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Microbiota plays critical roles in regulating colitis and colorectal cancer (CRC). However, it is
unclear how the microbiota generates protective immunity against these disease states. Here, we
find that loss of the innate and adaptive immune signaling molecule TAK1 in myeloid cells

( Tak1AM/AM) yiields complete resistance to chemical-induced colitis and CRC through microbiome
alterations that drive protective immunity. 7akZ4M/AM mice exhibit an altered microbiota that is
critical for resistance, with antibiotic-mediated disruption ablating protection and 7akz4M/AM
microbiota transfer conferring protection against colitis or CRC. The altered microbiota of
Tak1AM/AM mice promotes IL-1p and 1L-6 signaling pathways, which are required for induction of
protective intestinal Th17 cells and resistance. Specifically, Odoribacter splanchnicus is abundant
in 7ak14M/AM mice and sufficient to induce intestinal Th17 cell development, and confer
resistance against colitis and CRC in wild-type mice. These findings identify specific microbiota
strains and immune mechanisms that protect against colitis and CRC.
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Xing et al. report that myeloid-specific 7akZ-deficient mice are completely resistant to colitis and
colon cancer, and show that the microbiota of these mice has the ability to induce intestinal Th17
cells and confer protective immunity. Additionally, the work identifies Odoribacter splanchnicus as
a single protective strain.
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INTRODUCTION

Colorectal cancer (CRC) is the third leading cause of cancer-related death in the United
States (Markowitz and Bertagnolli, 2009; Tenesa and Dunlop, 2009), and colonic
inflammation is a major risk factor for CRC development. Individuals diagnosed with
ulcerative colitis (UC), one of the most common types of inflammatory bowel diseases
(IBDs), have increased risk of developing CRC (Jess et al., 2012; Xavier and Podolsky,
2007). Although innate immune cells, cytokines, and microbiota components contribute to
colitis and CRC in a context-dependent manner (Neurath, 2014; West et al., 2015), the
precise mechanisms remain unclear.

Microbiota have been identified as an important regulator of immune cell activation,
inflammation, and cancer development through nuclear factor kappa B (NF-xB), type |
interferon, and inflammasome activation (Alexander et al., 2014; Rooks and Garrett, 2016).
Local immune system interacts with gut microbiota to control the immune responses, tissue
damage, and cancer development (Geva-Zatorsky et al., 2017; Rosshart et al., 2017; Surana
and Kasper, 2017; Wlodarska et al., 2017). Metagenomic profiling has identified multiple
prominent CRC-associated bacteria enriched in patients (Ternes et al., 2020). As most
studies link microbiota composition (a mixed population) to the disease progression, some
species are reported to promote colitis and CRC (Geva-Zatorsky et al., 2017; Rosshart et al.,
2017; Surana and Kasper, 2017; Wlodarska et al., 2017); however, only a few bacterial
strains were identified as immune modulators that induce potent protective immunity.

Proinflammatory cytokines, such as interleukin (IL)-6 and IL-1pB, can contribute to
inflammation-associated cancer (Elinav et al., 2013; Hunter and Jones, 2015; Lopetuso et
al., 2013; Neurath, 2014; West et al., 2015). IL-6 promotes colitis-associated CRC by
activating the STAT3 pathway in colonic epithelial cells (Bollrath et al., 2009; Grivennikov
et al., 2009; Wang et al., 2014b), and IL-1p facilitates intestinal inflammatory pathology and
gastric cancer (Coccia et al., 2012; Tu et al., 2008). In addition to the key functions in
normal and neoplastic epithelial cells, IL-1p and IL-6, in combination with TGF-§ and
IL-23, are required for the development of T helper (Th) 17 cells (Artis and Spits, 2015;
Dong, 2008; Korn et al., 2009; Littman and Rudensky, 2010; McGeachy and Cua, 2008;
Ouyang et al., 2008; Weaver and Hatton, 2009). Th17 cells are constitutively present in the
intestinal lamina propria (LP) due to the activation by microbial flora, especially segmented
filamentous bacteria (SFB) (Atarashi et al., 2015; lvanov et al., 2009; Sano et al., 2015), and
play a critical role in the autoimmune diseases and host defense against bacteria and fungi
(Dong, 2008; Korn et al., 2009). A recent study suggested that colonic Th17 cells may have
immune-suppressive function (Esplugues et al., 2011).

Transforming growth factor-B-activated kinase-1 (TAK1), also known as mitogen-activated
protein kinase kinase kinase 7 (encoded by MAP3K?7), is an essential component of innate

Cell Host Microbe. Author manuscript; available in PMC 2022 June 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Xing et al.

RESULTS

Page 4

and adaptive immune signaling with cell-type-dependent function (Ajibade et al., 2013).
Although TAK1 is a positive regulator in T cells (Wan et al., 2006), myeloid-specific 7akI-
deficient ( 7akZ4M/AM) mice produce large amounts of IL-18, IL-6, and TNF-a, and rapidly
die during lipopolysaccharide (LPS)-induced septic shock, suggesting a negative regulator
function (Ajibade et al., 2012). However, the role of TAK1 deficiency in microbiota,
inflammation, and cancer development remains obscure.

In this study, we report that 7akZ4MAM mice are completely resistant to dextran sulfate
sodium (DSS)-induced colitis and azoxymethane (AOM)/DSS-induced CRC. The resistance
of 7ak12MAM mice relies on altered composition of gut microbiota and innate immune
signaling (IL-1p and IL-6), due to their roles in activating the expansion of protective Th17
cells. With metagenomic sequencing to dissect the key microbial candidates, we identify
Odoribacter splanchnicus as a single bacterial strain that induces Th17 cells and protects
mice against colitis and CRC. Overall, our findings provide important insights into
mechanisms by which microbiota interact with innate immune signaling to control
protective immunity against cancer.

Tak1 Deficiency in Myeloid Lineage Renders Mice Resistance to DSS-induced Colitis and
Colon Cancer

To determine whether key innate immune pathways are involved in inflammation and
associated cancer, we generated mice with myeloid-specific deletion of 7ak1, Mekks3,
Myd88, or P38 (by Lyz2-Cre) and challenged them with 5% DSS to induce acute colitis.
Tak1T0x/flox [ y72_Cre*’* ( Tak17AM/AM) mice were completely resistant to DSS treatment
without great loss of body weight (Figures 1A and 1B). In contrast, WT, Mekk32M/AM
Myd88AM/AM  and P3GAM/AM mice remained sensitive to DSS treatment, died within 9 days,
and manifested 30% loss of body weight (Figure S1A). Importantly, like WT mice, the
littermate controls ( 7ak2F/0X/Flox [ y7z2.Cre™, or Tak1/F) were also completely sensitive to
DSS treatment, compared to 7akZ4M/AM mice (Figure S1B). Consistently, DSS-treated
Tak12MAM mice did not manifest diarrhea or hematochezia, and had longer colons,
compared to WT mice with high clinical scores (Figure 1C). H&E staining further revealed
lack of damage or injury to colonic epithelial tissues (including proximal, middle, and distal
regions) in 7akZ4M/AM mice, with significantly lower pathology scores than WT mice
(Figures 1D, S1C, and S1D). Similar alteration on histopathology was observed between
littermate controls ( 7ak2//F) and Tak1AM/AM mice (Figures S1E and S1F). For epithelial
barrier integrity, we examined mucin-producing goblet cells and tight junction proteins
[Claudin-3 (CLDN3), Zonulin, and Occludin] in colonic tissues, and found them unchanged
in DSS-treated 7ak14M/2M mice, but markedly lost in WT mice (Figures 1D and S1G).
These data suggest that TAK1 deficiency in myeloid cells confers the resistance to colitis
with maintenance of the integrity of epithelial tissues and tight junction barrier.

Next, we tested 7akZ8M/AM mice in AOM/DSS-induced CRC (Figure 1E). As expected,
numerous tumors were developed in the middle and distal regions of colon in WT mice; in
contrast, 7akZAM/AM mice manifested no or a few (1-2 only) colonic tumors (Figures 1F and
1G). Similar results were obtained between littermate controls ( 7ak2"F) and Tak14M/AM
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mice (Figures S1H and S11). Colonic crypts in WT mice are entirely filled with tumor cells,
which formed large tumor bulks; whereas 7ak24M2M mice manifested little or no disruption
of the colonic epithelial structures, with a significantly lower number of proliferating colonic
epithelial cells (Figures 1H-1J). These results indicate that 7ak24M2M mice are resistant to
colitis-associated CRC.

Microbiota in Tak12W2M Mice Are Altered and Critically Required for Resistance to Colonic
Inflammation

Commensal microbiota have been implicated to modulate colitis, CRC, and checkpoint
blockade immunotherapy (Sears and Pardoll, 2018; Sivan et al., 2015; Spranger et al., 2017,
Vetizou et al., 2015; Wang and Wang, 2017). In DSS colitis model, depletion of microbiota
exacerbated tissue damage and shortened survival (Rakoff-Nahoum et al., 2004). To
determine whether microbiota contributes to the colitis-resistance in 7ak24M2M mice, a
cocktail of antibiotics (Abx) was used to remove gut microbiota, and successful elimination
of commensal bacteria was determined by the loss of colonies and enlarged cecum (Figures
S2A and S2B). Abx-treated 7akI4M/AM mice lost their resistance to DSS-induced colitis,
experienced considerable loss of body weight, and died within 10 days, consistent with
damaged epithelial structure of colonic tissues, compared to control 7akz4MAM mice
(Figures 2A and 2B).

