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Fungal-induced glycolysis in macrophages
promotes colon cancer by enhancing innate
lymphoid cell secretion of IL-22
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Abstract

Incorporation of microbiome data has recently become important
for prevention, diagnosis, and treatment of colorectal cancer, and
several species of bacteria were shown to be associated with
carcinogenesis. However, the role of commensal fungi in colon
cancer remains poorly understood. Here, we report that mice lack-
ing the c-type lectin Dectin-3 (Dectin-3�/�) show increased tumori-
genesis and Candida albicans burden upon chemical induction.
Elevated C. albicans load triggered glycolysis in macrophages and
interleukin-7 (IL-7) secretion. IL-7 induced IL-22 production in
RORct+ (group 3) innate lymphoid cells (ILC3s) via aryl hydrocarbon
receptor and STAT3. Consistently, IL-22 frequency in tumor tissues
of colon cancer patients positively correlated with fungal burden,
indicating the relevance of this regulatory axis in human disease.
These results establish a C. albicans-driven crosstalk between
macrophages and innate lymphoid cells in the intestine and
expand our understanding on how commensal mycobiota regulate
host immunity and promote tumorigenesis.
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Introduction

Colorectal cancer (CRC) is presently considered as world’s fourth

most commonly diagnosed cancer and the second leading cause for

mortality, resulting in death of more than 500,000 people every year

(Bray et al, 2018; Siegel et al, 2020). Inflammatory bowel disease

(IBD) has been reported to be associated with the development of

colitis-associated colon cancer (CAC) (Rutter et al, 2004; Gupta

et al, 2007). Thus, exploring the relationship between intestinal

inflammation and CRC progress may provide novel approaches for

treatment of CAC.

More than 100 trillion microbes are colonized in mammalian

gastrointestinal tract, mostly composed of gut commensal bacte-

ria, fungi, and viruses. Gut microbiota participates in the modu-

lation of both innate and adaptive immune responses and

maintain host intestinal homeostasis (Round & Mazmanian, 2009;

Belkaid & Hand, 2014). Microbial dysbiosis is associated with

IBD and CRC (Willing et al, 2010; Lepage et al, 2011). By study-

ing colitis and tumor formation in germ-free (GF) animals and

animals treated with antibiotics, scientists have proved the

contribution of commensal bacteria to colitis and CAC, including

tumor progression, chemotherapeutic drug resistance, and cancer

immunotherapy (Arthur et al, 2012; Yu et al, 2017; Matson et al,

2018; Routy et al, 2018; Baruch et al, 2021; Pleguezuelos-

Manzano et al, 2020). Beside bacteria, mycobiota is also an

important member in gut microbiota. Several kinds of fungi

reside on the gastrointestinal tract of healthy individuals, among

which Candida is the dominant (Iliev et al, 2012; Mukherjee

et al, 2015). Fungi are conditionally pathogenic in certain envi-

ronments, especially in an immune-suppressive system. It is

reported that Candida tropicalis, a kind of Candida, can translo-

cate into lamina propria (LP) of intestine and aggravate colitis

(Iliev et al, 2012). Our previous study also confirmed the func-

tion of C. tropicalis on the development of CAC (Wang et al,

2018). We found an increased C. tropicalis burden in the gut of

caspase recruitment domain-containing protein 9 (CARD9)-defi-

cient mice, resulting in increased myeloid-derived suppressor

cells (MDSCs) accumulation and increased inhibition of effector

T cells. Interestingly, the cell wall components of C. guillier-

mondii, C. krusei, C. tropicalis, C. auris, and C. albicans are dif-

ferent, which may trigger different recognition by human innate

immune cells (Navarro-Arias et al, 2019). However, whether

other fungi, besides C. tropicalis, can trigger colonic tumorigene-

sis remains unknown.
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Mammalian C-type lectin receptors which consist of Dectin-1,

Dectin-2, and Dectin-3 are pattern recognition receptors (PRR) on

innate immune cell surface for sensing fungi infection and induc-

ing activation of downstream signaling (Saijo et al, 2007; Saijo

et al, 2010; Zhu et al, 2013). Dectin-3 (also named as MCL/

CLECSF8/Clec4d) is expressed by multiple myeloid cells like

neutrophils, monocytes, and dendritic cells (Balch et al, 1998; Arce

et al, 2004; Graham et al, 2012). Dectin-3 was found to function

as a PRR for recognizing multiple fungi including C. albicans,

Paracoccidioides brasiliensis, and Cryptococcus through recognition

of a-mannans on their surface (Kerscher et al, 2016; Huang et al,

2018). Our previous study demonstrated that Dectin-3 forms a

heterodimeric complex with Dectin-2 for sensing a-mannans (Zhu

et al, 2013). We also found the deficiency of Dectin-3 impairs

phagocytic and fungicidal abilities of C. tropicalis in macrophages

and promotes colitis (Wang et al, 2016). Although functional inter-

actions of Dectin-3 with commensal fungi are crucial for colonic

immune homeostasis, the impact of Dectin-3 on CAC development

is still unknown.

Innate lymphoid cells (ILCs) have been identified as a novel

family of lymphoid effector cells (Serafini et al, 2015). ILCs can be

classified into three major subgroups (ILC1, ILC2, and ILC3) based

on different transcription factors (Spits et al, 2013). ILC3 contains

two major subtypes, NCR+ ILC3 and LTi-like ILC3, depending on

the expression of natural cytotoxicity receptors (NCR, including

NKp30, NKp44, and NKp46) on cell surface (von Burg et al,

2015). Generation and differentiation of ILC3 require the nuclear

hormone receptor RORct (Luci et al, 2009; Sanos et al, 2009;

Takatori et al, 2009). The interactions among ILC3, T cells, and

macrophages have a crucial impact on promoting intestinal home-

ostasis of gut bacteria and preventing inflammation-related

diseases (Hepworth et al, 2013; Mortha et al, 2014; Hepworth

et al, 2015). Previous studies found that interleukin (IL)-22 and IL-

23 production by ILCs resulted in tumor progression in colon

cancer mouse models (Kirchberger et al, 2013; Chan et al, 2014).

However, the relationship between ILC3 and commensal fungi

remains unknown.

In this study, we evaluated the effect of Dectin-3 on microbial

dysbiosis and tumor progression. The direct tumor promotion

role of C. albicans was confirmed by using fecal microbiota

transplantation experiment, intragastrical fungal administration

experiment, and anti-fungal experiment. Furthermore, we con-

firmed that C. albicans triggered IL-7 production of macrophage,

led to IL-22 production in ILC3, and eventually promoted CAC

development.

