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RESEARCH PAPER

ATG16L1 in myeloid cells limits colorectal tumor growth in ApcMin/+ mice infected 
with colibactin-producing Escherichia coli via decreasing inflammasome activation
Laurène Salessea, Angéline Duvala, Pierre Sauvaneta,b, Alison Da Silvaa, Nicolas Barnicha, Catherine Godfrainda,c, 
Guillaume Dalmassoa, and Hang Thi Thu Nguyena

aM2iSH, UMR 1071 Inserm, University of Clermont Auvergne, INRAE USC 1382, CRNH, Clermont-Ferrand, France; bDepartment of Digestive and 
Hepatobiliary Surgery, CHU, Clermont-Ferrand, France; cDepartment of Pathology, CHU Gabriel Montpied, Clermont-Ferrand, France

ABSTRACT
Escherichia coli strains producing the genotoxin colibactin, designated as CoPEC (colibactin-producing E. 
coli), have emerged as an important player in the etiology of colorectal cancer (CRC). Here, we investigated 
the role of macroautophagy/autophagy in myeloid cells, an important component of the tumor micro-
environment, in the tumorigenesis of a susceptible mouse model infected with CoPEC. For that, a preclinical 
mouse model of CRC, the ApcMin/+ mice, with Atg16l1 deficiency specifically in myeloid cells (ApcMin/ 

+/Atg16l1[∆MC]) and the corresponding control mice (ApcMin/+), were infected with a clinical CoPEC strain 
11G5 or its isogenic mutant 11G5∆clbQ that does not produce colibactin. We showed that myeloid cell- 
specific Atg16l1 deficiency led to an increase in the volume of colonic tumors in ApcMin/+ mice under 
infection with 11G5, but not with 11G5∆clbQ. This was accompanied by increased colonocyte proliferation, 
enhanced inflammasome activation and IL1B/IL-1β secretion, increased neutrophil number and decreased 
total T cell and cytotoxic CD8+ T cell numbers in the colonic mucosa and tumors. In bone marrow-derived 
macrophages (BMDMs), compared to uninfected and 11G5∆clbQ-infected conditions, 11G5 infection 
increased inflammasome activation and IL1B secretion, and this was further enhanced by autophagy 
deficiency. These data indicate that ATG16L1 in myeloid cells was necessary to inhibit colonic tumor 
growth in CoPEC-infected ApcMin/+ mice via inhibiting colibactin-induced inflammasome activation and 
modulating immune cell response in the tumor microenvironment.  
Abbreviation: AOM, azoxymethane; APC, APC regulator of WNT signaling pathway; ATG, autophagy 
related; Atg16l1[∆MC] mice, mice deficient for Atg16l1 specifically in myeloid cells; CASP1, caspase 1; 
BMDM, bone marrow-derived macrophage; CFU, colony-forming unit; CoPEC, colibactin-producing 
Escherichia coli; CRC, colorectal cancer; CXCL1/KC, C-X-C motif chemokine ligand 1; ELISA, enzyme-linked 
immunosorbent assay; IL, interleukin; MC, myeloid cell; MOI, multiplicity of infection; PBS, phosphate- 
buffered saline; pks, polyketide synthase; qRT-PCR, quantitative real-time reverse-transcription polymerase 
chain reaction; siRNA, small interfering RNA; TME, tumor microenvironment; TNF/TNF-α, tumor necrosis 
factor.
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Introduction

Colorectal cancer (CRC) is the third most common cancer and 
the second leading cause of mortality by cancer worldwide [1]. 
The etiology of CRC is highly complex and involves both genetic 
and environmental factors [2]. Indeed, only a small proportion 
of CRC are genetically predisposed, and approximately 70–90% 
of CRC are sporadic or non-inherited. Environmental factors, 
such as western dietary habits, physical inactivity, smoking, and 
heavy alcohol consumption have been identified as risk factors 
for sporadic CRC. Some diseases including obesity, diabetes type 
2 and inflammatory bowel diseases have been also associated 
with increased risk to develop CRC [1].

Intestinal microbiota has emerged as an important player 
in CRC etiology [2]. Advances in microbiome profiling have 
revealed gut dysbiosis in CRC patients compared to healthy 
controls. In particular, putatively pro-carcinogenic bacteria, 
including Fusobacterium nucleatum, Escherichia coli, 

Bacteroides fragilis, Enterococcus faecalis, Streptococcus gallo-
lyticus and Peptostreptococcus spp., have been detected in CRC 
tumors with a higher abundance, whereas those with poten-
tially protective properties, including Roseburia, Clostridium, 
Faecalibacterium and Bifidobacterium, are reduced [3].

In particular, Escherichia coli strains harboring the polyketide 
synthase (pks) pathogenicity island, which encodes the genotoxin 
colibactin, have been shown to be more prevalent in the biopsies 
of CRC patients compared to control patients [4–7]. CoPEC have 
been shown to induce deleterious effects in eukaryotic cells, 
including DNA double-strand breaks, chromosomic instability, 
cell cycle arrest and a senescence-associated secretory phenotype, 
thus promoting proliferation of adjacent uninfected cells via 
inflammatory mediators and growth factors [2]. Importantly, a 
direct link between a distinct mutational signature caused by 
exposure of human intestinal epithelial cells to CoPEC and 
known CRC driver mutations was shown [8].
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We recently showed that autophagy is a key mechanism of host 
defense to CoPEC infection [9]. Autophagy is an evolutionarily 
conserved intracellular process that involves the sequestration of 
dangerous cytosolic components or invading pathogens into a 
double-membrane vesicle called autophagosome, which subse-
quently fuses with lysosome to deliver its cargo for degradation 
[10–12]. Autophagy plays a pivotal role in the regulation of intest-
inal homeostasis, gut ecology, intestinal immune responses and 
anti-microbial protection [10]. We showed that autophagy in 
intestinal epithelial cells is necessary to inhibit the genotoxic and 
protumoral properties of CoPEC, limiting the number and the 
volume of colorectal tumors in a susceptible mouse model of CRC, 
the ApcMin/+ mice, infected with CoPEC [9]. We also showed that 
CoPEC induce the formation of invasive carcinomas in a mouse 
model lacking genetic susceptibility or the use of a carcinogen, and 
the CoPEC-induced tumorigenesis is further increased by intest-
inal epithelial cell-specific autophagy deficiency [13]. 
Mechanistically, the carcinogenic effect of CoPEC is mediated 
via the induction of DNA damage, and autophagy in intestinal 
epithelial cells is necessary to inhibit this [13]. This, in turn, could 
lead to genetic mutations that are required for CRC initiation. 
These works importantly highlight the role of CoPEC as a driver of 
CRC development, and the importance of autophagy in intestinal 
epithelial cells in inhibiting the carcinogenic properties of CoPEC.

The tumor microenvironment (TME) plays a critical role in 
cancer development and progression. Indeed, the complex inter-
play between cancer cells and the immune components of the 
TME has been extensively investigated in the past few decades. 
Tumor-infiltrating immune cells including myeloid-derived sup-
pressor cells/MDSC, tumor-associated macrophages, and cyto-
toxic lymphocytes are critical determinants of cancer outcomes 
[14]. Recently, it was shown that colonization of CRC patients with 
CoPEC is associated with a decrease of tumor-infiltrating T lym-
phocytes [15]. Furthermore, CoPEC infection decreases total T cell 
and cytotoxic CD8+ T cell numbers in the colonic mucosa of 
ApcMin/+ mice [15]. Given the well described anti-tumoral function 
of cytotoxic CD8+ T cells [16], this study indicates that CoPEC 
could promote a pro-carcinogenic immune environment through 
impairment of anti-tumoral T cell response.