To evaluate the microbiota composition in 7akZ4M/AM mice, fecal samples were collected
for purification of the bacterial genomic DNA (gDNA) and 16S rRNA sequencing of the
amplified V4 region. The principal coordinate analysis (PCoA) plot of bacterial beta-
diversity showed a significant shift of microbiota composition between WT and 7ak14M/AM
mice (Figure 2C). Comparative analyses were performed to identify the taxa with
significantly altered relative abundance at various ranks. Although the major phyla (such as
Bacteroidetes and Firmicutes) did not change significantly, a decrease of Actinobacteria and
an increase of Proteobacteria were detected (Figure 2D). Additional subpopulations were
identified at the class and order levels (Figures 2E and 2F). Specifically, we observed 18
increased and 16 decreased genera in 7akZ4M/AM mice, as shown in the heatmap plot
(Figure 2G). Similar changes were found between littermate controls ( 7ak2F) and
Tak1AM/AM mice. In particular, some of the altered genera in littermates were the same as
observed in WT mice (Figures S2C-S2E). Despite some alterations in microbiota in
Tak1AM/AM mice after DSS treatment, Odoribacter remained at a high level (Figures S2F—
S2H). These results suggest that altered microbiota composition in 7ak74MAM mice is
required for resistance to DSS-induced colitis.

Specific Gut Microbiota in Tak12M2M Mice Can Generate Protective Immunity in WT Mice
against Colitis and Colon Cancer

To determine the functional importance of specific microbiota composition in 7ak74M/AM
mice, we cohoused WT and 7akZ4M/AM mice and measured their microbiota by 16S rRNA
sequencing. PCoA plot showed that the cohoused WT and 7ak24MAM mice had a unified
pattern of microbiota composition, which was intermediate but significantly differed from
those of single-housed controls (Figure 3A). Comparative analyses detected intermediate
microbial distribution of taxa at the phylum, order, and genus levels in the cohoused mice,
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whereas significantly varied relative abundances were observed in single-housed WT and
Tak1AM/AM mice (Figures 3B, S3A and S3B). After AOM/DSS treatment, cohoused WT and
Tak1AM/AM mice developed intermediate number of colonic tumors, compared to single-
housed controls (Figures 3C and 3D). Consistently, we observed intermediate levels of
tumor cell infiltration in colonic crypts and epithelial cell proliferation in cohoused WT and
Tak1AM/AM mice, compared with single-housed controls (Figures S3C and S3D). After 5%
DSS treatment, cohoused WT mice had slightly ameliorated survival compared with control
WT mice; in contrast, cohoused 7akZ4MAM mice became partially sensitive to acute colitis,
with significantly decreased survival compared to control 7ak24M/AM mice (Figure 3E).
Immunostaining of CLDN3, Zonulin, and Occludin further showed intermediate levels of
colonic tissue damage and barrier integrity in cohoused WT and 7ak24M/AM mice (Figures
S3E and S3F), suggesting that specific microbiota composition is critical for the prevention
of colitis and CRC in 7akz4MAM mice,

We then investigated whether the transfer of gut microbiota from 7ak24M/2M mice can be
exploited as a therapeutic approach to ameliorate the cancer development in WT mice. After
Abx-pretreatment and fecal microbiota transfer, AOM/DSS was administered to induce
colon cancer. The WT mice treated with 7ak74M/AM microbiota manifested significant
amelioration of body weight loss, and had decreased number of tumors than control mice
treated with WT fecal components (Figures 3F-3H). Ki-67 staining showed decreased
proliferation of colonic cells in mice treated with 7ak74M4M fecal microbiota, compared
with the high level in controls (Figures 31 and 3J). The microbiota recipient mice were also
treated with 5% DSS, and mice treated with 7ak74M/AM fecal material were completely
resistant to acute colitis, unlike controls with WT microbiota that remained sensitive (Figure
3K). Importantly, similar results were obtained in fecal transferred germ-free WT mice,
further demonstrating the protective function of 7ak24M2M microbiota (Figures 3L and
S3G). Pathological analysis on H&E sections indicated significantly ameliorated colon
epithelial histopathology in germ-free mice transferred with 7akZ4M/AM microbiota (Figures
3M and 3N). Overall, these results indicate the specific microbiota in 7ak74MAM mice can
be transferred to WT mice to enhance resistance to colitis and CRC.

Innate Immune Signaling Pathways Are Required for Resistance against Colitis and Colon
Cancer in Tak12MAM \ice

Innate immune system is the first line of host defense against pathogens that provides
microorganism recognition and plays a critical role in mediating inflammation and cancer
development (Alexander et al., 2014). Therefore, we measured the innate immune cytokines
and found both serum and intestinal levels of IL-1p and IL-6 were elevated in Tak74M/AM
mice (Figures 4A, 4B, and S4A), in agreement with our previous study (Ajibade et al.,
2012). Abx treatment in 7akZ4M/AM mice resulted in a considerable reduction of IL-6
(Figure 4A), but not IL-1p (Figure 4B), suggesting that microbiota specific to 7akz4M/AM
mice regulate I1L-6 production.

Next, to investigate the roles of IL-1f and IL-6 signaling pathways, we generated
TakIAMAM 11717/~ and Tak12M2M 1167/~ double knockout (DKO) mice. Ablation of
IL-1R1 or IL-6 in 7ak28M/AM mice completely converted the resistance to sensitive
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phenotype upon 5% DSS treatment (Figures 4C and 4D), consistent with severe tissue
damage and loss of epithelial barrier function (Figure S4C). WT and single knockout
(//1r17~and //677) control mice were sensitive to DSS-induced colitis (Figure $4B), as
reported previously (Gonzalez-Navajas et al., 2010; Grivennikov et al., 2009). With
AOMY/DSS treatment, we demonstrated that both DKO strains manifested an increase in the
colonic tumor incidents compared with 7ak24M/2M mice (Figure 4E). Extent of colon
dysplasia and the proliferation of colonic epithelial cells were significantly increased in
DKO mice compared with those in 7akZ4M/AM mice (Figures S4D and 4F). Subsequent
experiments using bone marrow chimeric mice demonstrated that adoptive transfer of
Tak1AM/AM hone marrow, but not 7ak24M4AM -1/1r1~/~ bone marrow, could inhibited tumor
development (Figures S4E and S4F), suggesting the important effects of IL-1p on CRC-
resistance are mainly mediated by bone-marrow-derived immune cells, but not epithelial
cells. Overall, our studies suggest that IL-1R1- and IL-6-mediated signaling pathways are
required for the resistance of 7akZ4MAM mice to colitis and CRC.

To further investigate potential interactions of commensal microbiota with key innate
immune signaling in 7ak24M/AM mice, fecal samples from WT, 7ak24M2M and DKO mice
were collected and subjected to 16S rRNA sequencing. PCoA plot revealed that deletion of
IL-1R1 or IL-6 results in significant changes in gut microbiota composition compared with
that in 7ak24M2M mice (Figure 4G). The microbiota of the two DKO strains were similar to
each other and differed from the microbiota of WT controls. Subsequent analyses
demonstrated that multiple significant changes of various taxa in 7akZ4MAM mice were
dramatically reversed in the DKO strains (Figures S4G and S4H). Similarly, on the genus
level, significantly expanded taxa in 7ak24M/AM mice recovered in the DKO strains to WT
levels, while the reduced taxa in 7ak74M/2M mice were elevated in DKO mice, in some
cases even exceeding the levels in WT controls (Figure 4H). Therefore, these data indicate
that the altered microbiota composition in 7ak74MAM mice is directly linked to the IL-1R1
and IL-6 signaling pathways.

Th17 Cells in Tak12M2M Mice Are Controlled by Innate Immune Signaling Pathways and
Microbiota and Are Required for Resistance to Colitis and CRC

Because bone marrow derived immune cells and active IL-1R1 and IL-6 signaling pathways
are required for the resistance to colitis and CRC in 7ak24M2M mice, we purified immune
cells from various organs of WT and 7akZ4M2M mice for flow cytometry analysis. A
substantial unexpected increase of Th17 population (CD4*/IFN-y~/IL-17A*) was detected
in mesenteric lymph nodes (mLN), Peyer’s patches (PP), and LP in small intestine and
colonic tissues of 7ak2AMAM mice (Figures 5A and 5B), but not in spleen or peripheral
lymph nodes (Figure S5A), compared with those in WT mice. Although total levels of CD4*
cells were consistently increased, substantial changes in other immune populations (such as
Thi, Th2, Treg cells, neutrophils, and macrophages) between WT and 7ak24M/AM mice
were not detected (Figures S5B, S5E, and S5F). CD8* cells were also slightly increased;
however, their overall abundance remained very low in colonic tissue of 7akZ4MAM mjce.
Consistent with the increase in Th17 cells, we observed elevated levels of IL-17A in
Tak1AM/AM mice (Figure S6B). After DSS treatment, 7TakZAM/AM mice still maintained high
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percentage of Th17 cells in colon and IL-17A level in serum, compared with WT mice
(Figures S6A and S6B).