Results

Dectin-3�/� mice display increased CAC than wild-type (WT) mice

To explore the function of Dectin-3 on CAC, we employed the CAC

mouse model in mono-housed WT and Dectin-3�/� mice. By using

azoxymethane (AOM) and dextran sodium sulfate (DSS), colon

tumors can be observed in all mice in distal colon and rectum. We

found that tumor number, tumor size, and tumor burden in Dectin-

3�/� mice were significantly higher than those in WT littermates

(Fig 1A and B). During induction of tumor, the clinical colitis scores

were also higher in Dectin-3�/� mice (Fig EV1A). Histologically, the

lesions of Dectin-3�/� mice presented more adenocarcinomas with

higher grade, which frequently invading into the submucosa and

invading into the muscularis propria occasionally (Fig 1C and D).

Immunohistochemical staining indicated the positive proportion of

Ki-67 and p-STAT3 in tumors of Dectin-3�/� mice were markedly

higher than that in WT mice (Fig 1E and F). However, the positive

proportion of cleaved-caspase 3 showed no difference between WT

and Dectin-3�/� group (Fig EV1B). These data suggest that Dectin-3

deficiency promotes the occurrence of CAC by inducing epithelial

cell proliferation rather than inhibiting cell apoptosis.

We then analyzed the innate and adaptive immune cells in colonic

LP and mesenteric lymph nodes (mLN). Compared with WT tumor-

bearing mice, more macrophages (CD11b+F4/80+) and ILC3 were

recruited to mLN and LP tissues in Dectin-3�/� tumor-bearing mice

(Fig 1G). Our previous study found an aberrant proportion of MDSCs

in CAC models in Card9�/� mice. However, we did not find signifi-

cant difference in proportion of DCs (CD11c+) and MDSCs

(CD11b+Gr1+) between WT and Dectin-3�/� tumor-bearing mice

(Fig EV1C). For adaptive immune cells, no significant difference of

CD4+ T cells, CD8+ T cells, Tregs, and Th17 cells was found in mLN

and LP between WT and Dectin-3�/� tumor-bearing mice (Fig EV1D),

suggesting that anti-tumor immune responses mediated by T cells did

not contribute to the increased tumor burden in Dectin-3�/� mice.

We also detected cytokine expressions in LP cells. Expressions of

IL-6, IL-22, and Cxcl1, detected by qPCR, were increased in Dectin-

3�/� tumor-bearing mice compared with WT mice (Fig 1H). Similar

results were found in mLN cells and tumor cells (Fig EV1E and F).

The systemic production of cytokines and chemokines in serum was

detected using multiplex cytokine assays. Production of granulo-

cyte-macrophage colony-stimulating factor (GM-CSF), IL-6, IL-12,

and tumor necrosis factor-alpha (TNF-a) were higher in the serum

of Dectin-3�/� tumor-bearing group than those in WT group

(Fig EV1G).

▸Figure 1. Dectin-3�/� mice have increased tumor load upon AOM-DSS treatment than WT mice.

Single-housed WT mice and Dectin-3�/� mice (n = 8 for each group) were injected intraperitoneally with one dose of AOM (10 mg/kg), followed by three cycles of
feeding water with 2% DSS. After induction of tumorigenesis, mice were euthanized on day 100.
A Representative images of colon tumors were shown. Scale bars, 10 mm.
B Tumor number, tumor size, and tumor load in each mouse were measured.
C, D Histological analysis of colon tumors was shown by hematoxylin and eosin (HE) staining. Tumors were microscopically analyzed and classified as low or high

grade. Histological score was assessed by a pathologist. Scale bars, 25 µm.
E, F Tumor tissues were stained for Ki67 and p-STAT3. The percentage of Ki67-positive and p-STAT3-positive cells was quantified. Scale bars, 25 µm.
G Proportion of CD11b+F4/80+ and RORct+/CD45+lin� cells was analyzed in colonic LP cells and mLNs among tumor-bearing WT and Dectin-3�/� mice by flow cytometry.
H Relative expression of Il-6, Il-22, Cxcl1, and Il-17a in LP cells from tumor-bearing WT and Dectin-3�/� mice were detected using qPCR.

Data information: Data with error bars are represented as mean � SD. Each panel is a representative experiment of at least three independent biological replicates.
*P < 0.05, **P < 0.01, ***P < 0.001 as determined by unpaired Student’s t-test. See also Fig EV1.
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Gut mycobiota from Dectin-3�/� tumor-bearing mice promote
CAC development

To determine the influence of microbes on tumorigenesis, co-housed

WT and Dectin-3�/� mice were used to repeat the above CAC

experiment. WT and Dectin-3�/� littermates were co-housed for

more than 4 weeks before and during the whole experiments.

Tumor burden and clinical colitis scores did not display any dif-

ference between co-housed Dectin-3�/� and WT mice (Fig EV2A

and B), indicating that the endogenous microbes have significant
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impact on the increase of tumor burden in mono-housed Dectin-

3�/� mice. Next, germ-free (GF) mice were transferred with feces

from WT (WT ? GF) or Dectin-3�/� (D3 ? GF) tumor-bearing

mice during the treatment of AOM-DSS. GF mice with microbiota

from tumor-bearing Dectin-3�/� mice displayed significantly more

severe colitis and more tumor lesions, compared with WT-micro-

biota-receiving mice (Figs 2A and EV2C). Consistently, higher histo-

logical score and more proportion of Ki-67-positive cells were found

in Dectin-3�/�-microbiota-receiving mice, compared with WT-

microbiota-receiving mice (Fig 2B and C). These data indicated that

the altered microbiota in Dectin-3�/� mice, rather than the lack of

Dectin-3 in recipient GF mice, resulted in the increased CAC

progress.

Based on our previous study, the basic level of total fungal

burden in colons was almost the same between Dectin-3�/� and

WT mice (Wang et al, 2016). We next explored microbiota compo-

sition in Dectin-3�/� and WT tumor-bearing mice. The total fungal

burden in feces was significantly higher in tumor-bearing Dectin-

3�/� group than in WT group (Fig 2D), while the bacteria burden

did not display any difference (Fig EV2D). Next, we used high-

throughput internal transcribed spacer 2 (ITS2) sequencing (NCBI

SRP database: PRJNA661172) to analyze the fungal composition in

the feces. Although fungal biodiversity showed no difference

between tumor-bearing Dectin-3 and WT group (Fig EV2E and F),

the mycobiota was dominated by Ascomycota in tumor-bearing

Dectin-3�/� mice (Fig 2E), in which the percentages of Candida in

tumor-bearing Dectin-3�/� and WT group were significantly dif-

ferent (Fig 2F). The illustrative diagrams of fecal principal compo-

nent analysis (PCA) showed that the principal fecal fungi

component in Dectin-3�/� mice was changed, compared with WT

mice (Fig 2G). Similar result was found in transplantation experi-

ments in GF mice (NCBI SRP database: PRJNA 661186, Fig EV2G).

