling critically contributes to epithelial-mesenchymal transition (EMT) and stemness. A, MyD88 signaling is required for increased intratumoral expres-
sion of the EMT-inducing transcription factor Slug (Snai2), and the stem cell markers Lgr5 and Sox9. Re-expression of MyD88 in myeloid cells rescues the increase of Slug,
whereas Lgr5 and SoX9 are partially rescued by expression in epithelial cells as well, as judged by qRT-PCR (n D 10 per group). B, Immunofluorescence staining on tumor
cryosections (n D 5 per group). Slug is markedly expressed in the nuclei of tumor cells at the invasive front in the parental Apc-model, but is completely absent in MyD88-
deficient mice. Partial and full rescue of Slug-expression can be seen upon re-expression in IECs, and in myeloid cells, respectively. Anti-Slug staining in red (fluorophore
Cy3), nuclear counterstaining with DAPI in blue (size bars: 40 mm). C, Quantification of long-term label retaining cells in tumor tissue sections. Mice (n D 4 from each group)
were subjected to BrdU injections for 10 days, sacrificed after 55 days of chase period. The number of BrdU-positive cells per low-power field (ROI) was significantly reduced
in MyD88 deficient mice compared to parental Apc mice, and was essentially not rescued by tissue-specific re-expression. Right side: representative tumor tissue cryosections,
stained with anti-BrdU antibody (red, positive cells marked with arrows), nuclear counterstaining with DAPI in blue (size bars: 50 mm). �P < .05; ns: not significant.
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was embedded in Tissue Tek OCT (Sakura). For isolation of
intestinal epithelial cells and bone marrow derived macro-
phages, see supplementary methods. Incubation with TLR-
ligands in vitro, as well as ELISA assays for cytokine production
were carried out as described in detail earlier.16

HE and immunofluorescence staining

6-mm-thick sections were cut from tissue blocks and processed
by HE staining. All lesions were reviewed by a single, experi-
enced pathologist. Immunofluorescence staining was per-
formed as described before,30 for details see supplementary
methods.

Quantitative analysis of mRNA and transcript levels

RNA was prepared from fresh-frozen patient or mouse tissue
using RNeasy mini kit (QIAGEN). First-strand cDNA was syn-
thesized from 1 mg total RNA using Reverse Transcription Kit
(Fermentas, Thermo Fisher Scientific, Waltham, MS, USA).
Quantitative RT-PCR analyses were performed using the
Universal ProbeLibrary (Roche Diagnostics, Rotkreuz, Switzer-
land). mRNA expression levels were normalized to those of
TFIID and were displayed as fold change relative to small intes-
tine of WT mice. Oligonucleotide primers for quantitative RT-
PCR were synthesized by Metabion (Martinsried, Germany).
Accumulation of PCR amplification products was quantified
on a LightCycler 480 Real-Time PCR system (Roche Diagnos-
tics, Rotkreuz, Switzerland).

Western blot analysis

Equal amounts of protein were separated on 10% polyacryl-
amide gels and further subjected to immunoblotting following
standard procedures [20]. Immunoreactive bands were detected
using the following antibodies: anti-MyD88 (Abcam, Cam-
bridge, UK); anti-phospho p44/42 (phospho-ERK1/2), anti-
p44/42 (ERK1/2) and anti-Slug (Cell Signalling, Cambridge,
UK); anti-b Aktin, anti-Ki67 and DAPI (2-(4-Carbamimidoyl-
phenyll)-1H-indol-6-carboximidamide) (Sigma-Aldrich, Dei-
senhofen, Germany). All secondary antibodies were obtained
from Jackson Immunoresearch (West Grove, PA, USA). Visu-
alization was performed with an enhanced chemiluminescence
substrate detection kit (Pierce, Rockford, IL, USA).

Statistical analysis

Statistical evaluation of differences among experimental groups
was performed with GraphPad Prism� version 5.0 (GraphPad
Software Inc., La Jolla, CA, USA) and SPSS software (version
16.0, SPSS Inc., Chicago, IL, USA). Normally distributed data
were evaluated with Fisher’s exact t-test, not normally distrib-
uted data were evaluated with Mann-Whitney test. The effect of
altered MyD88/TLR-pathway component expression on patient
survival, as well as survival data of murine models were evalu-
ated by Kaplan-Meier survival analysis and log-rank test. P val-
ues < 0.05 were considered significant (�), p < 0.01 very
significant (��) and p < 0.001 strongly significant (���).
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