We then aimed to determine whether IL-1R1 and IL-6 signaling pathways are required for
Th17 cell development. The results indicated that the ablation of IL-1R1 or IL-6 in
Tak1AMM mice led to a substantial decrease in Th17 population to the WT control level
(Figures 5C and S5C), suggesting the elevated IL-1p and IL-6 in 7Takz4MAM mice are
required for the increase of Th17 cells.

Then, we investigated whether the specific commensal microbiota are required for the
increase of Th17 cells in 7ak24MAM mice, and observed significantly decreased Th17
population in Abx-treated 7ak24M2M mice (Figures 5D and S5D). The elevated serum level
of IL-17A in Tak18M/2M mice was also considerably reduced after Abx treatment (Figure
5E). Microbiota transfer experiments further showed that intestinal Th17 cells were
substantially increased in both Abx-pretreated and germ-free WT mice transferred with
microbiota from 7ak24M/AM mice, consistent with increased IL-17A productions in serum
and colon tissues (Figures 5F and S5G-S5K), indicating the critical role of 7akz4M/AM.
specific microbiota in promoting Th17 cell development.

Although IL-17-producing y6 T cells are recently reported to control the gut permeability in
DSS-colitis model (Lee et al., 2015), we did not observe any appreciable change in TCR-y6
*/IL-17A* T cells. Instead, a considerable increase in TCR-B*/IL-17A" T cells (CD4* Th17)
was observed in 7akZ8M/AM mice and germ-free mice transferred with 7ak14M/AM
microbiota (Figures S5L and S5M). Collectively, these results suggest that specific
components of microbiota and I1L-6/IL-1 signaling in 7ak24M/AM mice are required for the
development of intestinal Th17 cells.

Intestinal Th17 Cells Protect Tak12M/2M Mice from DSS-induced Colitis and Colon Cancer

To determine whether microbiota-induced Th17 cells play a key role in mediating the
resistance of 7akZ4M/2M mice against colitis and CRC, we generated 7akI4M/AM -pag1~/~
mice, which lack B and T cells (including Th17 cells) (Mombaerts et al., 1992), and
observed a significant loss of body weights and increased mortality rate after 5% DSS
treatment, compared with 7akZ4M2M mice (Figure S6C). Consistently, we found that
Tak1AM/AM -Rag 17~ mice developed significantly more tumors than 7ak24M/AM mice, with
enhanced cell proliferation (Ki-67* cells) in colonic epithelia (Figures 5G and S6D).
Because RORyt, encoded by Rorc gene, is the master transcription factor required for Th17
cell differentiation (Artis and Spits, 2015; Bluestone et al., 2009), we next generated
Tak1AM/AM-Rorc™~ mice to genetically deplete Th17 cells. As expected, intestinal Th17
cells were specifically deleted in 7ak24M2M -Rorc™~ mice (Figure 5H). Upon 5% DSS
treatment, 7ak24M2M -Rorc~~ mice became completely sensitive, with significant loss of
body weights (Figure 5I).

To further determine whether intestinal Th17 cells in 7ak24M/AM mice are sufficient to
mediate direct protection, we generated 7ak14MAM.{/17-GFP* mice, which expresses
transgenic GFP in IL-17A-producing cells. Control (CD4*/GFP™) and Th17 (CD4"/GFP*)
cells were sorted from purified intestinal LP immune cells, and directly injected into WT
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recipient mice. After 5% DSS treatment, Th17 cell transferred mice had significantly
ameliorated body weights and survival than controls, consistent with reduced colon tissue
damage and epithelial barrier impairment (Figures 5J and 5K). These data suggest that
intestinal Th17 cells in 7ak24M/AM mice are necessary and sufficient to confer the in vivo
protective immunity against colitis.

Identification of the Dominant Microbiota Species/Strains in Tak12WAM Mice

To identify the dominant microbiota species or strains that are essential for the resistance to
colitis and CRC, we performed whole shotgun metagenomics analysis in WT and
Tak1AM/AM mice and identified 48 increased and 31 reduced species in the gut microbiota of
Tak1AM/AM mice (Figures 6A and 6B). Significantly changed taxa on the genus level are
shown in the heatmap (Figure S6E). SFB and B. fragilis have been reported to induce Th17
cell differentiation (Ivanov et al., 2009; Wu et al., 2009); however, their levels were very low
in 7ak1AM/AM mice.

To further screen the potentially important microbiota components responsible for the
resistance to colitis, we treated 7akZ4M4M mice with mixed and single Abx in each group;
and found that treatment with ampicillin, but not other Abx, abolished the ability of
Tak1AM/AM mice to resist DSS-induced colitis (Figure 6C). The 16S sequencing of fecal
materials from control and ampicillin-treated 7ak74MAM mice identified protective bacterial
candidates (boxed in red) at the genus level (Figure 6D), which showed the most pronounced
decrease after ampicillin treatment and were also listed as top increased species in
Tak1AM/AM mice (Figure 6E). Based on these data, 4 candidate bacterial strains were
selected for further functional studies, including Odoribacter splanchnicus (OS), Bacteroides
sp. 4_1 36 (B4), Bacteroides sp. D20 (BD), and Bacteroides uniformis (BU).

Identification of Protective Microbiota Strains for Colitis and Colon Cancer

To identify protective single microbiota strains, Abx-treated WT mice were transferred with
OS, B4, BD, or BU. Successful bacteria colonization and similar levels of abundance in
these 4 groups were validated (Figures S6F and S6G). After DSS treatment, all 4 strains
partially and significantly extended the mouse survival; OS and BD induced stronger
protection with 50% survival at the endpoint compared with B4 and BU that induced
moderate protection with 30% survival (Figure 7A). Nontoxigenic Bacteroides fragilis
(NTBF), as a positive control, provided partial and significant protection as reported (Chan
et al., 2019). We further found the combination of 4 strains lead to better survival than single
bacteria (Figure S7A), suggesting that multiple key microbiota strains act in concert to
generate protective immunity against colitis.

Furthermore, OS, as the top increased species in 7akZ4M2M mice compared with both WT
and littermate controls (Figure S6H), was selected to investigate the induction of protective
immunity against CRC. In Abx-treated WT mice, OS inoculation led to significantly
ameliorated body weights after AOM/DSS treatment and decreased tumor numbers
compared with control mice (Figures 7B-7D). The increase of colon length in OS-treated
mice was indicative of a healthy status with potentially lower inflammation (Figure 7E).
Importantly, germ-free mice were monocolonized with OS single strain (Figure S7B). After
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DSS treatment, the control mice were completely sensitive, while OS-transferred germ-free
mice had significantly extended survival, with limited loss and complete recovery of body
weights (Figure 7F). These data suggest that OS alone can induce significant protective
immunity against colitis and CRC.

We next investigated the immune responses to OS transfer, and found significant increases
of colon Th17 cells in both Abx-pretreated and germ-free WT mice, consistent with elevated
levels of IL-17A and IL-22 in the colon and/or serum after OS colonization (Figures 7G-71
and S7C). Notably, without Abx pretreatment, OS transfer in WT mice could lead to a
higher percentage of colon Th17 cells (Figures S7D and S7E) than those observed in germ-
free or Abx-treated mice, indicating other microbiota strains may synergistically enhance the
Th17 cell development induced by OS. To demonstrate the requirement of Th17 cells in
mediating OS-induced protective immunity, we treated //Z7ra~~ mice with Abx and OS, and
found that they were similarly sensitive to DSS-induced colitis with or without OS
administration (Figures 7J and S7F), suggesting that OS protects host against colitis by
inducing intestinal Th17 cells and cytokines.

To determine the potential mechanisms of how single bacterial strains induce protective
immunity against colitis and CRC, we tested the effects of OS, B4, BD, and BU on
stimulating cytokine productions by immune cells. In neutrophils and macrophages, IL-18
could only be induced by OS, whereas IL-6 was dramatically stimulated by all 4 strains
(Figure S7G). Importantly, OS induced higher levels of IL-17A in total splenocytes than that
detected in the case of B4, BD, or BU (Figure 7K). As certain Th17 cytokines that may have
protective functions against colitis (Lee et al., 2015; Sugimoto et al., 2008), IL-17A and
IL-22 were induced by OS stimulation in the cells from spleen and/or mLN (Figure S7H).
Furthermore, intestinal Th17 cells were obtained from 7ak24M/AM:j[17-GFP" mice, and
their production of IL-17A and IL-22 after OS treatment were observed (Figure 7L).
Overall, our data indicate that a single bacterial strain identified from 7akz4M2M mouse
microbiota can induce innate immune cytokine production and stimulate Th17 cells to
confer protective immunity against colitis and CRC.