To identify the specific species of Candida, we next detected the

relative burden of C. albicans, C. tropicalis, and C. glabrata in LP

using qPCR. We found that the fungal burden of C. albicans were

obviously increased in Dectin-3�/� tumor-bearing mice and Dectin-

3�/�-microbiota-receiving mice (Figs 2H and EV2H). Moreover,

this difference in fungal burden and specific fungal amount

disappeared in co-housing experiment (Fig EV2I). We also used

16S ribosomal DNA sequencing to analyze the bacterial composi-

tion in mouse feces. We found that the composition of bacterial

genera did not display any difference between tumor-bearing WT

and Dectin-3�/� group by using bacteria-taxon-based analysis,

alpha diversity analysis, and PCA analysis.

To confirm the function of C. albicans on CAC development, we

colonized GF mice with C. albicans during AOM-DSS administra-

tion. We found C. albicans colonization-induced higher tumor load

and more severe colitis in GF mice (Figs 2I and EV3A), with

increased fungal burden and undetectable bacteria burden. Further-

more, the anti-fungal treatment, fluconazole, inhibited CAC devel-

opment in Dectin-3�/� tumor-bearing mice (Fig EV3B). However,

the antibiotics had no significant effect on the tumor load in Dectin-

3�/� tumor-bearing mice (Fig EV3C). Moreover, transferring feces

from WT mice to Dectin-3�/� mice protected mice from tumor

progression (Fig EV3D). Detailed mycobiota profiling data (NCBI

SRP database: PRJNA 661617) showed fecal transferring changed

the composition and principal component in Dectin-3�/� tumor-

bearing mice (Fig EV3E–G). Together, these results suggested that

the deficiency of Dectin-3 gene led to the increasing of C. albicans,

which subsequently promote CAC development in Dectin-3�/� mice.

Since the burden of C. albicans is crucial in Dectin-3�/� tumor-

bearing mice, we next aimed to explore the impact of Dectin-3 on

recognition and fungicidal abilities of C. albicans in macrophages.

By using ELISA methods, we found that recombinant Dectin-3

displayed high affinity to bind to both C. albicans hyphae-coated

plates and a-mannans (Figs 2J and EV3H), suggesting an effective

binding of Dectin-3 with C. albicans. We further examined fungici-

dal abilities of primary macrophages obtained from bone marrows

(BMDMs) which were subsequently challenged with C. albicans.

We found that BMDMs derived from WT mice limited the intracellu-

lar replication of C. albicans, while Dectin-3�/�-derived BMDMs

had a much higher fungal load (Fig 2K). Colony-forming unit (CFU)

assays indicated an increased number of viable yeasts recovered

from Dectin-3�/�-derived BMDMs (Fig 2L). Therefore, the increased

burden of C. albicans in Dectin-3�/� tumor-bearing mice may due to

the impaired anti-fungal ability of macrophage.

◀ Figure 2. Feces from tumor-bearing Dectin-3�/� mice promote CAC.

Germ-free (GF) mice were oral transferred with feces from tumor-bearing WT and Dectin-3�/� mice during administrated with AOM-DSS (n = 8, each group). After
induction of tumorigenesis (100 days), mice were euthanized.
A Tumor number, tumor size, and tumor load in colons were measured.
B Tumors were microscopically analyzed and classified as low or high grade. Histological score was assessed by a pathologist.
C Tumor tissues were stained for Ki67. The percentages of Ki67-positive tumor cells were quantified. Scale bars, 25 µm.
D Mice were treated as described in Figs 1A and 2A. Feces were collected from colons in each mouse. Total fungal burden in feces were quantified using qPCR.
E Mice were treated as described in Fig 1A. Fungal ITS2 rDNA gene sequence was performed in each group. Fungal-taxon-based analysis at the phylum level in feces

of mice. Color from blue to red indicates enrichment of fungus.
F Fungal-taxon-based analysis at the genus level in feces of mice. 1 Candidan 2 Fusarium 3 Kazachstania 4 Thermomyces 5 Phaeococcomyces 6 Mycosphaerella 7

Penicillium 8 Aspergillus 9 Coprinellus 10 Cryptococcus 11 Mortierella 12 Guehomyces 13 Preussia 14 Chaetomium 15 others.
G Three-dimensional principal component analysis (PCA) based on fungal ITS2 rDNA gene sequence abundance in the feces. WT: samples are from WT mice, De:

samples are from Dectin-3�/� mice.
H Specific fungal burden of C. albicans in the feces were quantified using qPCR.
I GF mice were orally gavaged with C. albicans (twice a week, 1 × 107) during administration with AOM-DSS (n = 8, each group). Mice were euthanized on Day 100,

tumor load in each mouse were measured.
J ELISA results for binding assays of Dectin-3 with C. albicans. Plates were coated with C. albicans and then were added with 100 ml/well recombinant Dectin-3 at

indicated concentrations.
K, L GFP-C. albicans (5 × 106) were added onto 1 × 106 BMDMs, and incubated at 37°C for 1 h. Cells were washed and fresh media containing fluconazole (300 lg/ml)

was added. At 6 and 18 h, C. albicans CFU inside BMDMs were photographed and calculated by plating on YPD agar. Scale bars, 25 µm.