Autophagy in myeloid cells (MCs) has been shown to be crucial 
in orchestrating mucosal immune responses. In particular, in these 
cells, autophagy has been shown to play an important role in 
intracellular bacterial killing and in regulating inflammasome 
activation, influencing the secretion of the inflammasome-asso-
ciated cytokines [10]. Yet, the contribution of autophagy in MCs to 
colorectal carcinogenesis in the context of CoPEC infection 
remains uninvestigated. Here, we explored the role of autophagy 
in MCs in colorectal tumorigenesis under uninfected and CoPEC- 
infected conditions using ApcMin/+ mice having deficiency of the 
autophagy-related gene Atg16l1 in MCs.

Results

MC-specific Atg16l1 deficiency increased colonic tumor 
volume in ApcMin/+ mice infected with the CoPEC 11G5 
strain

As autophagy is a key regulator of immune responses, we 
investigated whether autophagy in MCs, an important 

component of the TME, has a role in colorectal carcinogenesis 
under CoPEC-infected condition using a preclinical mouse 
model of CRC. For this, we generated ApcMin/+/Atg16l1 
[∆MC] mice, which have MC-specific Atg16l1 deficiency, 
and their control littermates (ApcMin/+/Atg16l1flox/flox, here-
after termed ApcMin/+ mice). These mice were orally adminis-
tered with the clinical CoPEC 11G5 strain, or the isogenic 
mutant 11G5ΔclbQ that does not produce colibactin, or PBS 
alone (uninfected).

As shown in Figure 1A, mice started to lose weight from 
day 44 to 50 post-treatment. 11G5-infected ApcMin/+ mice 
lost more body weight compared to uninfected or 
11G5ΔclbQ-infected ApcMin/+ mice. No significant differ-
ence in body weight was observed between the 11G5- 
infected ApcMin/+ and 11G5-infected ApcMin/+/Atg16l1 
[∆MC] mice (Figure 1A). Furthermore, we examined the 
impact of MC-specific Atg16l1 deficiency on the bacterial 
colonization in the gastrointestinal tract. No significant 
difference in the number of 11G5 or 11G5ΔclbQ bacteria 
in the feces between ApcMin/+/Atg16l1[∆MC] and ApcMin/+ 

mice was observed at different days post-infection (Figure 
S1A). The number of 11G5 or 11G5ΔclbQ bacteria asso-
ciated with the colon of ApcMin/+ and ApcMin/+/Atg16l1 
[∆MC] mice, determined at the day of sacrifice, was similar 
(Figure S1B). This suggested that MC-specific autophagy 
deficiency did not influence CoPEC colonization in the 
colon.

The representative photos of the mouse colons taken at the 
day of sacrifice were shown in Figure 1B. Histological exam-
ination showed that all the polyps detected by a binocular loupe 
are adenocarcinomas. Infection with 11G5, but not 
11G5ΔclbQ, led to increases in the number and volume of 
colonic tumors in ApcMin/+ mice (Figure 1C, D). This was 
consistent with our previous publication [9]. Under 11G5- 
infected condition, no difference in the tumor number was 
observed between ApcMin/+/Atg16l1[∆MC] and ApcMin/+ mice 
(Figure 1C). However, the tumor volume was increased in 
11G5-infected ApcMin/+/Atg16l1[∆MC] vs 11G5-infected 
ApcMin/+ mice (Figure 1D). Under uninfected or 11G5ΔclbQ- 
infected condition, the number and the volume of colonic 
tumors were not different between ApcMin/+/Atg16l1[∆MC] 
and ApcMin/+ mice (Figure 1C, D). Importantly, histological 
scoring of the colonic sections of these mice showed an increase 
in 11G5-infected ApcMin/+/Atg16l1[∆MC] vs 11G5-infected 
ApcMin/+ mice, and this was not observed under 11G5ΔclbQ- 
infected condition (Figure 1E). Representative photos of H&E- 
stained mouse colonic sections were shown in Figure 2.

MC-specific Atg16l1 deficiency increased colonic cell 
proliferation in 11G5-infected ApcMin/+ mice

As MC-specific autophagy deficiency led to increased colonic 
tumor volume in 11G5-infected ApcMin/+ mice, we sought to 
investigate its effect on colonic epithelial cell proliferation. 
qRT-PCR analysis showed that mRNA expression level of 
Ccnd1/cyclin D1, which is involved in cell cycle progression, 
in the colonic mucosa was not different between uninfected 
ApcMin/+/Atg16l1[∆MC] and ApcMin/+ mice (Figure 3A). 
Infection with 11G5 increased Ccnd1 mRNA expression in
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Figure 1. MC-specific Atg16l1 deficiency led to increased colonic tumor volume in ApcMin/+ mice infected with the CoPEC 11G5 strain. ApcMin/+/Atg16l1[ΔMC] and 
control (ApcMin/+/Atg16l1flox/flox or ApcMin/+) mice were treated with streptomycin for 3 days, then received H2O for 24 h. The mice were orally administered (day 0) 
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the colonic mucosa of ApcMin/+ mice (Figure 3A), which was 
in agreement with our previous publication [9]. Interestingly, 
Ccnd1 mRNA expression was increased in 11G5-infected 
ApcMin/+/Atg16l1[∆MC] vs 11G5-infected ApcMin/+ mice 
(Figure 3A). This was not observed under 11G5ΔclbQ- 
infected condition.

These results were confirmed by immunohistochemical 
staining of MKI67/Ki67, a marker of cell proliferation. The 
number of MKI67-positive cells in the non-tumoral colonic 
mucosa was not different between ApcMin/+/Atg16l1[∆MC] 
and ApcMin/+ mice under uninfected or 11G5ΔclbQ-infected 
conditions (Figure 3B, C). However, upon 11G5 infection, this 
was increased in ApcMin/+/Atg16l1[∆MC] vs ApcMin/+ mice 
(Figure 3B, C). Importantly, the proliferation of tumor cells 
was also increased in ApcMin/+/Atg16l1[∆MC] vs ApcMin/+ 

mice upon 11G5 infection, although this was not different 
between uninfected or 11G5ΔclbQ-infected groups 
(Figure 3B, D).

To strengthen our conclusion on colonic cell proliferation, 
we performed qRT-PCR and western blot analyses to deter-
mine the mRNA (Figure S2A) and protein (Figure S2B) levels, 
respectively, of PCNA (proliferating cell nuclear antigen), 
another marker of cell proliferation. As shown in Figure S2, 
infection with 11G5 increased Pcna mRNA and PCNA pro-
tein expression in the colonic mucosa of ApcMin/+ mice, and 
this was not observed under 11G5ΔclbQ-infected condition. 
Interestingly, Pcna mRNA and PCNA protein expression was 
further increased by MC-specific Atg16l1 deficiency under 
infection with 11G5, but not with 11G5ΔclbQ (Figure S2).

Together, these results showed that MC-specific Atg16l1 
deficiency led to increased proliferation of colonic epithelial 
cells during 11G5 infection in ApcMin/+ mice, which could 
contribute to the progression of colonic tumors.

MC-specific Atg16l1 deficiency did not affect CoPEC 
11G5-induced colonic DNA damage in ApcMin/+ mice

As we have shown that induction of DNA damage is one of 
the mechanisms underlying the pro-carcinogenic properties of 
CoPEC in CRC mouse models [9, 13], we verified whether 
MC-specific Atg16l1 deficiency affected 11G5-induced colonic 
DNA damage in ApcMin/+ mice. Immunohistochemical stain-
ing for γH2AX, a marker of DNA double-strand breaks, 
showed an increase in the number of γH2AX foci per crypt 
in the colonic mucosa of ApcMin/+ mice upon 11G5 infection 
compared to uninfected or 11G5ΔclbQ-infected condition 
(Figure 4), which was consistent with our previous study 
[9]. There was no significant difference in the number of 
γH2AX foci per crypt between 11G5-infected ApcMin/ 

+/Atg16l1[∆MC] vs 11G5-infected ApcMin/+ mice (Figure 4). 
This result suggested that MC-specific Atg16l1 deficiency did 
not affect 11G5-induced colonic DNA damage in ApcMin/+ 

mice.