DISCUSSION

In this study, we demonstrate that 7akZ4M/2M mice are completely resistant to chemically
induced colitis and CRC, different from most of the reported models that are more sensitive
to colitis than WT mice (Terzic et al., 2010; Wirtz et al., 2007), thus providing a unique
opportunity to determine the mechanisms and identify single bacterial strains responsible for
the protective immunity. Several CRC-associated bacteria have been identified in cancer
patients and in animal models (Belkaid and Hand, 2014), however, only very few bacteria
were found to contribute to protective immunity against colitis and CRC. Using this unique
resistant mouse model, we identified numerous bacterial taxa that have been implicated in
human Crohn’s disease and cancer development: (1) Lachnospiraceae is dramatically
increased in resistant 7akZ4MAM mice and decreased in Crohn’s disease patients (Gevers et
al., 2014), and negatively correlates with CRC in mouse recipients of human fecal transplant
(Baxter et al., 2014). Administration of Clostridium immunis (in Lachnospiraceae family)
protects mice from DSS-induced colitis (Surana and Kasper, 2017). (2) Alistipes indistinctus
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was also considerably increased in the gut flora of 7akZ74MAM mice, and the antitumor
efficacy of this species in cancer immunotherapy was demonstrated (Routy et al., 2018). (3)
Odoribacter splanchnicus and Odoribacter laneus are two major species with significantly
increased abundance in 7akZ4M/AM mice. Consistently, Odoribacter ranks among the top
increased genera in resistant laboratory animals treated with microflora of wild mice
(Rosshart et al., 2017). (4) Akkermansia muciniphilais significantly reduced, and this
species demonstrated the highest significant decrease in 7ak24MAM mice. Indeed,
Akkermansia muciniphilais positively associated with the induction of CRC in mice
recipients of human fecal transplant (Baxter et al., 2014). Collectively, these data suggest
that specifically altered (increased or decreased) microbiota species in 7ak74M/AM mice are
relevant to their ability to inhibit or promote colitis and cancer development.

To illustrate the functions of specific microbiota in 7ak24M/2M mice, we demonstrate that
Abx-mediated microbiota depletion converts the resistant phenotype to sensitive phenotype.
Cohousing and fecal transfer approaches suggest that the microbiota of 7ak74M2M mice can
be transferred to WT mice to confer the resistance to colitis and CRC. Moreover, we provide
compelling evidence to demonstrate that microbiota are critically required to activate innate
immune signaling with subsequent cytokine production and to promote Th17 cell
development. Although IL-1f or IL-6 alone can promote colonic inflammation and colitis-
associated CRC (Bollrath et al., 2009; Coccia et al., 2012; Grivennikov et al., 2009; Tu et al.,
2008; Wang et al., 2014b), 7Tak14MAM mice produce high levels of IL-1f and IL-6 while
still maintaining a resistant phenotype. Depletion of the microbiota considerably reduces
IL-6 production; Importantly, ablation of IL-1R1 or IL-6 signaling pathways alters the
composition of microbiota, reduces the number of Th17 cells in the intestinal LP, and
sensitizes the animals against colitis and CRC, suggesting that microbiota modulate
protective immunity through IL-1R1 and IL-6 signaling pathways.

Th17 cells and IL-17A show context-dependent roles in mediating colitis and CRC,
probably due to the following mechanisms: (1) Different tumor models (Apc mutation

model versus chemically induced model). IL-17A promotes the tumor development in
genetically induced (Apc™*) CRC models (Chae et al., 2010; Grivennikov et al., 2012;
Wang et al., 2014a; Wu et al., 2009), but displays a protective effect in most of the colitis-
associated CRC models (O’Connor et al., 2009; Ogawa et al., 2004; Yang et al., 2008), via
regulation of epithelial permeability, barrier function, and tissue repair (Lee et al., 2015;
Maxwell et al., 2015; Song et al., 2015). In existing tumor cells and intact colon epithelial
cells, IL-17A may act through altered signaling pathways and show distinct roles. (2)
Different animal models (DSS-sensitive versus resistant models). Most previous studies
using knockout mouse models show a decreased Th17 population or loss of key Th17
cytokines, resulting in a more sensitive phenotype than WT mice in response to DSS-
induced colitis. By contrast, our unique animal model ( 7akZ4M/AM) significantly increased
Th17 cell population and were completely resistant to DSS-induced colitis. A recent report
shows that Famé64a~~ mice decreased Th17 cells and ameliorated colitis and CRC (Xu et al.,
2019), but Th17 cells in Fam64a™~ mice were not tested for their proinflammatory or
suppressive role. (3) Different cytokine environment. Besides the number of Th17 cells, their
function could be influenced by several key cytokines (IL-6, IL-1p and IL-23). With the
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presence of I1L-23 or serum amyloid A proteins, Th17 cells could acquire a pathogenic pro-
inflammatory phenotype, compared with non-pathogenic Th17 cells induced by IL-6 and
TGF-p (Ghoreschi et al., 2010; Lee et al., 2020). Th17 cells generated in different
environments may further secrete distinct cytokines and show pro-inflammatory or immune-
suppressive functions (Esplugues et al., 2011).

Although gut microbiota have been linked to cancer development and immunotherapy
(Honda and Littman, 2016; Hooper et al., 2012; Rooks and Garrett, 2016; Thaiss et al.,
2016; Zitvogel et al., 2016), little is known about specific bacterial strains that induce and
modulate antitumor immunity. Recently, a combination of 11 bacterial strains improves the
antitumor efficacy of checkpoint inhibitors (Tanoue et al., 2019); however, a similar effect of
a single strain was not demonstrated. In this work, we identified a single bacterial strain
(Odoribacter splanchnicus) that confers significant resistance to colitis and CRC, due to
induced Th17 cells and enhanced cytokine productions. Notably, Th17 cell differentiation is
mainly directed by specific microbiota strains (Honda and Littman, 2016), and some bacteria
species have been identified (Chan et al., 2019; Ivanov et al., 2009; Wu et al., 2009; Yang et
al., 2014). By contrast, other CD4 subsets were not affected by specific 7ak74M/AM
microbiota in our model.

Based on our findings, we propose a multiple-step working model: 1) altered microbiota
interplay with innate immune signaling to produce cytokines (IL-1p and IL-6) in Tak14M/AM
mice; 2) microbiota and key cytokines stimulate dramatic expansion of Th17 cells; and 3)
Th17 cells and IL-17A mediate the resistance to colitis and CRC. In summary, our study
reported a unique colitis-resistant mouse model, demonstrated the interaction of microbiota
and innate immune signaling in regulating Th17 cells, tissue integrity, and inflammation,

and identified a single bacterial strain that can trigger protective immunity against cancer.

STARXMETHODS
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for reagents may be directed to and will
be fulfilled by the Lead Contact, Rong-Fu Wang (rongfuwa@usc.edu).

Materials Availability—This study did not generate new unique reagents.

Data and Code Availability—The 16S and shotgun metagenomics raw sequence data
reported in this paper were deposited in NCBI Sequence Read Archive (SRA) with the
accession number of PRINA495072.

Data analyses for microbiota sequencing are performed following published articles
(described in detail in “QUANTIFICATION AND STATISTICAL ANALYSIS” section), in
which the sources of code for computational data analysis pipeline are available.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals and In Vivo Procedures—As described previously (Ajibade et al., 2012),
Tak171ox/flox mice (gift from Dr. Michael Schneider, Baylor College of Medicine) were
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crossed with Lyz2-Cre mice (Jackson Laboratory) to generate the 7akZ4MAM mouse strain.
C57BL/6 (WT), //1r17~, 1167~, Rag1™'~, and Rorc™~ mice were purchased from Jackson
Laboratory. //17-GFP* strain is a gift from Dr. Scott Durum (National Institutes of Health).
Tak12M/AM mice were then crossed with these mice to generate 7akZ2M2M.j[1r1~/~,
TakIAMAM 116/~ Tak1AMM -Rag1~/~, Tak1AMAM Rorc~~, and Tak1AMAM.1[17-GFP*
strains. In all experiments, 7 to 9 weeks old female mice were used unless specifically
described; and the mice in different groups were single housed unless stated otherwise. The
littermate control mice ( 7Tak10X/flox -1 y72-Cre™) were weaned at 3 weeks old and housed
separately from the 7ak24M/2M mice after the genotyping. All the mice were housed under a
12:12 light:dark cycle, and maintained in specific pathogen-free facilities that are accredited
by Association for Assessment and Accreditation of Laboratory Animal Care International
(AAALAQC). All animal studies were approved by the Institutional Animal Care and Use
Committee (IACUC) of Houston Methodist Research Institute and University of Southern
California.

In acute colitis model, mice were administered 5% DSS (molecular weight 36-50 kDa; MP
Biomedicals) in drinking water for 5 days followed by regular water for 2 weeks. In colon
cancer model, mice were i.p. injected AOM (Sigma-Aldrich, 10 mg/kg body weight) on day
0, and provided with 2% DSS through drinking water on days 5-10, 24-29, and 43-48, then
sacrificed on day 80 for colon tumor analysis.