Data information: Data with error bars are represented as mean � SD. Each panel is a representative experiment of at least three independent biological replicates.
*P < 0.05, **P < 0.01, ***P < 0.001 as determined by Student’s t-test. See also Fig EV2 and Appendix Fig S1.
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Up-regulation of IL-22 in Dectin-3�/� mice contributes to
CAC development

To explore the mechanism of C. albicans -induced CAC progression,

we used a multiple cytokine profiling assay, which revealed 31 signal

transduction pathways participating in different gene expressions

(Fig 3A). We found the production of IL-22, IL-7R, and TNF-a was

markedly up-regulated in Dectin-3�/�-microbiota-receiving GF mice,

compared with WT-microbiota-receiving mice (Fig 3B). The increased

expression of IL-22 was confirmed by using qPCR (Fig 3C). Previous

study has proved that the expressions of antimicrobial proteins, like b-
defensin and regenerating islet-derived protein III (RegIII-c), by intesti-

nal epithelial cells were triggered by IL-22. We also found up-regulated

expression of b-defensin, regenerating islet-derived protein 3 gamma

(Reg3g; encoding RegIII-c), and Cxcl1 in both LP and mLNs of GF mice

transferred with feces from tumor-bearing Dectin-3�/� mice (Fig 3C

and D, and Appendix Fig S1A). Since IL-17a also has a protective func-

tion in concert with IL-22, we then detected IL-17 expression and

production. However, no difference was found in the expression and

production of IL-17 between two groups (Fig 3E).

The IL-22 and IL-22R binding on intestinal epithelial cells could

activate JAK/STAT signaling, mainly STAT3, through its phosphory-

lation process (Lindemans et al, 2015). Consistent with the

increased production of IL-22, we also found a higher protein level

of p-STAT3 in intestinal epithelial cells in Dectin-3�/� microbiota-

received GF mice compared with WT-microbiota-received GF mice

(Fig 3F). To confirm the function of IL-22 in increased tumor load in

Dectin-3�/� mice, mono-housed WT and Dectin-3�/� mice were

treated with anti-IL22 antibody during the treatment of AOM-DSS

(Fig 3G). We found anti-IL22 treatment had no effect on fungal

burden and clinical colitis scores (Appendix Fig S1B and C). But

tumor loads and histological scores were downregulated in Dectin-

3�/� mice after anti-IL22 treatment (Fig 3G and Appendix Fig S1D).

We also found the percentage of p-STAT3-positive cells was

decreased after anti-IL22 treatment (Appendix Fig S1E and F).

IL-22 is mainly produced by RORct+ ILC3

Considering the up-regulation of IL-22 could promote CAC develop-

ment, we next aimed to detect the source of IL-22 in Dectin-3�/�

tumor-bearing mice. Previous reports suggest that IL-22 is produced

by cells in both innate and adaptive immune systems. Both ILC3

and RORct+ T helper 17 cells produce large number of IL-22 in host

intestine. In our Dectin-3�/� tumor-bearing mice, we observed that

most IL-22-producing cells in the intestine resided in the compart-

ment with the CD3�CD45+RORct+ phenotype, which was consistent

with the RORct+ ILC3 phenotype (Figs 4A and B, and EV4A). More-

over, IL-22 could be produced by both two subsets of RORct+ ILC3s,

including LTi cells and NCR+ ILC3s, but not by NKp46+ RORct�

natural killer cells (NK cells) (Fig 4C and D). Similar results were

found in mLN tissues (Fig EV4B).

To confirm the critical role of ILC3 cells in Dectin-3�/� tumor-bear-

ing mice, CD90 antibodies were used to deplete ILC3 subpopulation.

Although anti-CD90 treatment had no effect on fungal burden and coli-

tis scores (Figs 4E and EV4C), the absolute number of IL-22+ cells was

markedly decreased after anti-CD90 treatment in Dectin-3�/� tumor-

bearing mice (Fig 4F). Tumor numbers, tumor size, tumor loads, and

histological malignance scores were all decreased upon anti-CD90

treatment (Fig 4G), suggesting the effect of ILC3 and its producing IL-

22 on increased tumor burden in Dectin-3�/� mice. We also found the

percentage of p-STAT3-positive cells was decreased after anti-CD90

treatment in Dectin-3�/� tumor-bearing mice (Fig EV4D).

IL-22 production depends on microbial signals

Since the effector function of RORct+ ILC3s relies on commensal

microbiota-driven signals (Satoh-Takayama et al, 2008; Sanos et al,

2009), we therefore detected whether IL-22 production depends on

gut microbial signals. We found that IL-22 production could not be

detected in newborn mice, slightly increased in day 7, and signifi-

cantly increased from day 28 after birth (Appendix Fig S2A). This

accumulating production of IL-22 is in consistent with the increase

in number and complexity of the intestinal microbe. To further

confirm the impact of commensal fungi on IL-22 production in the

intestine, we analyzed IL-22 production in our previously described

mouse model. As shown in Fig 5A, both the proportion of IL-22+

cells and the absolute numbers of IL-22+ cells were up-regulated in

Dectin-3�/� microbiota-received GF mice, comparison to WT-

microbiota-received GF mice, and were increased in C. albicans

colonization mice compared with control mice. Upon fluconazole

treatment, both the proportion of IL-22+ cells and the absolute

numbers of IL-22+ cells were decreased in Dectin-3�/� tumor-bear-

ing mice (Appendix Fig S2B). However, treatment of antibiotics did

not affect IL-22 production in Dectin-3�/� tumor-bearing mice

(Appendix Fig S2C). These data together indicated that the

increased production of IL-22 in Dectin-3�/� tumor-bearing mice

was dependent on the intestinal microbial signals, especially the

fungal signal.

▸Figure 3. Up-regulation of IL-22 in Dectin-3�/� mice contributes to CAC development.

A, B Mice were treated as described in Fig 2A. LP cells were isolated from each mouse and were culture for 48 h. Cytokine and chemokine production of LP cells were
detected using multiplex cytokine assay. Color from blue to red indicates enrichment of gene expression.

C mRNA expressions of IL-22, b-defensin, Reg3g, and Cxcl1 in LP cells were detected by qPCR.
D LP cells and mLNs were isolated from each mouse and were culture for 48 h. Production of IL-22 in LP cells and mLNs were detected by ELISA.
E LP cells were isolated from each mouse and were culture for 48 h. Expression of Il-17 in LP cells were detected by qPCR. Production of IL-17 in LP cells were

detected by ELISA.
F Protein level of p-STAT3 and STAT3 in colonic epithelial cells was detected by using Western blot (one mouse per lane). The relative expression of p-STAT3 was

calculated.
G WT and Dectin-3�/� mice were intraperitoneally treated with anti-IL22 antibody or anti-IgG antibody as control during AOM-DSS administration (n = 5, each

group). Mice were euthanized on Day 100, tumor number, tumor size, and tumor load in colons were measured.