CoPEC infection induced autophagy in macrophages in a 
colibactin-independent manner

To explore the mechanism by which MC-specific Atg16l1 
deficiency led to increased tumor growth in 11G5-infected 
ApcMin/+ mice, we used macrophages as an in vitro model as 
macrophages are one of the predominant tumor-infiltrating 
immune cells supporting key processes in tumor progres-
sion [16].

First, we investigated whether autophagy was activated in 
human THP-1 macrophages after bacterial infection by ana-
lyzing the levels of LC3-I (cytosolic form) and LC3-II (pha-
gophore- and autophagosome-associated form and a marker 
of autophagy induction [17]) by western blot. Infection with 
11G5, or the mutant 11G5∆clbQ, or the transcomplemented 
11G5 led to increased LC3-II level compared to uninfected 
condition or infection with the commensal E. coli strains 
MG1655 or HS (Figure 5A, B). Infection with the nonpatho-
genic commensal E. coli MG1655 or HS strain also led to 
increased LC3-II level compared with the uninfected condi-
tion, although this was lower compared to CoPEC infection 
(Figure 5A, B). Induction of a degradative autophagy in 
CoPEC-infected cells was also analyzed by western blot of 
SQSTM1/p62 (sequestosome 1), a receptor protein that is 
degraded by functional autophagy. Figure S3 shows that 
infection with 11G5, or the mutant 11G5∆clbQ, or the 
transcomplemented 11G5 led to decreased SQSTM1 protein 
level compared to uninfected or MG1655-infected condition. 
This result indicated that CoPEC infection induced a degra-
dative autophagy in macrophages independently of 
colibactin.

To confirm these data, we used bone marrow-derived 
macrophages (BMDMs) from Atg16l1[∆MC] mice, which 
have MC-specific Atg16l1 deficiency, and the wild-type 
control Atg16l1flox/flox mice. Infection of BMDMs from 
Atg16l1flox/flox mice with 11G5, 11G5∆clbQ or the trans-
complemented 11G5 led to increased LC3-II levels com-
pared to the uninfected or MG1655-infected condition 
(Figure 5C, D). As expected, LC3-II was not observed in 
BMDMs from Atg16l1[∆MC] mice, indicating autophagy 
deficiency, either under uninfected or infected condition 
(Figure 5C, D).

Furthermore, the increase in LC3-II level induced by 
CoPEC infection observed in Figures 5A-D was also

with PBS or with 109 11G5 or 11G5∆clbQ bacteria. Mice were sacrificed at day 65 post-administration. (A) Body weight determined at different time points was 
presented as percentage of body weight of the same mouse at day 0, defined as 100%. Data are means ± SEM. ap < 0.05 vs ApcMin/+ + PBS; bp < 0.05 vs ApcMin/+ 

+11G5∆clbQ; cp < 0.05 vs ApcMin/+/Atg16l1[ΔMC] + PBS; dp < 0.05 vs ApcMin/+/Atg16l1[ΔMC] +11G5∆clbQ. Statistical analysis was performed using two-way Anova test 
followed by Bonferroni post-test. (B) Representative photos of the colons taken at the day of sacrifice. The number (C) and volume (D) of colorectal tumors were 
determined using a binocular loupe. (E) The histological evaluation of the colonic sections was performed under blinded conditions by an expert anatomopathologist 
according to the criteria in Table S2. Statistical analysis was performed using one-way Anova test followed by Bonferroni post-test. *p < 0.05; **p ≤ 0.01; ***p ≤ 0.001; 
NS: not significant (C-E). 
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obtained in cells treated with the inhibitor of autophagy flux 
bafilomycin A1 [17] (data not shown), indicating that 
CoPEC infection induced autophagy rather than blocked 
autophagy flux.

Together, these results suggested that CoPEC infection induced 
autophagy activation in macrophages independently of colibactin.

In an effort to show autophagy induction upon CoPEC 
infection in vivo, we performed immunofluorescent staining 
for LC3 using the colonic sections. As shown in Figure S4, 
infection with the CoPEC 11G5 strain induced an increase in 
LC3 accumulation, suggesting autophagy activation, in the 
colon of ApcMin/+ mice. The autophagy induction was

Figure 2. H&E-stained colonic sections of ApcMin/+ and ApcMin/+/Atg16l1[ΔMC] mice infected with 11G5 or 11G5∆clbQ bacteria. ApcMin/+/Atg16l1[ΔMC] and control 
(ApcMin/+/Atg16l1flox/flox or ApcMin/+) mice were treated with streptomycin for 3 days, then received H2O for 24 h. The mice were orally administered (day 0) with PBS or 
with 109 11G5 or 11G5∆clbQ bacteria. Mice were sacrificed at day 65 post-administration. Representative photos of H&E-stained mouse colonic sections at low (A) and 
high (B) magnifications. Bars: 500 μm. 
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Figure 3. MC-specific Atg16l1 deficiency led to increased colonic epithelial cell proliferation in ApcMin/+ mice under 11G5-infected condition. ApcMin/+/Atg16l1[ΔMC] 
and ApcMin/+ mice were orally administered with PBS or with 109 11G5 or 11G5∆clbQ bacteria, and sacrificed at day 65 post-administration. (A) Ccnd1 (cyclin D1) 
mRNA level in the non-tumoral colonic mucosa was quantified by qRT-PCR. (B) Representative images of immunohistochemical staining for MKI67/Ki67 in the colonic 
mucosa and tumors. Boxes show magnified fields. Bars: 100 μm. (C) Quantification of MKI67-positive cell number/crypt determined from 40 crypts/mouse. (D) 
Quantification of MKI67-positive cell number/mm2 of tumor. Values represent means ± SEM. Statistical analysis was performed using one-way Anova test followed by 
Bonferroni post-test. *p < 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001. 
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observed in both intestinal epithelial cells and immune cells in 
the lamina propria (Figure S4).

ATG16L1 was necessary to limit the intramacrophagic 
number of CoPEC

Because we have shown that autophagy is a key process to 
eliminate invasive E. coli pathobionts [13, 18–23], we sought 
to check the impact of Atg16l1 deficiency on 11G5 number 
inside macrophages. As shown in Figure 5E, under untreated 
condition, the number of 11G5, 11G5∆clbQ or the transcom-
plemented 11G5 in human THP-1 macrophages was similar 
and was higher than that of the nonpathogenic MG1655 
strain. Treatment of THP-1 macrophages with rapamycin, 
an inducer of autophagy, decreased the number of intracellu-
lar 11G5, 11G5∆clbQ or the transcomplemented 11G5 to 
similar levels (Figure 5E). Reversely, transfection of THP-1 
macrophages with ATG16L1 siRNA, which decreased mark-
edly ATG16L1 protein level (Figure S5), led to an increase in 
the number of intracellular 11G5, 11G5∆clbQ or the trans-
complemented 11G5, compared to transfection with a control 
siRNA (Figure 5F).

These results were confirmed using the murine BMDMs. 
The number of 11G5, 11G5∆clbQ or the transcomplemented 
11G5 in BMDMs from Atg16l1[∆MC] mice was higher than 
that in BMDMs from wild-type Atg16l1flox/flox mice 
(Figure 5G). No significant difference between the number 
of 11G5, 11G5∆clbQ and the transcomplemented 11G5 was 
observed in both BMDMs from wild-type and Atg16l1[∆MC] 
mice (Figure 5G).

These data suggested that autophagy was necessary to 
eliminate intracellular 11G5 bacteria independently of 
colibactin.

ATG16L1 was necessary to limit CoPEC-induced pro- 
inflammatory cytokine and chemokine production by 
macrophages

As excessive pro-inflammatory cytokine production by 
macrophages may lead to chronic inflammation, promoting 
tumorigenesis, we investigated this under CoPEC-infected 
condition.