To generate bone marrow chimeric mice, recipient mice were y-irradiated at 950 rad, and
intravenously injected with 10 million fresh bone marrow cells from donor mice after 24
hours. Recipient mice were treated with antibiotic water (0.5 mg/ml Baytril, Bayer) for two
weeks starting from 2 days before irradiation, followed by 4 weeks of regular water. Six
weeks after irradiation, chimeric mice were treated for future experiments.

For antibiotic treatment, freshly weaned (3-4 weeks old) WT B6 and 7ak24MAM mice were
treated with a combination of various antibiotics (ampicillin, 1 mg/ml; neomycin, 1 mg/ml;
metronidazole, 1 mg/ml; vancomycin, 0.5 mg/ml) through drinking water. After 4 weeks,
cecum was dissected from control and antibiotic-treated mice for the validation of successful
microbiota ablation, as indicated by the enlargement of cecum. Fecal samples were also
collected, resuspended in sterile PBS, filtered with a 70 pm strainer, and applied on
antibiotic-free agar plates prepared with brain heart infusion (BHI) medium. Both anaerobic
(37°C for 3 days) and aerobic cultures (37°C for 2 days) were performed for the
confirmation of microbiota depletion. After the validation, mice were then treated with 5%
DSS for the induction of acute colitis.

For animal cohouse, age- and sex-matched WT and 7ak24M/AM mice were freshly weaned
(3—4 weeks old) from their parents, and the littermates were randomly separated into two
groups. In cohouse group, WT and 7ak24M/2M mice were raised in the same cages at 1:1
ratio (2 WT and 2 knockout mice in each cage) after weaning, while in control groups, the
mice were raised in separate cages to maintain their differences on microbiota composition.
After 4 weeks, fecal materials were collected from control single-housed mice and cohoused
mice for 16S sequencing to validate the similarity of microbiota in cohoused ones. Then the
mice were treated with 5% DSS to induce acute colitis and AOM/DSS for colon cancer.
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For fecal materials or cultured bacteria transfer, freshly weaned (3—4 weeks old) WT B6
mice were pretreated with a combination of various antibiotics (ampicillin, 1 mg/ml;
neomycin, 1 mg/ml; metronidazole, 1 mg/ml; vancomycin, 0.5 mg/ml) for 4 weeks, and
were randomly separated into different groups for the oral gavage of fecal materials or single
bacteria strains. The viably preserved fecal microbial communities were transferred by oral
gavage every week for 4 weeks into the mice. Fecal pellets were freshly collected from WT
B6 mice and 7ak24M/AM mice, and stored in —80°C freezer. Cryopreserved fecal stocks were
thawed and resuspended in sterile PBS (1 ml per fecal pellet), and filtered with a 70 um
strainer. Fecal stocks from the same genotype were mixed so that each recipient mouse
received the same 0.2 mL suspension every week. For the gavage of single bacteria strains,
the number of anaerobically cultured bacteria were evaluated based on reading of the
spectrophotometer at Optical Density of 600 nm. Each week, 5x108 bacteria/strain were
transferred to each mouse with 0.2 ml PBS. Mice that received the same fecal stocks or
bacteria species were housed in the same cage. The mice were treated with AOM/DSS or
5% DSS after 4 weeks from the initial transfer.

Germ-free mice were purchased from Taconic Biosciences at 3—4 weeks old and housed in
autoclaved sterile microisolators with positively pressured HEPA-filtered sterile air,
irradiated food, and autoclaved water. Mouse handling and weekly cage changes were
performed by investigators wearing sterile gowns, masks, and gloves in a sterile biosafety
hood. Fecal microbiota or OS single strain were transferred to the germ-free mice once a
week for 4 weeks, similar as in Abx-treated mice. The sterility in control mice (treated with
sterile PBS) was examined every two weeks by the fecal material culture on antibiotic-free
BHI agar plates. Successful colonization in bacteria-transferred mice were validated after 4
weeks by fecal material culture and PCR.

METHOD DETAILS

Histology, Immunohistochemistry, and Microscopy—*Fresh colon pieces were fixed
with 3.7% formalin for 24 hours, and then sent to the histology core at Baylor Breast Care
Center for further processing and H&E staining. Alcian blue and periodic acid schiff (AB/
PAS) staining was performed as per manufacturer’s instruction (Newcomer Supply) to show
Goblet cells. For IHC staining, unstained tissue sections were deparaffinized in xylene,
rehydrated in graded ethanol solutions, and washed in tap water. Antigen retrieval was
achieved by boiling the slides in a pressure cooker for 3 min in a citrated buffer (10 mM
trisodium citrate, pH 6.0). After 10 min treatment with 3% H,0», tissue sections were
blocked with 5% normal goat serum in TBST for 1 hour at room temperature, incubated
with primary antibodies at 4°C overnight, and with EnVision Polymer-HRP secondary
antibodies (Dako) at room temperature for 30 min. After the application of DAB chromogen
(Vector), tissue sections were stained with hematoxylin, dehydrated, and mounted. The
slides were analyzed by a pathologist and the investigators. Images were acquired using the
Olympus BX61 microscope along with DP71 digital camera (Olympus).

After the IHC staining of Ki-67, slides were read under microscope and fields were
randomly selected for analysis. Pictures were taken at 40X magnification. The positive and
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negative cell numbers were counted in each field. For each mouse, 4-5 fields were used for
quantification, with the animal number of 3-5 for each group.

Histopathology score in colitis model—Formalin-fixed and paraffin-embedded colons
were processed and stained with H&E according to standard procedures. Tissues were
scored on a 0—4 system, according to published criteria (Erben et al., 2014; Maxwell et al.,
2015): 0, normal; 1, mild inflammation with less than 10% loss of epithelial structure
(crypts), focal enterocyte hyperplasia; 2, moderate inflammation with 10%-30% of crypt
loss, multifocal enterocyte hyperplasia, goblet cell loss; 3, marked inflammation with 30%-—
50% of crypt loss, diffuse enterocyte hyperplasia, few goblet cells; 4, severe inflammation
with over 50% of crypt loss, diffuse enterocyte hyperplasia, mucosal ulceration. Each data
point represents an individual mouse.

16S rRNA gene sequencing—As previous described (Rosshart et al., 2017), 16S rRNA
gene sequencing methods were adapted from the methods developed for the Earth
Microbiome Project and Human Microbiome Project. Bacterial genomic DNA was extracted
using QlAamp Fast DNA Stool Mini Kit (QIAGEN). For the microbiota comparison in WT,
Tak1AM/AM mice, cohoused mice, and DKO mice, samples were submitted to Alkek Center
for Metagenomics and Microbiome Research in Baylor College of Medicine for library
generation and sequencing. The 16S rDNA V4 region was amplified by PCR and sequenced
in the MiSeq platform (Illumina) using the 2x250 bp paired-end protocol yielding pair-end
reads. The primers used for amplification (515F-806R) contain adapters for MiSeq
sequencing and single-end barcodes allowing pooling and direct sequencing of PCR
products on the Illumina MiSeq platform. For the microbiota comparison in littermate
controls, 7Tak14M/AM mice, and DSS-treated 7ak2AMAM mice, samples were submitted to
Novogene for library generation, sequencing, and data analyses.

Whole shotgun metagenomic sequencing—Fresh fecal samples were collected from
WT and 7ak14M/AM mice, immediately frozen on dry ice, and submitted to Novogene for
further procedures. Whole metagenomic DNA was extracted using QlAamp DNA
Microbiome Kit (QIAGEN). DNA obtained from each sample was used for library
construction with NEBNext Ultra 11-E7645 (New England Biolabs), which were then
shotgun sequenced in the Illumina HiSeq Platform using Hiseq 4000 SBS kit, PE150
(1lumina).

Bacteria colonization PCR—Fecal bacterial genomic DNA was extracted from bacteria-
transferred mice using QlAamp Fast DNA Stool Mini Kit (QIAGEN). PCR was performed
with GenDEPOT amfiSure PCR Master Mix, followed by the electrophoresis on a 2%
agarose gel. Real-time QPCR was performed using an Applied Biosystems 7500 Fast Real-
Time PCR system with SYBR Green master mix (Applied Biosystems). Relative
abundances of specific taxa were normalized with the universal bacteria primers.

Isolation of Intestinal LP Lymphocytes—RBriefly, the fat, connective tissue, Peyer’s
patches, and feces were removed from colon. The colons were then cut into ~0.5-cm pieces
and incubated in 2 mM EDTA/PBS/FBS for 30 min at 37°C with stirring. After EDTA
treatment, the small intestine and colon pieces were washed in PBS/FBS solution and
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incubated in 0.5 mg/ml Collagenase-1V (Sigma)/RPMI-1640/FBS for 90 min at 37°C with
stirring. After collagenase digestion, the supernatant which contains LP cells, were
centrifuged, and the cell pellets were re-suspended in 44% Percoll (GE)/RPMI-1640/FBS.
The 44% Percoll/cell suspension was slowly added onto the surface of 67% Percoll/
RPMI-1640/FBS. After centrifugation, the LP cells were at the 44% to 67% interface.