Data information: Data with error bars are represented as mean � SD. Each panel is a representative experiment of at least three independent biological replicates.
*P < 0.05, **P < 0.01, ***P < 0.001 as determined by Student’s t-test. See also Fig EV3.
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Candida albicans induce glycolysis and IL-7 production
in macrophages

We next try to find out how intestinal fungi promote IL-22 produc-

tion by ILC3 cells. Murine RORct+ ILC3s, lacking toll-like receptors

(TLRs) and C-type lectin receptors (Appendix Fig S2D), cannot

directly recognize gut microbial signals. Therefore, these cells are

dependent on other cellular sensors to translate signals from gut

microbiota into effector function. Macrophages, which have several

different PRRs, are of great significance for innate immune defense
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system against pathogenic bacterial and fungal infections. Activated

macrophages go through profound reprogramming of their cellular

metabolism. We isolated primary macrophages in LP from WT and

Dectin-3�/� tumor-bearing mice. The expressions of glycolytic

genes, including Glut1, Glut4, Gpi, Pfkl, Hk2, Aldoa, Pkm2, Pgk1,

Eno1, Eno2, and Ldha were significantly increased in primary

macrophage from Dectin-3�/� tumor-bearing mice, compared with

those in WT mice (Fig 5B). These glycolytic genes were also signifi-

cantly increased in primary macrophages isolated from Dectin-3�/�

microbiota-received GF mice, compared with those from WT-micro-

biota-received GF mice (Fig EV5A). To test whether C. albicans can

induce glycolytic phenotype in macrophages, BMDMs were then

co-cultured with C. albicans, Curdlan, and a-mannans. Curdlan

and a-mannans are exposed on the cell wall of C. albicans. Fungal

stimulation significantly up-regulated activity of the glycolytic path-

way in macrophages, presenting as increased glucose uptake level,

pyruvate level, ATP level, and lactate production in BMDMs

(Fig 5C). We also found BMDMs treated with C. albicans showed

decreased oxygen consumption rate (OCR) indicating the mitochon-

drial oxidative respiration and increased extracellular acidification

rate (ECAR) reflecting overall glycolytic flux (Fig 5D).

Hypoxia inducible factor-1 (HIF-1) is a heterodimeric transcrip-

tion complex that has been proved to work as a significant transcrip-

tional factor in modulating functions of innate immune and

glycolysis. Previous study has demonstrated that HIF-1-dependent

glycolysis is crucial for functional differentiation of macrophages in

preventing from bacterial infection. We tested whether C. albicans-

induced glycolysis is also dependent on HIF-1. BMDMs were

acquired from HIF-1a-deficient mice (HIF-1�/�) and WT mice. We

found HIF-1 deficiency led to increased OCR and decreased glucose

uptake level, pyruvate level, ATP level, lactate production, and

ECAR, upon C. albicans stimulation (Fig EV5B–E). Glycolytic rela-

tive genes were also decreased in HIF-1�/�-derived BMDMs,

compared with WT-derived BMDMs (Fig EV5F).

The cytokine production function of macrophages was detected

using multiple cytokine detection assay. Among 200 kinds of cytoki-

nes, 81 cytokines were differentially expressed, with fold

changes > 2, in primary macrophages between WT-microbiota-

received GF mice and Dectin-3�/� microbiota-received GF mice

(Fig 5E). Of note, the production of TNF-ɑ and IL-7 were the most

markedly differential expression proteins, with fold changes 15.6

and 30.5, respectively (Fig 5E). This increased IL-7 and TNF-ɑ
mRNA expressions were also confirmed by using qPCR (Fig EV5G).

To explore the association between macrophage glycolysis and cyto-

kine production, 2-deoxy-D-glucose (2-DG) was added for glycolysis

inhibition. We found the production and expressions of IL-7 were

decreased after 2-DG treatment (Fig 5F), while the expression of

TNF-ɑ did not change after 2-DG administration (Fig EV5H). We

also found a decreased expression of IL-7 in HIF-1�/�-derived
BMDMs upon fungal stimulation, compared with WT-derived

BMDMs (Fig 5G). Together, these data suggest C. albicans regulate

IL-7 production through HIF-1-dependent glycolysis in macrophage.

IL-7 induces IL-22 production in ILC3

Primary ILC3 cells were sorted from LPs in large intestinal and were

stimulated with IL-7. Previous studies have proved that IL-1b and

IL-23 induce IL-22 production in ILC3s, which can be used as

◀ Figure 4. IL-22 is mainly produced by RORct+ ILC3.

A, B Mice were treated as described in Fig 1A. LP cells were isolated from each mouse. The proportions of IL-22+ cells in CD3-RORct+, CD3�RORct�, CD3+RORct�, and
CD3+RORct+ were determined by flow cytometry.

C, D Mice were treated as described in Fig 1A. LP cells were isolated from each mouse. The proportions of IL-22+ cells in NKp46�RORct+, NKp46+RORct� and
NKp46+RORct+ were determined by flow cytometry.

E WT and Dectin-3�/� mice were intraperitoneally treated with anti-CD90 antibody or anti-IgG antibody during AOM-DSS administration (n = 5, each group). Mice
were euthanized on Day 100, feces were collected in colon from each mouse. Total fungal burden in feces were quantified using 18S rDNA qPCR.

F Mice were treated as described in Fig 4E and colonic LP cells were isolated. Numbers of IL-22+ cells in LP cells were determined by flow cytometry.
G Mice were treated as described in Fig 4E. Tumor number, tumor size, tumor load, and histological score in colons were measured.

Data information: Data with error bars are represented as mean � SD. Each panel is a representative experiment of at least three independent biological replicates.
*P < 0.05, **P < 0.01 as determined by Student’s t-test. See also Fig EV4.

▸Figure 5. Candida albicans induce glycolysis and IL-7 production in macrophages.

A Mice were treated as described in Fig 2A and I. Colonic LP cells were isolated. Proportion and absolute number of IL-22+ cells in LP cells were detected by flow
cytometry.

B Primary macrophages were isolated from LP cells in WT and Dectin-3�/� tumor-bearing mice. mRNA expression of glycolysis-relative genes was detected by using
qPCR.

C BMDM cells were stimulated with C. albicans (5 × 106), Curdlan, and a-mannan for 24 h. Glucose uptake, pyruvate level, lactate production, and ATP level were
determined using assay kit.

D BMDM cells were stimulated with C. albicans (5 × 106) for 24 h, and ECAR and OCR were examined.
E BMDMs acquired from WT and Dectin-3�/� mice were stimulated with C. albicans for 24 h. Cytokine and chemokine production of BMDMs were detected using

multiplex cytokine assay.
F WT-derived BMDMs were stimulated with C. albicans, curldan, or a-mannan in combination with or without 2-DG (2.5 mM) for 24 h. mRNA expression of Il-7 was

detected by using qPCR.
G BMDMs were acquired from WT and HIF-1�/� mice and were stimulated with C. albicans, curldan, or a-mannan for 24 h. mRNA expression of Il-7 was detected by

using qPCR.