Infection of BMDMs from wild-type mice with 11G5 led to 
an increase in the amounts of secreted pro-inflammatory 
cytokines IL6, IL1B and TNF/TNF-α and the chemokine 
CXCL1/KC, compared to uninfected or MG1655-infected 
condition (Figure 6A-D). Importantly, the secreted amounts 
of these cytokines and chemokine were higher in BMDMs 
from Atg16l1[∆MC] vs Atg16l1flox/flox mice under infection 
with 11G5, 11G5∆clbQ or the transcomplemented 11G5 
(Figure 6A-D). This indicated that a functional autophagy 
was necessary to inhibit CoPEC-induced pro-inflammatory 
cytokine and chemokine production by macrophages.

For IL6, TNF and CXCL1, their secreted amounts were not 
different between 11G5-infected and 11G5∆clbQ-infected 
conditions in either BMDMs from wild-type or Atg16l1 
[∆MC] mice (Figure 6A-C). For the secreted IL1B level, 
there was no significant difference between 11G5-infected 
and 11G5∆clbQ-infected conditions in BMDMs from wild- 

type mice (Figure 6D). However, in BMDMs from Atg16l1 
[∆MC] mice, the secreted IL1B amount was increased upon 
infection with 11G5 or the transcomplemented 11G5 com-
pared to 11G5∆clbQ infection (Figure 6D). This indicated that 
in macrophages, CoPEC induced IL6, TNF and CXCL1 secre-
tion independently of colibactin, whereas CoPEC-induced 
IL1B secretion was partly dependent on colibactin when 
Atg16l1 is deficient.

ATG16L1 was necessary to limit CoPEC-induced 
inflammasome activation in macrophages dependently of 
colibactin

It has been shown that autophagy is required to inhibit 
inflammasome activation, which leads to activation of 
CASP1 (caspase 1) responsible to cleave pro-IL1B into mature 
IL1B [10]. Thus, we hypothesized that the CoPEC-induced 
increase in secreted IL1B amount in Atg16l1-deficient macro-
phages could be due to CoPEC-induced inflammasome acti-
vation in these cells.

(Figure 6E, F) showed that infection with 11G5, but not 
11G5∆clbQ, increased level of cleaved CASP1, a marker of 
inflammasome activation, in BMDMs from wild-type mice. 
CoPEC-induced cleaved CASP1 level was increased in 
BMDMs from Atg16l1[∆MC] mice compared to wild-type 
mice (Figure 6E, F). These results suggested that in Atg16l1- 
deficient macrophages, 11G5 infection induced inflamma-
some activation, leading to increased secreted IL1B amount 
compared to 11G5∆clbQ infection.

MC-specific Atg16l1 deficiency increased CoPEC-induced 
inflammasome activation and pro-inflammatory cytokine 
and chemokine production in the colon of ApcMin/+ mice

To confirm the results obtained with BMDMs, we analyzed 
the amounts of secreted pro-inflammatory cytokines and che-
mokine in the non-tumoral colonic mucosa. Under unin-
fected condition, the amounts of secreted IL1B, IL6, TNF 
and CXCL1 were not significantly different between ApcMin/ 

+/Atg16l1[∆MC] and ApcMin/+ mice (Figure 7A-D). Under 
11G5 or 11G5∆clbQ-infected condition, these levels were 
increased in ApcMin/+/Atg16l1[∆MC] vs ApcMin/+ mice. 
Infection with 11G5 or 11G5∆clbQ increased the secreted 
amounts of IL6, TNF and CXCL1 in both ApcMin/+ and 
ApcMin/+/Atg16l1[∆MC] mice with similar effect (Figure 7B- 
D). For the secreted IL1B amount, in ApcMin/+ mice, this was 
increased under 11G5-infected or 11G5∆clbQ-infected condi-
tion up to similar levels (Figure 7A). However, in ApcMin/ 

+/Atg16l1[∆MC] mice, the secreted IL1B level was increased 
upon 11G5 infection vs 11G5∆clbQ infection (Figure 7A).

To investigate the effect of CoPEC-induced inflammasome 
activation in the colon, we performed immunofluorescent 
staining for cleaved CASP1. Infection with 11G5, but not 
11G5∆clbQ, increased cleaved CASP1 level in both colonic 
mucosa (Figure 8A, C) and tumor (Figure 8B, D) from 
ApcMin/+ and ApcMin/+/Atg16l1[∆MC] mice. Cleaved CASP1 
level was increased in 11G5-infected ApcMin/+/Atg16l1[∆MC] 
vs 11G5-infected ApcMin/+ mice in both colonic mucosa and
tumor (Figure 8).
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Together, these data, which were in agreement with those 
obtained with BMDMs, indicated that CoPEC infection 
induced inflammasome activation dependently of colibactin, 
leading to increased secreted IL1B level.

MC-specific Atg16l1 deficiency decreased total T cells and 
cytotoxic CD8+ T cells in the colon of ApcMin/+ mice

It was previously reported that the CoPEC 11G5 strain decreases 
the number of CD3+ total T cells and cytotoxic CD8+ T cells in 
the colon of ApcMin/+ mice in a colibactin-dependent manner 
[15]. Thus, we analyzed whether MC-specific Atg16l1 deficiency 
influenced infiltrating T lymphocyte population, which plays a 

crucial role in tumorigenesis, by immunofluorescent staining for 
CD3 or both CD3 and CD8. In agreement with the previous 
study [15], infection with 11G5, but not 11G5∆clbQ, led to a 
decrease in the number of CD3+ total T cells and cytotoxic CD8+ 

CD3+ T cells in both non-tumoral colonic mucosa (Figure 9A, 
C) and tumors (Figure 9B, D). Under 11G5-infected condition, 
the numbers of CD3+ total T cells and CD8+ CD3+ T cells were 
decreased in ApcMin/+/Atg16l1[∆MC] vs ApcMin/+ mice in both 
non-tumoral colonic mucosa and tumors. This was not observed 
under uninfected or 11G5∆clbQ-infected condition (Figure 9). 
Together, these data showed that MC-specific Atg16l1 deficiency 
decreased the numbers of total T cells and cytotoxic CD8+ T cells
in the colon of ApcMin/+ mice.

Figure 4. MC-specific Atg16l1 deficiency did not affect 11G5-induced DNA damage in colonic epithelial cells in ApcMin/+ mice. ApcMin/+/Atg16l1[ΔMC] and ApcMin/+ 

mice were orally administered with PBS or with 109 11G5 or 11G5∆clbQ bacteria, and sacrificed at day 65 post-administration. (A) Representative images of 
immunohistochemical staining for γH2AX in the non-tumoral colonic mucosa. Boxes show magnified fields. Bars: 100 μm. (B) Quantification of γH2AX foci number/ 
crypt determined from 40 crypts/mouse. Values represent means ± SEM. Statistical analysis was performed using one-way Anova test followed by Bonferroni posttest. 
**p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001. 
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Figure 5. Autophagy was induced in macrophages upon CoPEC infection independently of colibactin, and this was necessary to eliminate intramacrophagic CoPEC 
bacteria. Human THP-1 macrophages (A, B, E, F) or BMDMs prepared from wild-type (Atg16l1flox/flox) and Atg16l1[ΔMC] mice (C, D, G) were uninfected or infected at a 
MOI of 100 with one of the following strains: the nonpathogenic commensal E. coli strain (MG1655 or HS), the clinical CoPEC 11G5 strain, the isogenic mutant 
11G5∆clbQ, the transcomplemented 11G5 strain. After 10 min of centrifugation at 1 000 g and a 10 min of incubation at 37°C and 5% CO2, the infected macrophages 
were washed three times with PBS and incubated with the culture media containing 100 μg/ml of gentamicin for 40 min, and then changed to culture media 
containing 50 μg/mL of gentamicin for 8 h. Representative western blot analysis (A, C) and quantification of LC3-II:ACTB/β-actin band intensity from 3 independent 
blots (B, D). (E) 40 μg/mL rapamycin or vehicle (DMSO) was added together with infection. (F) Cells were transfected with 70 nM of control siRNA or ATG16L1 siRNA 
for 2 days before infection. (E-G) to determine the number of intracellular bacteria, the cells were lysed with 1% Triton X-100 in deionized water and plated onto LB 
agar plates. After 24 h at 37°C, the bacterial CFU were counted. (B, D) (*p < 0.05; **p ≤ 0.01; ***p ≤ 0.001) vs uninfected condition; (#p < 0.05; ##p ≤ 0.01) vs HS- 
infected condition; ($p < 0.05; $$p ≤ 0.01) vs MG1655-infected condition. (E-G) *p < 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001. Values represent means ± SEM. 
Statistical analysis was performed using one-way Anova test followed by Bonferroni posttest. 
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Figure 6. Atg16l1 deficiency in macrophages led to increases in cleaved CASP1 and secreted IL1B amount upon CoPEC infection dependently of colibactin. BMDMs 
prepared from wild-type (Atg16l1flox/flox) and Atg16l1[ΔMC] mice were infected with MG1655, 11G5, 11G5ΔclbQ or the transcomplemented 11G5 strain at a MOI of 
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MC-specific Atg16l1 deficiency increased neutrophil 
infiltration in the colon of ApcMin/+ mice