Flow Cytometry and Sorting—For surface marker staining, cells were directly stained
in a cocktail of fluorochrome-conjugated antibodies (eBioscience or BD Biosciences) for 30
min on ice, washed twice in PBS/FBS, and resuspended in PBS/FBS for flow cytometry. For
intracellular staining, cells were activated with PMA, lonomycin and protein transport
inhibitor for 4 hours at 37°C. Then the cells were resuspended in Fix/Perm buffer (BD) and
treated for 20 min on ice, washed with Perm/Wash buffer (BD), and stained with the
antibody cocktail for 30 min on ice. After washing twice, cells were re-suspended in
PBS/FBS for flow cytometry. BD LSR Il analyzer was used to distinguish different subsets.
For the sorting of Th17 cells, intestinal LP lymphocytes were isolated from 7akz4MAM.jj;7.
GFP* mice, enriched with Untouched Mouse CD4 Cells Kit following manufacturer’s
instruction, and then stained with PE-CD4 antibody for 10 min at room temperature. After
washing twice with RPMI-1640/FBS, cells were filtered with 40 pm strainer, and
resuspended in RPMI-1640/FBS for sorting. BD FACSAria 1l sorter were used to acquire
the control CD4* (PE*/GFP~) and Th17 population (PE*/GFP™).

Enzyme-Linked Immunosorbent Assay (ELISA)—Briefly, the plates were coated
with capture antibodies (eBioscience or MBL) at 4°C overnight, and blocked with PBS/BSA
for an hour at room temperature. Samples and standards were incubated in the plates for 2
hours at room temperature. The plates were treated with biotinylated detection antibodies
(eBioscience or MBL) for 1 hour, and HRP chromogen (Thermo) for 30 min at room
temperature. Tetramethylbenzidine (TMB; Sigma) was added to the plates for 5-10 min and
the reactions were stopped with an equal volume of 2 M H,SO,4. The absorbance of each
well was read at 450 nm on BioTek Synergy 2 Microplate Reader.

In Vitro Immune Cell Stimulation by Microbiota Strains—~Peritoneal macrophages
and neutrophils were obtained by intraperitoneal injection of 1.5 ml 3% (v/v) thioglycollate
(BD), and peritoneal cavities were flushed after 4 hours (for neutrophils) or 3 days (for
macrophages) with RPMI-1640 media with 2% FBS. Total immune cells from spleens and
mLNs were collected by mashing the cells through the 40-um strainer into the petri dish
containing RPMI-1640 media with 2% FBS. Red blood cells were lysed by ACK buffer for
5 min at room temperature. Bacteria antigens for the candidate strains were prepared by
resuspending 6 x 10 2 bacteria in 20 ml PBS, and autoclaving for 20 minutes. For in vitro
stimulation, cells were cultured in 96-well U-bottom plates (0.1 million/well), with or
without 20 ng/ml mouse IL-2 for enhancing T cell activity, and treated with autoclaved
bacteria suspension (1:10 dilution to final concentration). After 4 hours (for macrophages),
20 hours (for neutrophils), or 48 hours (for total splenocytes and mLN cells), the culture
supernatants were collected to examine the cytokine production by ELISA.

Th17 cells were sorted from intestinal LP in 7ak24M2M.1/17-GFP* mice, and seeded (5 x
10* cells/well) in 96-well U-bottom plates. Total splenocytes from the same mice were
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irradiated as antigen-presenting cells (APCs). After the overnight pre-incubation with
autoclaved bacterial lysates (1:10 dilution), the APCs (2 x 10° cells/well) were added into
the Th17 cells in 96-well plates or empty wells for baseline controls. Mouse 1L-2 (20 ng/ml)
was added for enhancing Th17 cell activity. After 24 and 48 hours, the culture supernatants
were collected to examine the cytokine production by ELISA.

QUANTIFICATION AND STATISTICAL ANALYSIS

General Statistical analysis: Descriptive statistics, including means, standard
deviations, medians, and ranges, were computed for each group and analyzed with Student’s
t-test or for multiple comparisons, with ANOVA. Data is presented as mean + standard error
of the mean (SEM). Differences in mice survival were evaluated with Mantel-Cox log-rank
test. The sample size for each experiment is included in the results section and the associated
figure legend. All analyses were performed with GraphPad Prism 5 (GraphPad Software, La
Jolla, CA). P-values < 0.05 were considered significant.

16S rRNA gene compositional analysis—Data analysis for 16S rRNA sequencing
was performed as previous described (Rosshart et al., 2017). Briefly, 16S rRNA gene
sequences were clustered into Operational Taxonomic Units (OTUs). Abundances were
recovered by mapping the demultiplexed reads to the OTUs. The rarefied OTU tables were
generated for downstream analyses using a visualization toolkit developed at the CMMR
named ATIMA (Agile Toolkit for Incisive Microbial Analyses). Significance of categorical
variables are determined using the non-parametric Mann-Whitney test for two category
comparisons or the Kruskal-Wallis test when comparing three or more categories.
Correlation between two continuous variables is determined with R’s base “Im” function for
linear regression models, where p values indicate the probability that the slope of the
regression line is zero. PCoA plots employ the Monte Carlo permutation test to estimate p
values, which are further adjusted for multiple comparisons with the FDR algorithm.

Pairwise PERMANOVA tests with false discovery rate adjustments for multiple
comparisons were applied using the adonis function in the vegan package to the unweighted
and weighted UniFrac metric to determine differences in microbial community composition.
Differences in taxonomic abundance and differences between pairwise unweighted UniFrac
distances were assessed with the Kruskal-Wallis test with a false discovery rate adjustment
for multiple comparisons in R version 3.2.1. Heatmaps were generated under R package
‘pheatmap’ (The R Foundation, https://cran.r-project.org/). Additionally, multiple other
helper functions and graphing tools were utilized in the R environment.

Indicator species analysis, as implemented by the indicspecies package, was used to identify
OTUs that were most indicative of WT or 7ak24M/AM group based upon both probability of
occurrence and abundance in those groups. Those OTUs that were found to be significant
indicators through permutation tests and subsequent False-Discovery-Rate adjustment were
further screened to ensure that we identified highly indicative OTUs. Therefore, we removed
those indicator OTUs that did not occur in at least 75% of the mice for which they were
indicative, and we further removed indicator OTUs that were not observed at an average
relative abundance of greater than 0.1% for the samples shown.
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After the analysis of 16S sequencing data, detailed information are listed in Supplement
Tables S1 and S2, with key data used for figure generation.

Whole shotgun metagenomic sequencing analysis—Raw reads were filtered to
trim nucleotides from the 3’ end using a quality threshold of 30 and remove adaptor
contamination and low-quality. As a consequence, an average of 92.6% high quality reads
was obtained from all samples.

The high-quality reads of the HiSeq platform were then aligned to the Mus musculus
complete genome by SOAP2 using the criterion of identity = 90%. Sequence-based gene
abundance profiling was performed as previous described (Li et al., 2014). The relative
abundances of phyla, genera, species and KOs were calculated by the sum of the relative
abundance of their annotated genes. At species level, the fold change of relative abundance
over 1.5 was considered as increased taxa, while the fold change less than 0.5 considered as
reduced taxa. The alpha diversity (within-sample diversity) was quantified by the Shannon
index using the relative abundance profile at gene, genus and KO levels as described (Li et
al., 2014). The beta diversity (between-sample diversity) was calculated using Bray-Curtis
distance (R 3.2.5, vegan package 2.4-4).

After the analysis of metagenomic sequencing data, detailed information are listed in
Supplement Table S3, with key data used for figure generation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

. Myeloid-specific 7akI-deficient mice are completely resistant to colitis and
CRC

. Specific microbiota in 7ak24M/AM mice plays a key role in protective
immunity

. Innate immune pathways and gut Th17 cells are required for protective
immunity

. O. splanchnicus alone induces Th17 cells and confers resistance to colitis and
CRC
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Figure 1. Takl Deficiency in Myeloid Lineage Renders Mice Resistance to DSS-induced Colitis
and Colon Cancer

(A-C) Body weight changes, survival, and clinical scores (diarrhea, bleeding, colon length)
in WT and 7ak24M/2M mice after 5% DSS treatment.

(D) H&E staining (10X), IHC staining of CLDN3 (40X), and AB/PAS staining (40X) on
colon sections (day 5 after DSS treatment, scale bar: 100 pm).

(E) Strategy for AOM/DSS-induced colon cancer model.

(F-G) Colon tumors and tumor number analysis in WT and 7ak24M/2M mice on day 80 after
AOM/DSS treatment.

(H-J) H&E and IHC staining of Ki-67 on colon sections (day 80 after AOM/DSS treatment,
scale bar: 100 um), and the analysis of Ki-67 positive cells.

Statistical analyses: Student’s unpaired t test (A, C, G, and J) and Mantel-Cox log-rank test
(B). *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.

See also Figure S1.
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Figure 2. Microbiota in Tak12M/AM ice Are Altered and Critically Required for Resistance to

Colonic Inflammation

(A-B) Body weight changes, survival, and tissue damage in WT and 7ak74MAM mice with

combined Abx pretreatment for 4 weeks and 5% DSS for 5 days.

(C-G) The 16S rRNA gene profiling data for fecal microbiome from 8 weeks old WT and
Tak1AM/AM mice. (C) PCoA plot of bacterial beta-diversity. (D-G) Relative abundance of
significantly altered taxa at the rank of phylum, class, order, and genus (including

unspecified taxa).