Data information: Data with error bars are represented as mean � SD. Each panel is a representative experiment of at least three independent biological replicates.
*P < 0.05, **P < 0.01, ***P < 0.001 as determined by Student’s t-test. See also Fig EV5 and Appendix Fig S2.
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positive control in our study (Longman et al, 2014; Bergmann et al,

2017). Here, we found IL-7 alone induced IL-22 production in ILC3,

while in combination with IL-1b and IL-23, we found a significant

synergistic effect on IL-22 expression and production (Fig 6A). To

confirm the role of macrophage-derived IL-7 on IL-22 production,

BMDMs were stimulated with or without C. albicans, and the super-

natant was isolated and was added into ILC3. We found supernatant

from C.albican-stimulated macrophages significantly induced IL-22

production from ILC3s, while IL-7 blockade by neutralizing antibody

reduced IL-22 production (Fig 6B). Furthermore, we found ILC3s

activated by IL-7 had increased expression of il1r and il23r (Fig 6C).

Taken together, these results indicate that IL-7, alone or combined

with IL-1b or IL-23, induces IL-22 production in ILC3.

Both Stat3 and AhR modulate IL-22 expression triggered by IL-7

We further explore the molecular mechanism mediating IL-22

production by ILCs stimulating with IL-7. mRNA expressions of

genes downstream the IL-7 signaling and genes coding for transcrip-

tion factors were detected, including AhR, Tbx21, Rora, Rorc, Socs3,

Jak1, Jak3, Akt1, Gsk3b, Stat3, Stat5a, and Stat5b (Fig 6D). Among

these genes, we observed an increased expression of Stat3 and AhR

in IL-7 stimulated ILCs. Although ROR has a significant role in the

control of IL-22 production in Th17 cells, the expression of Rora and

Rorc did not change upon IL-7 stimulation (Fig 6D).

We next study the function of Stat3 and AhR on IL-22 production

induced by IL-7. Primary ILCs were sorted from large intestinal of

Stat3cKO mice and were stimulated with IL-7. IL-22 production

responsive to IL-7, both protein and mRNA level, was markedly

downregulated in STAT3-deficient ILC3 cells (Fig 6E). It has been

reported that AhR participates in IL-22 production in Th17 cells

(Veldhoen et al, 2008). In our study, the administration of the AhR

agonist 6-formylindolo [3,2-b] carbazole (FICZ) caused an obvious

increase in IL-22 production induced by IL-7 (Fig 6F). On the

contrary, the addition of AhR-specific antagonist (CH-223191) led to

an obvious decrease in IL-22 production induced by IL-7 (Fig 6F).

These findings suggest that both Stat3 and AhR have significant

impacts on the modulation of IL-22 production activated by IL-7.

Results of bioinformatic analysis showed that IL-22 promoter

displayed three putative AhR binding sites (xenobiotic response

elements, AhRE-1, AhRE-2, and AhRE-3), two putative STAT3

responsive elements (SRE-1 and SRE-2), and one putative binding

site for RORct (RORE) upstream of the transcription start site

(Fig 6G). Therefore, chromatin immunoprecipitation (ChIP) assays

were performed to detect whether STAT3 and AhR have interactions

with these potential binding sites in the il22 locus. We found a

significant interaction of AhR and STAT3 with the il22 promoter in

EL4 cells with IL-7 presence (Fig 6H). Using a co-immunoprecipita-

tion assay, we detected the interaction between AhR and STAT3

(Fig 6I). Next, we assessed the functional effects of STAT3 and AhR

interaction with its DNA responsive elements by using a reporter

plasmid which carries the firefly luciferase controlled by the il22

promoter. Transfection with vectors coding for AhR or constitutively

activated STAT3 significantly induced luciferase activity (Fig 6J).

Co-transfection with constructs coding for constitutively activated

AhR and STAT3 resulted in higher activity of luciferase, indicating a

synergistic effect of AhR and STAT3 on IL-22 production (Fig 6J).

IL-22 is correlated with fungal burden in patients with CRC

Tumor tissues were collected from 172 patients with CRC. The

mRNA expression level of Dectin-3 in tumor tissues was detected

using qPCR. Tumors in stage III and stage IV patients had signifi-

cantly lower expressions of Dectin-3 than those in stage I and II

patients (Fig 7A). Fungal burden in fecal samples were determined

by detecting 18sDNA. Patients with colon cancer were divided into

two groups based on fungal burden. Dectin-3 expression was mark-

edly increased in group with low fungal burden than that with high

fungal burden (Fig 7B), suggesting the function of Dectin-3 on the

host anti-fungal immunity. Moreover, colon cancer patients with

high fungal burden displayed poorer disease-free survival and over-

all survival (Fig 7C). In consistent, the protein level and mRNA level

of IL-22 and STAT3 were higher in high fungal burden group,

compared with those in low fungal burden group (Fig 7D and E).

Summarily, we put forward the following working model:

Dectin-3 deficient macrophages display impaired fungicidal abilities,

▸Figure 6. IL-7 induces IL-22 production in ILC3s through AhR and STAT3.

A Primary ILC3 cells were sorted from colonic LP cells and were stimulated with indicated cytokines. Productions of IL-22 were detected by ELISA. mRNA expressions
of Il-22 were detected by qPCR.

B BMDMs were stimulated with C. albicans for 24 h and the supernatant was isolated and added to primary ILC3 cells. (1) Supernatant from BMDMs without
stimulation. (2) Supernatant from BMDMs with stimulation of C. albicans. (3) Supernatant from BMDMs with stimulation of C. albicans and IL-7 antibody.
Productions of IL-22 by ILC3 cells were detected by ELISA. mRNA expressions of Il-22 in ILC3 cells were detected by qPCR.

C, D Primary ILC3 cells were sorted from LPs and were stimulated with (IL-7 group) or without IL-7 (None group). mRNA expressions of relative genes were detected by
qPCR.

E Primary ILC3 cells were sorted in LPs from STAT3fl/fl and STAT3fl/fl VillinCre mice and were stimulated with IL-7. Productions of IL-22 were detected by ELISA. mRNA
expressions of Il-22 in ILC3 cells were detected by qPCR.