As neutrophils play an important role in CRC development 
and progression [24], we analyzed whether MC-specific 
Atg16l1 deficiency influenced neutrophil infiltration by 
immunofluorescent staining for the neutrophil-specific sur-
face protein LY6G. As shown in Figure 10, 11G5 infection 
resulted in an increase in the number of LY6G+ ITGAM+/ 
CD11B+ neutrophils in ApcMin/+ mice compared to uninfected 
or 11G5∆clbQ-infected condition, in both non-tumoral colo-
nic mucosa (Figure 10A, C) and tumors (Figure 10B, D). 
Under 11G5-infected condition, the number of LY6G+ 

ITGAM+ neutrophils infiltrated into the colonic mucosa and 
tumors were increased in ApcMin/+/Atg16l1[∆MC] vs ApcMin/+ 

mice (Figure 10). This was not observed under uninfected or 
11G5∆clbQ-infected condition (Figure 10). Together, these 
data showed that MC-specific Atg16l1 deficiency increased 
the number of infiltrating neutrophils in the colonic mucosa 
and tumors of CoPEC-infected ApcMin/+ mice.

Discussion

Autophagy is an important regulator of both innate and 
adaptive immune responses, and can have a pro- or anti- 
tumoral context-dependent role in carcinogenesis [25]. We 
previously showed that Atg16l1 deficiency in intestinal epithe-
lial cells promotes colorectal carcinogenesis in ApcMin/+ mice 
under CoPEC-infected condition [9]. As MCs are an impor-
tant component of the TME, we investigated the role of MC- 
specific autophagy in colorectal carcinogenesis associated with 
CoPEC infection. We showed that MC-specific Atg16l1 defi-
ciency led to an increase in the volume, but not the number, 
of colonic tumors in ApcMin/+ mice under CoPEC-infected 
condition. This was accompanied with increased colonic cell 
proliferation, enhanced inflammasome activation and elevated 
IL1B secretion, increased infiltrating neutrophil number and 
decreased total T cell and cytotoxic CD8+ T cell numbers.

In previous studies, we showed that Atg16l1 deficiency in 
intestinal epithelial cells enhances the number and volume of 
colonic tumors in CoPEC-infected ApcMin/+ mice [9] and 
increases CoPEC-induced formation of invasive carcinomas 
in a mouse model lacking genetic susceptibility or the use of a 
carcinogen [13]. Mechanistically, autophagy in intestinal 
epithelial cells is necessary to inhibit CoPEC-induced DNA 
damage, which could be implicated in the initiation of tumor-
igenesis [9, 13]. In this study, we showed that MC-specific 
Atg16l1 deficiency did not affect DNA damage in colonic 
epithelial cells in 11G5-infected ApcMin/+ mice, and this 
could explain why there was not difference in the tumor 
number between ApcMin/+/Atg16l1[∆MC] and ApcMin/+ mice 

under 11G5-infected condition. MC-specific Atg16l1 defi-
ciency increased colonic epithelial cell proliferation in 
ApcMin/+ mice under 11G5-infected condition. Thus, MC-spe-
cific Atg16l1 deficiency contributes to tumor progression 
rather than tumor initiation.

In an effort to investigate the mechanism underlying the 
enhanced tumor volume in 11G5-infected ApcMin/+/Atg16l1 
[∆MC] vs ApcMin/+ mice, we isolated BMDMs from Atg16l1 
[∆MC] and wild-type Atg16l1flox/flox mice as macrophages are 
one of the predominant tumor-infiltrating myeloid cells sup-
porting key processes in tumor progression [16]. We found 
that CoPEC infection induced autophagy activation in macro-
phages independently of colibactin. Although Atg16l1 defi-
ciency led to increased 11G5 number in BMDMs, this was 
also observed for the mutant 11G5∆clbQ. In particular, the 
intracellular numbers of 11G5 and 11G5∆clbQ were not sig-
nificantly different either in BMDMs from Atg16l1[∆MC] 
mice or BMDMs from wild-type mice. In vivo, the coloniza-
tion of mouse colon by 11G5 or 11G5∆clbQ was also similar 
in both ApcMin/+ and ApcMin/+/Atg16l1[∆MC] mice. This sug-
gested that the increase in tumor size in 11G5-infected 
ApcMin/+/Atg16l1[∆MC] vs 11G5∆clbQ-infected ApcMin/ 

+/Atg16l1[∆MC] mice was not due to increased bacterial colo-
nization in the colon.

As inflammation has been associated with enhanced 
tumorigenesis [26], we analyzed the impact of MC-specific 
Atg16l1 deficiency on the amounts of secreted pro-inflamma-
tory cytokines and chemokine. In BMDMs, we showed that 
11G5 infection increased the amounts of secreted IL1B, IL6, 
TNF and CXCL1, and this was further enhanced by Atg16l1 
deficiency. Interestingly, among them, only the secreted IL1B 
amount was increased in 11G5-infected vs 11G5∆clbQ- 
infected condition in BMDMs from Atg16l1[∆MC] mice. In 
vivo data agreed with the in vitro data, showing increased 
secreted IL1B amount in the colonic mucosa from 11G5- 
infected ApcMin/+/Atg16l1[∆MC] mice compared to 
11G5∆clbQ-infected ApcMin/+/Atg16l1[∆MC] mice or 11G5- 
infected ApcMin/+ mice. These indicated that CoPEC-induced 
IL1B secretion was partly dependent on colibactin in MCs 
with Atg16l1 deficiency, and this could be one of the mechan-
isms underlying the enhanced cellular proliferation and 
increased tumor volume in 11G5-infected vs 11G5∆clbQ- 
infected ApcMin/+/Atg16l1[∆MC] mice. Pharmaceutical or 
genetic approaches targeting IL1 receptor signaling pathway 
would be of interest to validate the involvement of IL1B in the 
pro-tumoral effect of colibactin.

Indeed, a role for IL1B in cancer has been shown [27]. 
IL1B, once secreted, can target several cell types by binding to 
IL1 receptor, leading to activation of the downstream signal-
ing pathways. Among them, activation of MAPK/p38 and

100. After 10 min of centrifugation at 1 000 g and a 10 min of incubation at 37°C and 5% CO2, the infected macrophages were washed three times with PBS and 
incubated with the culture media containing 100 μg/mL of gentamicin for 40 min, and then changed to culture media containing 50 μg/mL of gentamicin for 8 h. (A- 
D) Secreted IL6, IL1B, TNF and CXCL1 levels in cell culture supernatant were quantified by ELISA. Representative western blot analysis (E) and quantification of cleaved 
CASP1 (p10 subunit):ACTB/β-actin band intensity from 3 independent blots (F). (A-D) (*p < 0.05; **p ≤ 0.01; ***p ≤ 0.001) vs uninfected condition; (#p < 0.05; ##p ≤ 
0.01: ###p ≤ 0.001) vs MG1655-infected condition; $p < 0.05; $$p ≤ 0.01; $$$p ≤ 0.001; p ≤ 0.0001. (F) $$p ≤ 0.01; $$$$p ≤ 0.0001. Values represent means ± SEM. 
Statistical analysis was performed using one-way Anova test followed by Bonferroni posttest. 
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NFKB/NF-κB pathways leads to the transcription of target 
genes involved in several biological processes [27]. Thus, 
IL1B has been implicated in angiogenesis, cancer cell prolif-
eration, migration, and metastasis. Concerning CRC, it has 
been shown that in human colon cancer cells, IL1B upregu-
lates MIR181A level, which is responsible for PTEN (phos-
phatase and tensin homolog) repression and cell proliferation 
induction [28]. Macrophage-derived IL1B has been shown to 
stimulate WNT signaling and the growth of colon cancer cells 
via the inactivation of GSK3B (glycogen synthase kinase 3 
beta) [29].