Statistical analyses: Student’s unpaired t test (A-left, D-F), Monte Carlo permutation test
(C), and Mantel-Cox log-rank test (A-right). *p<0.05; **p<0.01; ***p<0.001.

See also Figure S2 and Table S1.
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Figure 3. Specific Gut Microbiota in Tak12M/AM Nice Can Generate Protective Immunity in WT
Mice against Colitis and Colon Cancer

(A-B) The 16S rRNA gene profiling data for fecal microbiome from control and cohoused
WT and 7ak1AM/2M mice. (A) PCoA plot of bacterial beta-diversity. (B) Relative abundance
of significantly altered taxa at phylum level.

(C-D) Colon tumors and tumor number analysis in control and cohoused WT and
Tak12MAM mice on day 80 after AOM/DSS treatment.

(E) Survival of control and cohoused WT and 7akZ4M/AM mice after 5% DSS treatment.
(F-J) Recipient WT mice with Abx-pretreatment and fecal material transfer were treated
with AOM/DSS. (F-H) Body weight changes, colon tumors on day 80, and tumor number
analysis.

(1-J) IHC staining of Ki-67 on colon sections (scale bar: 100 um) and analysis of positive
cells.

(K) Survival of Abx-treated WT mice with fecal material transfer and 5% DSS treatment.
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(L) Survival of germ-free WT mice with fecal material transfer and 4% DSS treatment.
(M-N) H&E staining (40X, scale bar: 100 um) and histopathology scores on colon sections
from fecal microbiota transferred germ-free WT mice after DSS treatment.

Statistical analyses: Student’s unpaired t test (B, D, F, H, J, and N), Monte Carlo
permutation test (A), and Mantel-Cox log-rank test (E, K, and L). *p<0.05; **p<0.01;
***p<0.001; ****p<0.0001.

See also Figure S3 and Table S1.
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Figure 4. Innate Immune Signaling Pathways Are Required for Resistance against Colitis and
Colon Cancer in Tak1AM/AM pice

(A-B) Serum IL-6 and IL-1B in WT, 7akZ4M/AM and Abx-treated Tak14MAM mice (for 4
weeks).

(C-D) Body weight changes and survival of different strains after 5% DSS treatment.

(E-F) Colon tumors in different strains on day 80 after AOM/DSS treatment, tumor number
analysis, and Ki-67 positive cells on colon sections.

(G-H) The 16S rRNA gene profiling data for fecal microbiome from WT, 7ak14M/AM angd
double knockout mice. (G) PCoA plot of bacterial beta-diversity. (H) Relative abundance of
significantly altered taxa at genus level, including unspecified taxa.

Statistical analyses: Student’s unpaired t test (A-C, E, and F), Monte Carlo permutation test
(G), and Mantel-Cox log-rank test (D). *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
See also Figure S4 and Table S2.
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Figure 5. Th17 Cells in Tak12M/AM Mice Are Controlled by Innate Immune Signaling Pathways
and Microbiota and Are Required for Resistance to Colitis and CRC

(A) Flow cytometry of Th17 cells (IL-17A*/IFN-y™) in gated CD4* lymphocytes from
mLN, colon and small intestine LP, and PP.

(B) Thi7 cell percentage in colon and small intestine from WT and 7akZ4M/AM mice.

(C) Flow cytometry of colon LP Th17 cells (IL-17A*/IFN-y~) in gated CD4* lymphocytes
from different mouse strains.

(D) Flow cytometry of intestinal LP Th17 cells (IL-17A*/IFN-y~) in gated CD4*
lymphocytes from control and Abx-treated 7ak24MAM mice (for 4 weeks).

(E) Serum IL-17A in WT, 7ak14MAM and Abx-treated 7ak7AM/AM mice (for 4 weeks).
(F) Flow cytometry of intestinal LP Th17 cells (IL-17A*/IFN-y~) in gated CD4"*
lymphocytes from WT mice with Abx-pretreatment, fecal material transfer, and AOM/DSS
treatment (on day 80).
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(G) Colon tumors and tumor number analysis in 7akZ4MAM and Tak1AM2M Rag1~~ mice
with AOM/DSS treatment (day 80).

(H-1) Intestinal Th17 cells (IL-17A*/IFN-y~) in Tak28M/AM and Tak1AMAM -Rorc~~ mice,
and their body weight changes and survival after 5% DSS treatment.

(J-K) Intestinal LP lymphocytes were purified from 7ak24M2M.1/1 7-GFP* mice. Control
CD4" (CD4*/GFP™) and Th17 cells (CD4*/GFP*) were sorted and injected intraperitoneally
(i.p.) to WT recipients. (J) Body weights and survival after 5% DSS treatment. (K) H&E and
IHC staining of CLDN3 on colon sections.

Statistical analyses: Student’s unpaired t test (B, E, G, I-left, and J-left) and Mantel-Cox log-
rank test (I-right and J-right). *p<0.05; **p<0.01; ****p<0.0001.

See also Figures S5 and S6.
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Figure 6. Identification of the Dominant Microbiota Species/Strains in Tak12M/AM e
(A-B) Whole shotgun metagenomic sequencing for fecal microbiome from WT and

Tak1AM/AM mice. Heatmap for relative abundance of significantly increased (A) and
decreased (B) species.

(C) Survival of Tak14M/AM mice with combined or single Abx pretreatment and 5% DSS.
(D) The 16S rRNA profiling for fecal microbiome in control and ampicillin-treated
Tak1AMAM mice (for 4 weeks). Relative abundance of taxa at genus level with most
dramatic decrease.

(E) Significantly increased species in 7ak74M4M mice with the highest abundance from
metagenomic sequencing.

Statistical analyses: Student’s unpaired t test (E) and Mantel-Cox log-rank test (C). *p<0.05;
**p<0.01.

See also Figure S6 and Table S3.
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Figure 7. Identification of Protective Microbiota Strains for Colitis and Colon Cancer
(A) Survival of Abx-treated WT mice with single bacteria strain transfer and 5% DSS

treatment.

(B-E) Body weight changes, colon tumors (on day 80), tumor number analysis, and colon
length in Abx-treated WT mice with O. splanchnicus (OS) transfer and AOM/DSS

treatment.

(F) Body weight changes and survival of germ-free WT mice with OS transfer and 3% DSS

treatment.

(G-H) Flow cytometry of colon LP Th17 cells (IL-17A*/IFN-y~) in gated CD4*
lymphocytes from Abx-treated and germ-free WT mice with OS transfer.
() Cytokines in serum and colon tissues from control and OS-transferred germ-free WT

mice.

(J) Survival of Abx-treated WT and //Z7ra™~ mice with OS transfer and 5% DSS treatment.
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(K) IL-17A production in splenocytes from WT and 7ak24M/2M mice, after 1 day treatment
of PBS control or autoclaved single bacteria strains.

(L) Intestinal LP Th17 cells were sorted from 7akz4M/AM:j[17-GFP* mice for cytokine
productions after autoclaved OS treatment.

Statistical analyses: Student’s unpaired t test (B, D-E, F-left, G-I, K-L) and Mantel-Cox log-
rank test (A, F-right, and J). *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.

See also Figures S6 and S7.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

FC: Anti-mouse CD3 Thermo Fisher Clone: 17A2
FC: Anti-mouse CD4 Thermo Fisher Clone: RM4-5
FC: Anti-mouse CD8 Thermo Fisher Clone: 53-6.7

FC: Anti-mouse IL-17A

Thermo Fisher

Clone: eBiol7B7

FC: Anti-mouse IL-4

Thermo Fisher

Clone: BVD6-24G2

FC: Anti-mouse Foxp3

Thermo Fisher

Clone: FJK-16s

FC: Anti-mouse RORyt Thermo Fisher Clone: B2D

FC: Anti-mouse CD11b Thermo Fisher Clone: M1/70
FC: Anti-mouse Ly-6G Thermo Fisher Clone: RB6-8C5
FC: Anti-mouse F4/80 Thermo Fisher Clone: BM8
FC: Anti-mouse CD45 Thermo Fisher Clone: 30-F11
FC: Anti-mouse IFN-y BD Biosciences Clone: XMG1.2

FC: Anti-mouse TCRpB

Thermo Fisher

Clone: H57-597

FC: Anti-mouse TCRy&

Thermo Fisher

Clone: eBioGL3

ELISA: Anti-mouse IL-1 purified

Thermo Fisher

Cat#: 14-7012-85, RRID:

AB_468397

ELISA: Anti-mouse IL-1p biotin Thermo Fisher Cat#: 13-7112-85, RRID:
AB_466925

ELISA: Anti-mouse IL-6 purified Thermo Fisher Cat#: 14-7061-85, RRID:
AB_468423

ELISA: Anti-mouse IL-6 biotin Thermo Fisher Cat#: 13-7062-85, RRID:
AB_466911

ELISA: Anti-mouse IL-17A purified Thermo Fisher Cat#: 14-7175-85, RRID:
AB_763569