F Primary ILC3 cells were sorted from LPs and were stimulated with IL-7 in combined with FIZC and AhR Inh. Cells without stimulation were used as control (None).
Production of IL-22 was detected by ELISA.

G AhR, STAT3, ROR binding sites in the il-22 promoter.
H HEK293T cells were transiently transfected with the indicated expression constructs (Ctl or AhR) and were stimulated with (IL-7 group) or without IL-7 (none

group). ChIP analysis of the interaction of AhR and STAT3 to binding sites in the il22 promoter with or without IL-7, respectively.
I HEK293T cells were transiently transfected with the indicated expression constructs. Whole cell extracts were subjected to anti-HA immunoprecipitation, and were

then immunoblotted with HA antibody and anti-STAT3 antibody.
J EL4 cells were transduced with retroviruses encoding AhR and STAT3. IL-22 mRNA expression was analyzed by qPCR.

Data information: Error bars represented SD of triplicate samples. Each panel is a representative experiment of at least three independent biological replicates. *P < 0.05,
**P < 0.01, ***P < 0.001 as determined by unpaired Student’s t-test.
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which lead to the increase of gut fungi, especially C. albicans.

C. albicans regulate IL-7 production through HIF-1-dependent

glycolysis in macrophage. IL-7 induces IL-22 production in ILC3,

which is controlled by transcriptional factor Stat3 and AhR. IL-22

production from ILC3 caused increased p-STAT3 level of epithelial

cells and tumor progression.

Discussion

This study has several important findings: First, by using fecal trans-

ferring experiment, fungal oral administration experiment, and anti-

fungal experiment, we provide direct evidence that C. albicans

could promote tumorigenesis in colon cancer. Second, C. albicans

activates glycolysis and IL-7 production in macrophage, suggesting

that commensal fungi might function to reverse the metabolic

program related to the inflammatory response in macrophage.

Third, IL-7 induces IL-22 production in ILC3. Together, our results

revealed a fungal-dependent crosstalk between macrophage and IL-

22-producing ILCs in the development of CAC.

The function of gut commensal microbes has achieved great

attention, which was related to multiple diseases including colitis

(Wang et al, 2016) and colon cancers (Arthur et al, 2012; Arthur

et al, 2014; Geis et al, 2015). Most recently, CRC-associated micro-

biota was found to contribute to oncogenic epigenetic alterations

and induce increased expression of hypermethylated genes in

colonic mucosa (Sobhani et al, 2019). Despite that most researches

of gut commensal microbiota have focused on bacteria, a CRC-

A

D

E

B C

Figure 7. IL-22 is correlated with fungal burden in patients with colon cancer.

A Patients with colon cancer were divided into four groups based on tumor stage. mRNA expressions of Dectin-3 in tumor tissues were detected by qPCR. The box
represents the 25th–75th percentile, and the whisker plots represent the minimum and maximum percentiles.

B Patients with colon cancer were divided into two groups based on fungal burden in the feces. mRNA expressions of Dectin-3 were compared between these two
groups.

C Overall survival rate was shown by K-M survival curve.
D, E Tumor tissues were stained for IL-22 and p-STAT3. The percentages of IL-22-positive and p-STAT3-positive cells were quantified. mRNA expressions of IL22 and

STAT3 were detected by qPCR. Scale bars, 25 µm.

Data information: Data with error bars are represented as mean � SD. Each panel is a representative experiment of at least three independent biological replicates.
*P < 0.05, **P < 0.01, ***P < 0.001 as determined by Student’s t-test.
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associated mycobiome dysbiosis was reported and was character-

ized by altered fungal composition and ecology (Coker et al, 2019).

Based on our previous study and this study, we found both C. albi-

cans and C. tropicalis could directly promote the development of

CAC. The fungus Candida lives harmlessly within most people.

However, under illness condition, fungi can multiply and cause

disease. In our mouse model, the increased burden of C. albicans

was due to Dectin-3 deficiency. Dectin-3 has long been considered

as a fungal recognition receptor, and our previous work has found

that Dectin-3 could form a heterodimer with Dectin-2 to recognize

C. albicans (Zhu et al, 2013). We also did acute colitis experiment

and found Dectin-3�/� mice were susceptible to DSS-induced colitis,

presenting by increased mucosal erosion, inflammatory cell infiltra-

tion, crypt destruction, and loss of goblet cells in the colon of

Dectin-3�/� mice, compared with WT mice. Although CAC is initi-

aled by AOM and driven by the inflammation from DSS colitis, the

development of CAC is still different with acute or chronic colitis,

due to the complicated tumor microenvironment. For example, the

role of ILC3 in colitis and colon cancer is different. Here, by using

AOM/DSS-induced CAC mouse model, we found co-housing abol-

ished the difference between WT and Dectin-3�/� mice and transfer-

ring feces from Dectin-3�/� to germ-free mice increased

susceptibility to CAC. Therefore, our study provided convincing

evidence that deficiency of Dectin-3 allows expansion of gut

commensal fungi, which in turn promotes CAC development.

The function of macrophages was considered as crucial in

gastrointestinal innate immunity homeostasis against IBD and colon

tumorigenesis (Mantovani et al, 2017; Koelink et al, 2019; Na et al,

2019). Accumulating evidences suggest that metabolic patterns have

a deep impact on the differentiation and activation of gut macro-

phages (Kelly & O’Neill, 2015; Murphy, 2019). Previous studies have

indicated that the gut bacteria, especially Salmonella enterica

serovar typhimurium-mediated regulation of glycolysis level, could

affect functional abilities of macrophages and participate in various

gastrointestinal disorders (Bowden et al, 2009; Li et al, 2018; Ding

et al, 2019). Recently, it is reported that both bacteria and fungi

infection could up-regulate macrophage glycolysis level and trigger

rapid macrophage death (Tucey et al, 2018). Here, we found that

macrophages with C. albicans infection also had an enhanced

glycolysis level through HIF-1-dependent pathway. Moreover, the

importance of glycolysis in the production of IL-7 was also demon-

strated, where glycolysis inhibition by 2-deoxyglucose reduced IL-7

expression. Therefore, our findings suggest that commensal fungi

might function to reverse the metabolic program related to the

inflammatory response in macrophages.