The activation of inflammasomes, specifically the most 
fully characterized NLRP3 (NLR family, pyrin domain con-
taining 3) inflammasome, is required for the activation of 
CASP1 responsible to cleave pro-IL1B into mature IL1B [30] 
Previous studies showed that dysfunctional autophagy leads to 
abnormal inflammasome activation, which is associated with 
increased CASP1 activity, elevated IL1B production and 
higher susceptibility to experimental intestinal inflammation 
in mice [10]. In line with this, we showed that CoPEC infec-
tion induced inflammasome activation dependently of coli-
bactin, and this could be the mechanism underlying the 
colibactin-induced IL1B secretion. Indeed, inflammasomes 
can be activated by a variety of infectious stimuli, including 
microbes-derived signals, such as bacterial-derived toxins, and 

host-derived signals (e.g., ion flux, mitochondrial dysfunction, 
reactive oxygen species, or metabolic factors) [31]. The exact 
mechanism by which colibactin mediates inflammasome acti-
vation requires further study. Nonetheless, our data suggested 
that ATG16L1 in myeloid cells is necessary to inhibit colibac-
tin-mediated inflammasome activation and subsequently IL1B 
secretion, and this might contribute to the tumor suppressor 
role of autophagy under CoPEC-infection condition.

Furthermore, we showed that MC-specific Atg16l1 defi-
ciency resulted in an increase in the numbers of infiltrating 
neutrophil in the colonic mucosa and tumors upon CoPEC 
infection in a colibactin-dependent manner. Tumor-asso-
ciated neutrophils are an important component of the 
tumor immune microenvironment, as they have key regula-
tory role in the carcinogenesis, proliferation and metastasis 
of CRC [24]. A significant cytokine secreted by neutrophils is 
IL1B [32]. IL1B has been shown to play a role in the regula-
tion of neutrophil recruitment through the induction of 
chemokine production (including IL8) via the NFKB path-
way [33]. Thus, it is reasonable to hypothesize that the 
colibactin-induced IL1B secretion by neutrophils may have 
a feedback regulation role in neutrophil recruitment into the 
colonic tumors.

Furthermore, we showed that MC-specific Atg16l1 defi-
ciency led to a decrease in the numbers of total T cells and

Figure 7. MC-specific Atg16l1 deficiency increased secreted IL1B amount in the colon of ApcMin/+ mice upon CoPEC infection dependently of colibactin. ApcMin/ 

+/Atg16l1[ΔMC] and ApcMin/+ mice were orally administered with PBS or with 109 11G5 or 11G5∆clbQ bacteria, and sacrificed at day 65 post-administration. Secreted 
IL1B, IL6, TNF and CXCL1 amounts in the colonic culture supernatant were quantified by ELISA. Values represent means ± SEM. Statistical analysis was performed 
using one-way Anova test followed by Bonferroni posttest. *p < 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001. 
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cytotoxic CD8+ T cells in ApcMin/+ mice upon CoPEC infec-
tion in a colibactin-dependent manner. Given the well 
described cytotoxic anti-tumoral function of CD8+ T cells 
[16], our results suggested that ATG16L1 in MCs was neces-
sary for anti-tumor T cell response in colorectal carcinogen-
esis associated with CoPEC infection. Our findings are 

supported by other studies showing that several bacteria 
potentially modulate T cell response, thereby controlling 
CRC progression. For example, it was shown that the 
human colonic commensal bacteria enterotoxigenic 
Bacteroides fragilis promote colon tumorigenesis in ApcMin/+ 

mice via activation of T helper 17 cell responses [34]. A

Figure 8. MC-specific Atg16l1 deficiency increased cleaved CASP1 levels in the colon of ApcMin/+ mice upon CoPEC infection dependently of colibactin. ApcMin/ 

+/Atg16l1[ΔMC] and ApcMin/+ mice were orally administered with PBS or with 109 11G5 or 11G5∆clbQ bacteria, and sacrificed at day 65 post-administration. 
Representative images of immunofluorescent staining for cleaved CASP1 (red) in the non-tumoral colonic mucosa (A) and tumors (B). Nuclei were stained with 
Hoechst (blue). Boxes show magnified fields. Bars: 200 μm. Quantification of cleaved CASP1 fluorescence intensity, normalized to Hoechst intensity, in the colonic 
mucosa (C) and tumor (D), was presented as a percentage of the value defined for the ApcMin/+ + PBS group (100%). Values represent means ± SEM. Statistical analysis 
was performed using one-way Anova test followed by Bonferroni posttest. *p < 0.05; ***p ≤ 0.001; ****p ≤ 0.0001. 
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Figure 9. MC-specific Atg16l1 deficiency decreased CD3+ total T cell and cytotoxic CD8+ T cell numbers in the colon of ApcMin/+ mice upon CoPEC infection 
dependently of colibactin. ApcMin/+/Atg16l1[ΔMC] and ApcMin/+ mice were orally administered with PBS or with 109 11G5 or 11G5∆clbQ bacteria, and sacrificed at day 
65 post-administration. Representative images of CD8 (red) and CD3 (green) immunofluorescent double staining in the colonic mucosa (A) and tumors (B). Nuclei 
were stained with Hoechst (blue). Bars: 200 μm. Boxes show magnified fields. Quantification of CD3+ total T cell and CD8+ CD3+ T cell number/mm2 of colonic 
mucosa (C) or tumor (D). Values represent means ± SEM. Statistical analysis was performed using one-way Anova test followed by Bonferroni posttest. *p < 0.05; 
**p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001. 
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Figure 10. MC-specific Atg16l1 deficiency increased neutrophil infiltration in the colonic mucosa and tumor of ApcMin/+ mice upon CoPEC infection dependently of 
colibactin. ApcMin/+/Atg16l1[ΔMC] and ApcMin/+ mice were orally administered with PBS or with 109 11G5 or 11G5∆clbQ bacteria, and sacrificed at day 65 post- 
administration. Representative images of LY6G (red) and ITGAM (green) immunofluorescent double staining in the colonic mucosa (A) and tumors (B). Nuclei were 
stained with Hoechst (blue). Bars: 100 μm. Boxes show magnified fields. Quantification of LY6G+ ITGAM+ neutrophil number/mm2 of colonic mucosa (C) or tumor (D). 
Statistical analysis was performed using one-way Anova test followed by Bonferroni posttest. **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001. 
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susceptible mouse model of colorectal tumorigenesis colo-
nized with enterotoxigenic Bacteroides fragilis exhibits a dis-
tinct immune TME with tumors infiltrated by CD8+ T cells 
[35]. It was recently shown that tissue-resident commensal 
bacteria Ruminococcus gnavus and Blautia producta, which 
belong to the Lachnospiraceae family, promote the activation 
of CD8+ T cells and reduce colon tumor growth in immuno-
competent mice [36].