ELISA: Anti-mouse IL-17A biotin Thermo Fisher Cat#: 13-7177-85, RRID:
AB_763571

IHC: Anti-mouse Claudin 3 Thermo Fisher Cat#: 34-1700, RRID:
AB_2533158

IHC: Anti-mouse Zonulin (Haptoglobin) Bioss Cat#: BS-1808R, RRID:
AB_10856942

IHC: Anti-mouse Occludin Bioss Cat#: BS-1495R, RRID:
AB_10855189

IHC: Anti-mouse Ki-67 Cell Signaling Cat#: 12202, RRID:
AB_2620142

IHC: HRP-linked rabbit 2" antibody DAKO Cat#: K4003, RRID:

AB_2630375

Chemicals, Peptides, and Recombinant Proteins

Dextran Sulfate Sodium Salt (DSS)

MP Biomedicals

Cat#: 02160110

Azoxymethane (AOM)

Sigma-Aldrich

Cat#: A5486

Ampicillin

Thermo Fisher

Cat#: BP1760-25

Neomycin

Thermo Fisher

Cat#: BP266925
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Metronidazole

Thermo Fisher

Cat#: ICN15571025

Vancomycin

Thermo Fisher

Cat#: BP29581

Percoll centrifugation media

GE Healthcare

Cat#: 17089101

Collagenase IV Sigma-Aldrich Cat#: C5138
Poly-HRP Streptavidin Thermo Fisher Cat#: N200
TMB (3,3’,5,5’-Tetramethylbenzidine) Sigma-Aldrich Cat#: T5525

Critical Commercial Assays

Alcian Blue/PAS Stain Kit

Newcomer Supply

Cat#: 91022A

Dynabeads Untouched Mouse CD4 Cells Kit

Thermo Fisher

Cat#: 11415D

QIAamp Fast DNA Stool Mini Kit

QIAGEN

Cat#: 51604

Fixation/Permeabilization Solution Kit

BD Biosciences

Cat#: 554715

DAB Peroxidase (HRP) Substrate Kit

Vector Laboratories

Cat#: SK-4100, RRID:
AB_2336382

Mouse IL-22 Uncoated ELISA Kit

Thermo Fisher

Cat#: 88-7422-88, RRID:
AB_2575121

Experimental Models: Organisms/Strains

Mouse: WT: C57BL/6J

The Jackson Laboratory

Cat# JAX:000664, RRID:
IMSR_JAX:000664

Mouse: //1r17~: B6.129S7-111r1tm1Imx/J

The Jackson Laboratory

Cat# JAX:003245, RRID:
IMSR_JAX:003245

Mouse: /67~ B6;129S2-116tm1Kopf/J

The Jackson Laboratory

Cat# JAX: 002254, RRID:
IMSR_JAX: 002254

Mouse: Lyz2-Cre: B6.129P2-Lyz2tm1(cre)Ifo/J

The Jackson Laboratory

Cat# JAX: 004781, RRID:
IMSR_JAX: 004781

Mouse: //17-GFP*

Laboratory of Scott Durum

N/A

Mouse: Tak1ox/flox

Laboratory of Michael
Schneider

N/A

Mouse: Rorc™": B6.129P2(Cg)-Rorctm2L.itt/J

The Jackson Laboratory

Cat# JAX: 007572, RRID:
IMSR_JAX:007572

Mouse: Ragl™": B6.129S7-Ragltm1Mom/J

The Jackson Laboratory

Cat# JAX: 002216, RRID:
IMSR_JAX:002216

Mouse: Germ-free WT C57BL/6

Taconic Biosciences

Cat# Taconic: GF-B6

Mouse: //17ra”~: B6.Cg-ll17ratm2.2Koll/J

The Jackson Laboratory

Cat# JAX: 033431, RRID:
IMSR_JAX: 033431

Bacterial Strains

GCTTGGGACAGGCTGGTAAAG-3’

Odoribacter splanchnicus ATCC 29572
Bacteroides sp. 4_1_36 BEI Resources HM-258
Bacteroides sp. D20 BEI Resources HM-189
Bacteroides uniformis ATCC 8492
Nontoxigenic Bacteroides fragilis (NTBF) Laboratory of Cynthia Sears N/A
Oligonucleotides

Genotyping ( Tak1ox/floxy Common: 5°- (Liu et al., 2006) N/A
GCACAGAAAATGCACAGTGCTC-3’

Genotyping ( Tak1ox/floxy WT: 5°- (Liu et al., 2006) N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
Genotyping ( Tak1ox/floxy Mutant: 5°- (Liu et al., 2006) N/A
CTTACAAGCCGAATTCCAGCA-3’

Genotyping ( Tak1fox/floxy Excised: 5’- (Liu et al., 2006) N/A
CTCCTCCACTCCGCCCCTAC-3’

Genotyping (//1r1) F-WT: 5’-GGTGCAACTTCATAGAGAGATGA-3’ The Jackson Laboratory N/A
Genotyping (//1r1) F-Mutant: 5’-CTCGTGCTTTACGGTATCGC-3’ The Jackson Laboratory N/A
Genotyping (//1rZ) R-Common: 5’-TTCTGTGCATGCTGGAAAAC-3’ | The Jackson Laboratory N/A
Genotyping (//6) F-Common: 5’-TTCCATCCAGTTGCCTTCTTGG-3" | The Jackson Laboratory N/A
Genotyping (//6) R-WT: 5’-TTCTCATTTCCACGATTTCCCAG-3’ The Jackson Laboratory N/A
Genotyping (//6) R-Mutant: 5’-CCGGAGAACCTGCGTGCAATCC-3" | The Jackson Laboratory N/A
Genotyping (Lyz2-Cre) Mutant: 5’-CCCAGAAATGCCAGATTACG-3" | The Jackson Laboratory N/A
Genotyping (Lyz2-Cre) Common: 5°- The Jackson Laboratory N/A
CTTGGGCTGCCAGAATTTCTC-3’

Genotyping (Lyz2-Cre) WT: 5’-TTACAGTCGGCCAGGCTGAC-3’ The Jackson Laboratory N/A
Genotyping (Ragl) F: 5’-TCTGGACTTGCCTCCTCTGT-3’ The Jackson Laboratory N/A
Genotyping (Ragl) R: 5’-CATTCCATCGCAAGACTCCT-3’ The Jackson Laboratory N/A
Genotyping (Rorc) Common F: 5’-CCCCCTGCCCAGAAACACT-3’ The Jackson Laboratory N/A
Genotyping (Rorc) WT R: 5-GGATGCCCCCATTCACTTACTTCT-3’ The Jackson Laboratory N/A
Genotyping (Rorc) Mutant R: 5’-CGGACACGCTGAACTTGTGG-3’ The Jackson Laboratory N/A
Genotyping (//17-GFP) F: 5’-GACTTCAAGGAGGACGGCAACAT-3’ Laboratory of Scott Durum N/A
Genotyping (//17-GFP) R: 5’-GAGAGACCATGATGGTCACTGGA-3’ | Laboratory of Scott Durum N/A
Genotyping (//17ra) WT F: 5-GCATCCCAGACCAGCATTAG-3’ The Jackson Laboratory N/A
Genotyping (//17ra) WT R: 5’-CCAGCTGTCATCCAGACAAG-3’ The Jackson Laboratory N/A
Genotyping (//17ra) Mutant F: 5’-GCCTCCAAGTCTAGCTTTGCT-3’ The Jackson Laboratory N/A
Genotyping (//17ra) Mutant R: 5’-CCTAAGGAGGTCCGGAATGT-3’ The Jackson Laboratory N/A
QPCR (OS) F: 5’-ATGTAATGATGAGCACTCTAACGG-3’ (Tong et al., 2011) N/A
QPCR (0S) R: 5’-GGCTTTTGAGATTGGCATCC-3’ (Tong et al., 2011) N/A
QPCR (Universal bacteria) F: 5’~ACTCCTACGGGAGGCAGCAGT-3’ (Ayres et al., 2012) N/A
QPCR (Universal bacteria) R: 5’-ATTACCGCGGCTGCTGGC-3’ (Ayres et al., 2012) N/A
QPCR (Bacteroidetes) F: 5’-CATGTGGTTTAATTCGATGAT-3’ (Queipo-Ortuno et al., 2012) N/A
QPCR (Bacteroidetes) R: 5’-AGCTGACGACAACCATGCAG-3’ (Queipo-Ortuno et al., 2012) N/A
QPCR (Bacteroides) F: 5’-GGTTCTGAGAGGAGGTCCC-3’ (Ayres et al., 2012) N/A
QPCR (Bacteroides) R: 5’-GCTGCCTCCCGTAGGAGT-3’ (Ayres et al., 2012) N/A

Deposited Data

16S and shotgun metagenomics raw sequence data

This paper

NCBI SRA: PRINA495072

Software and Algorithms

GraphPad Prism 5

GraphPad Software

N/A

ATIMA (Agile Toolkit for Incisive Microbial Analyses)

Alkek Center for Metagenomics
and Microbiome Research,
Baylor College of Medicine

http://atima.jplab.net

R software v3.2.1

The R Foundation for Statistical
Computing

https://cran.r-project.org/
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