It leaves to investigate if the increased inflammasome 
activation and impaired anti-tumor T cell response given 
by Atg16l1 deficiency in MCs is interconnected or inde-
pendent. Blocking the IL1 receptor signaling pathway, by 
pharmaceutical or genetic approaches, and examining 
whether anti-tumor T cell response is impaired upon 
Atg16l1 deficiency in MCs could be considered to answer 
this important point.

It is worthy to note that several autophagy-independent 
functions of ATG16L1, defined as those that do not involve 
LC3/GABARAP lipidation, have been reported [37]. Thus, 
we cannot exclude the possibility that Atg16l1 deficiency in 
MCs might have an impact on another autophagy-indepen-
dent process, and this could subsequently contribute to 
tumorigenesis. In addition, the difference in the tumorigen-
esis between ApcMin/+/Atg16l1[∆MC] and ApcMin/+ mice 
was observed in ApcMin/+ mouse model, and an additional 
model, such as a syngeneic model of CRC, could be inter-
esting to evaluate whether the conclusion is dependent on 
the Apc mutation or not. Nonetheless, it is worthy to note 
that the in vitro experiments, which showed the role of 
ATG16L1 in limiting colibactin-induced inflammasome 
activation and IL1B secretion, were performed using the 
BMDMs from Atg16l1[∆MC] and WT mice (without Apc 
mutation).

Altogether, our results indicated that Atg16l1 deficiency 
in MCs led to increased tumor volume in ApcMin/+ mice 
under 11G5-infected condition, and this was associated 
with increased inflammasome activation and enhanced 
IL1B secretion, increased neutrophil infiltration as well as 
impaired anti-tumor T cell response and increased colonic 
epithelial cell proliferation (Figure 11). These data sug-
gested that autophagy in MCs was necessary to inhibit 
colonic tumor growth under CoPEC colonization 
condition.

Materials and methods

Bacterial strains

The commensal E. coli strains MG1655 or HS, the clinical 
11G5 strain, the isogenic mutant 11G5ΔclbQ (depleted for the 
clbQ gene in the pks island and unable to produce colibactin) 
and the transcomplemented strain 11G5ΔclbQ+clbQ [9] were 
used. Bacteria were grown at 37°C in Luria-Bertani (LB; 
Condalab, 1551.00) medium overnight.

Animal model and infection

Mice with MC-specific Atg16l1 deficiency (Atg16l1[ΔMC]) 
were generated by crossing mice bearing a loxP site flanked 

exon 1 of the Atg16l1 gene (Atg16l1flox/flox mice [38]) with 
mice expressing the Cre recombinase gene under the control 
of the Lyz2/LysM (lysozyme 2) promoter (Lyz2-Cre mice) [39] 
(The Jackson Laboratory, 004781). Atg16l1[∆MC] mice and 
their control littermates Atg16l1flox/flox were crossed with 
ApcMin/+ mice (C57BL/6J; The Jackson Laboratory) to gener-
ate ApcMin/+/Atg16l1flox/flox and ApcMin/+/Atg16l1[∆MC] mice. 
Mice were infected with 11G5 or 11G5ΔclbQ as previously 
described [9]. Briefly, mice were given 2.5 g/l streptomycin 
(Euromedex, 1121) in drinking water during 3 days, and then 
received regular water for 1 day. Each mouse was orally 
administrated by gavage with 109 bacteria in 200 μl PBS 
(Gibco, 14190–094) or with PBS alone (uninfected condition). 
Body weight was determined at different days post-infection. 
Feces harvested at different days post-infection were weighed, 
crushed in 500 μl of PBS and spread on LB agar (Condalab, 
1800.00) supplemented with 50 μg/ml ampicillin (Euromedex, 
EU0400) and 50 μg/ml kanamycin (Euromedex, UK0015) to 
select 11G5, or with 50 μg/ml ampicillin, 50 μg/ml kanamycin 
and 100 μg/ml spectinomycin (Sigma-Aldrich, S4014) to select 
11G5ΔclbQ. After 24 h at 37°C, the colony-forming units 
(CFU) of bacteria were counted and normalized to gram of 
feces.

Mice were sacrificed at day 65 post-infection. Colonic 
tumor number and volume ([width2 × length]/2) were deter-
mined using a dissecting microscope. One part of the colon 
was swiss-rolled and fixed in buffered 10% formalin (Sigma- 
Aldrich, HT501128) and embedded in paraffin, and the other 
part was frozen at −80°C for RNA and protein extraction.

Cell culture

The human monocyte cell line THP-1 (ATCC, TIB-202) was 
maintained in an atmosphere containing 5% CO2 at 37°C in 
RPMI medium 1640 (Gibco, 31870–025) containing 10% fetal 
bovine serum (Dominique Dutscher, S1900) and 1% gluta-
mine (Gibco, 25030–024). THP-1 monocytes were differen-
tiated into macrophages by an 18 h treatment with 20 ng/ml 
phorbol mysristate acetate (Sigma-Aldrich, P8139). Primary 
BMDMs were extracted from tibia and femur of Atg16l1flox/flox 

and Atg16l1[ΔMC] mice. Cells were grown in RPMI medium 
supplemented with 10% fetal bovine serum, 1% glutamine, 1% 
HEPES, pH 7.2–7.4 (Dominique Dutscher, L0180), 0.1% β- 
mercaptoethanol (Gibco, 31350–010), 1 mM sodium pyruvate 
(PAA laboratories, SH30239.01), 1% penicillin-streptomycin 
(Hyclone, SV30079.01) and 20% of L929 cell-conditioned 
medium (ATCC, CCL-1). After 3 days of culture, fresh med-
ium was added. On day 7, cells were washed and seeded in 
complete medium without antibiotics and incubated for 24 h 
before bacterial infection.

Infection and survival assay

The ability of bacteria to survive and replicate within the 
macrophages was determined by the gentamycin protection 
assay. THP-1 macrophages and BMDMs were infected with 
bacteria at a multiplicity of infection (MOI) of 100 in the 
culture medium without antibiotics. After 10 min of centrifu-
gation at 1 000 g and a 10 min of incubation at 37°C and 5%
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CO2, the infected macrophages were washed three times with 
PBS and incubated with the culture media containing 100 μg/ 
ml of gentamicin for 40 min. After three washes, fresh culture 
medium containing 50 μg/ml of gentamicin was added for the 
indicated time. To determine the number of intracellular 
bacteria, the cells were washed three times with PBS, lysed 
with 1% Triton X-100 (Sigma-Aldrich, G-1264) in deionized 
water, diluted and plated on LB agar plates. After one night at 
37°C, the CFU were counted. Whenever indicated, THP-1 
macrophages were treated with 40 μg/ml of rapamycin 
together with infection, and rapamycin was kept together 
with the cells until lysis. For experiments with bafilomycin 
A1 treatment, cells were treated with bafilomycin A1 (Sigma- 
Aldrich, 19–148) 30 min prior infection at 100 nM.

Transfection of siRNA

Scramble siRNA (Ambion, AM4611) and ATG16L1 siRNA 
(Dharmacon, L-021033-01) were used. THP-1 cells were 
transfected with vehicle or 70 nM of specific siRNA using 
Lipofectamine 2000 (Invitrogen, 11668027) and Opti-MEM I 
reduced serum (Invitrogen 319,885,062). After 6 h, the cells 
were washed and incubated with the culture medium for 48 h.

Western blot analysis

Extraction of protein from cells in culture or tissue samples 
and western blot analysis were performed as previously 
described9. The relevant primary antibodies used were: anti- 
LC3 (Sigma-Aldrich, L8918), anti-cleaved CASP1 (Invitrogen, 
PA5–105049), anti-SQSTM1/p62 (Santa Cruz Biotechnology, 
sc-28,359), anti-PCNA (Cell Signaling Technology, 13110) 
and anti-ACTB/β-actin (Cell Signaling Technology, 4970). 
The HRP-conjugated secondary antibodies anti-rabbit IgG 
(Cell Signaling Technology, 7074) and anti-mouse IgG (Cell 
Signaling Technology, 7076) were used. Blots were detected 
using the Clarity Western ECL Substrate (Bio-Rad, 170–5060) 
and revealed using the ChemiDocTM XRS System (Bio-Rad).

Total RNA extraction, cDNA synthesis and qRT-PCR

Total RNAs were extracted from the mouse colonic mucosa 
samples using RNeasy kit (Qiagen, 74104), and were reversely 
transcribed using the SensiFastTM cDNA Synthesis Kit 
(Bioline, BIO-65054) according to the manufacturer’s instruc-
tion. qRT-PCR was performed using 4 μl of cDNA, 
SsoAdvanced Universal SYBR Green Supermix (Bio-Rad, 
1725274) and 200 nM of specific primers (Table S1) using a 
thermocycler (Bio-Rad) according to the following program: 
95°C-30 s followed by 40 cycles of (90°C-5 s and 60°C-30 s). 
Rplp0/36b4 was used as internal control. Fold-induction was 
calculated using the Ct method as follow: ΔΔCt = (Cttarget gene 
- Cthousekeeping gene)test condition - (Cttarget gene - Cthousekeeping 

gene)normalized condition, and the final data were derived from 
2−ΔΔCt.

Enzyme-linked Immunosorbent Assays (ELISA)

The amount of CXCL1, TNF, IL1B or IL6 secreted into the 
supernatants from cells in culture and colonic tissues cultured 
for 24 h in RPMI medium containing 1% penicillin-strepto-
mycin and 100 μg/ml gentamicin in an atmosphere containing 
5% CO2 at 37°C was determined by ELISA (R&D systems, 
mouse CXCL1/KC DuoSet ELISA, DY453; mouse IL6 DuoSet 
ELISA, DY406; mouse IL1B DuoSet ELISA, DY401; mouse 
TNF-alpha DuoSet ELISA, DY410) according to the manu-
facturer’s instructions.

Hematoxylin and eosin staining and histological 
examination

Mouse colons were embedded in paraffin and cut into 5-μm 
sections with a microtome, and colonic sections were H&E- 
stained. The histological evaluation of the colonic sections was 
performed under blinded conditions by an expert anatomo
pathologist according to the criteria in Table S2.

Figure 11. Proposed model for the role of ATG16L1 in MCs in colorectal carcinogenesis associated with CoPEC colonization. ATG16L1 in MCs is necessary to inhibit 
the colonic tumor growth in a mouse model of CRC infected with CoPEC. Mechanistically, ATG16L1 dysfunction in MCs leads to increased colorectal tumor volume, 
which is accompanied with increased colibactin-induced inflammasome activation and IL1B secretion, increased neutrophil infiltration and decreased anti-tumor 
CD8+ T cells in the colonic mucosa and tumors, and increased colonic epithelial cell and cancer cell proliferation. 
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Immunohistochemical staining

The colonic sections were deparaffined in HISTO-CLEAR 
(Electron Microscopy Sciences, 64110–04) for 15 min (2 
times), rehydrated in ethanol diminishing gradient (100%, 
96%, 75% and water: 1 min each) and unmasked in Tris-EDTA 
buffer (10 mM Tris-Base, 1 mM EDTA, pH 9) during 20 min at 
95°C. The sections were incubated with blocking buffer (1% 
bovine serum albumin [Euromedex, 04–100812-E] in PBS) for 
1 h at room temperature and then with anti-phopho-H2AX 
(dilution 1:500; Cell Signaling Technology, 9718), or anti- 
MKI67/Ki67 (dilution 1:500; Cell Signaling Technology, 
12202S) overnight at 4°C. After several washes with PBS, the 
sections were incubated with the corresponding secondary anti-
body coupled with peroxydase (dilution 1:500; Jackson 
Immunoresearch, 111-065-003) for 2 h at room temperature. 
Revelation was performed using 3,3’-diaminobenzidine 
(NovaRED; Vector Laboratories, SK-4800). The sections were 
counterstained with Mayer’s hematoxylin solution (Sigma- 
Aldrich, MHS32) for 10 sec, rinsed under running water, dehy-
drated and mounted using a 50:50 PBS-glycerol solution. The 
microscopic images were acquired using the Scanner Zeiss 
Axioscan Z1 (Zeiss) and analyzed using ZEN 2 software.

Immunofluorescent staining

The colonic sections were deparaffined in Histoclear for 15  
min (2 times), rehydrated in ethanol diminishing gradient 
(100%, 96%, 75% and water: 1 min each) and unmasked in 
Tris-EDTA buffer (10 mM Tris-Base, 1 mM EDTA, pH 9) 
during 20 min at 95°C for CD3, CD8 LY6G, ITGAM/CD11B 
and LC3 staining, or in citrate buffer (10 mM citrate, pH 6) 
during 30 min at 95°C for cleaved CASP1 staining.

The sections were then incubated with the blocking buffer (1X 
PBS containing 2.5% horse serum (Vector Laboratories, 30022) for 
cleaved CASP1 staining, 5% fetal bovine serum for CD8 staining, 
5% normal goat serum (Vector Laboratories, 30023) for LY6G 
staining, or 5% horse serum (Vector Laboratories, 30022) and 
0.3% Triton X-100 (Sigma-Aldrich, G-1264) for LC3 staining) 
for 2 h (cleaved CASP1 or CD8 staining) or 1 h (LY6G or LC3 
staining) at room temperature. The sections were then incubated 
with anti-cleaved CASP1 (dilution 1:400; Invitrogen, PA5– 
105049), anti-CD8 (dilution 1:50; Invitrogen, MA1–145), anti- 
LY6G (dilution 1:100; Biolegend, 127602) or anti-LC3 (dilution 
1:400, Cell Signaling Technology, 4108S) antibody overnight at 4° 
C. After several washes with PBS, the sections were incubated with 
the corresponding HRP-conjugated secondary antibodies, then 
the signal was amplified using the Immpress HRP-conjugated 
anti-rabbit IgG (Vector Laboratories, MP-7401-15) or the 
Immpress HRP-conjugated anti-rat IgG (Vector Laboratories, 
MP-7444-15) and the TSA (Tyramide Signal Amplification) reve-
lation kit (Alexa Fluor 555; Invitrogen, B40955).

A second staining was then performed for the sections that 
were stained with CD8 or LY6G (to generate CD8 CD3 or LY6G 
ITGAM double staining). The sections were incubated for 20 min 
with 0.02 N HCl to block peroxidases. They were then placed in a 
blocking buffer (1X PBS containing 3% bovine serum albumin and 
0.025% Triton-100X for CD3 staining, or 5% horse serum and 

0.3% Triton-100X for ITGAM staining) for 2 h (CD3 staining) or 
1 h (ITGAM staining) at room temperature. They were then 
incubated overnight at 4°C with the anti-CD3E/CD3ε (dilution 
1:300; Cell Signaling Technology, 99940T) or anti-ITGAM (dilu-
tion 1:100; Cell Signaling Technology, 17800S). As described pre-
viously, the sections were incubated with the corresponding HRP- 
conjugated secondary antibodies, then amplified using the 
Immpress anti-rabbit polymer HRP (Vector Laboratories, MP- 
7401-15) and the TSA revelation kit (Alexa Fluor 647; Invitrogen, 
B40958). Finally, slides were mounted using a 50:50 PBS-glycerol 
solution. The microscopic images were acquired using the Scanner 
Zeiss Axioscan Z1 (Zeiss) and analyzed using ZEN 2 software.

Ethics statement

Animal protocols were conducted in accordance with the 
recommendations of the Guide for the Care and Use of 
Laboratory Animals of the University of Clermont Auvergne 
and were approved by the French Ministry of Higher 
Education and Research (APAFIS #11254).

Statistical analysis

Results are presented as mean ± standard error of the mean 
(SEM). Statistical analyses were performed using the ANOVA 
test followed by a posttest Bonferroni correction (Kruskal- 
Wallis if not parametric) with GraphPad Prism 9. A p value 
less than 0.05 was considered statistically significant.
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