IL-22 is a significant effector molecule produced by both innate

and adaptive immune cells and participates in gastrointestinal

inflammation and cancer development (Harrison, 2013). Production

of IL-22 from CD4 + T cells could stimulate colorectal tumor growth

via activation of STAT3 transcription factor and H3K79 methyltrans-

ferase in cancer cells (Kryczek et al, 2014). Also, ILC-secreted IL-22

was proved to cause colon cancer progress via tumor cell intrinsic

STAT3 phosphorylation and activation in multiple mouse models

(Kirchberger et al, 2013; Bergmann et al, 2017). In our study, by

using anti-CD90 antibody and anti-IL22 antibody, we found specific

determination of RORct+ ILC3, as a main source of IL-22, reduced

tumor load especially in Dectin-3�/� mice. Although anti-CD90 anti-

body also deplete subsets of T cells, experiments with detection of

immune cells showed that T cells are not responsible for the pheno-

type of Dectin-3�/� mice in CAC.

Environmental factors and transcriptional factors are crucial for

IL-22 modulation. In adaptive immune cells like Th22, differentiation

and production of Th22 cells is modulated by cytokines including IL-

1b, IL-6 and IL-23 (Akdis et al, 2012). In ILC3s, the most potent envi-

ronmental signals to trigger IL-22 production are mostly IL-23 or IL-

1b (Longman et al, 2014; Bergmann et al, 2017). In the intestinal

microenvironment, crosstalk between macrophages and ILC3s was

important to maintain immune homeostasis. IL-1b production from

gut macrophages could promote Csf2 release from ILC3s to modulate

colonic Treg function (Mortha et al, 2014). In turn, Treg also inhibit

IL-22 production of ILC3s by suppressing IL-23 and IL-1b release

from macrophages and prevent ILC3-dependent colitis (Bauche et al,

2018). Furthermore, the crosstalk between macrophages and ILC3s

could be regulated by microbiota. For example, the gut microbiota-

mediated IL-23 release from DCs could promote ILC3 production of

IL-17 for colonic inflammation (Bhatt et al, 2018). Also, CX3CR1+

mononuclear phagocytes played an important role in integrating

microbial signals to modulate colonic ILC3 function in IBD (Castel-

lanos et al, 2018). Most recently, in the small intestine, ILC3s were

found to be the major source of IL-22 for intestinal homeostasis,

which was regulated by microbiota-induced release of IL-1b from

macrophages. Here we identified another kind of cytokine, IL-7, that

was produced by macrophages upon fungal stimulation and induced

IL-22 production from gut ILC3s. Therefore, our results provide

evidence that C. albicans -driven release of IL-7 from macrophages

promote bindings of Ahr and p-STAT3 at the IL-22 locus, which

subsequently stimulated the transcription process of IL-22 for CAC

development. These results represent a significant advance in our

understanding of how gut commensal microbiota modulate host

intestinal immunity and may provide potential applications of

immunotherapies for CRC patients.

Materials and Methods

Mice

Dectin-3+/� mice were kindly provided by Dr. Xin Lin (Tsinghua

University, Beijing, China). Dectin-3�/� mice and WT controls

(Dectin-3+/+) used in this study are from heterozygous Dectin-3+/�

breeding set-ups, which generates both KO and WT littermates.

Except co-housing experiment, WT mice and Dectin-3�/� mice were

separated for more than 4 weeks before use and during the whole

experiments. Villin-Cre mice, STAT3flox/flox mice, and HIF-1a�/� mice

were purchased from Model Animal Research Center of Nanjing

University. All STAT3-cKO were obtained by crossing Villin-Cre mice

with STAT3flox/flox mice on a C57BL/6 background. All mice were

kept in a conventional and pathogen-free facility at Medical School of

Nanjing University. Germ-free (GF) mice were breed and housed in

germ-free isolators. Conventional mice were fed with a standard

chow diet, and GF mice were fed with a yeast-free diet. All mouse

handling and in vivo experiments were performed according to the

NIH “Guide for the Care and Use of the laboratory Animals”. All

animal procedures and experiments were carried out under protocols

and obtained approval from Institutional Animal Care and Use

Committee in Medical School of Nanjing University.

14 of 18 The EMBO Journal 40: e105320 | 2021 ª 2021 The Authors

The EMBO Journal Yanan Zhu et al



Mouse models

In order to establish CAC model, WT and Dectin-3�/� mice

(10 weeks old) were injected into the abdominal cavity with AOM

(10 mg/kg) on day 1. After 5 days, the drinking water for mice was

added with 2% DSS for the seven subsequent days. Three cycles of

DSS addition were employed. Mice were euthanized on day 100. For

transferring experiment, fresh stool samples from WT or Dectin-

3�/� tumor-bearing mice were washed, aliquoted, and stored in

�80°C. Fecal suspension was gavaged to GF mice orally (400 ll
each time, twice a week) for 9 weeks after AOM injection. For

fungal supplemental experiment, mice were treated with C. albicans

(1 × 107 yeast, twice a week) for 9 weeks after AOM injection.

1.5% DSS was added to the drinking water during DSS treatment.

For ILC3 deletion experiment, anti-CD90 antibody (200 lg) was

injected intraperitoneally every 3 days during DSS administration.

For IL-22 deletion experiment, anti-IL-22 antibody (250 lg) was

injected intraperitoneally every 3 days during DSS administration.

For fungi ablation experiments, fluconazole (0.5 mg/ml) were used

during DSS administration. For bacteria ablation experiments, ampi-

cillin (1 g/l), streptomycin (1 g/l), metronidazole (0.5 g/ml), and

vancomycin (1 g/l) were added via drinking water for three cycles

during DSS administration.

Histology and immunohistochemical (IHC) analysis

Hematoxylin-eosin staining was did in paraffin-embedded colon

tissue sections. Colitis scores and tumor grades were analyzed by a

pathologist (Wirtz et al, 2007; Kargl et al, 2013). For IHC staining,

the indicated antibodies were used to stain colon sections. Prolifera-

tion index were counted in 10 continuously areas. Following anti-

bodies were used (all from Cell Signaling Technology): Ki-67

(#12202), p-STAT3(#9145), IL-22(#5224).

Isolation of intestinal epithelial cells and LP lymphocytes

Colons of mice were isolated, resected, opened longitudinally,

washed, and cut into pieces. Intestinal pieces were incubated in EDTA

supplemented Hank’s balanced salt solution with Ca2+ and Mg2+ free

(Gibco) for 15–20 min at 37°C with mild agitation. The epithelial cell

layer was collected by vortexing. The remaining sheets of LP were

digested in a digestion medium containing RPMI 1640, FBS (5%),

collagenase type IV (1.5 mg/ml), penicillin-streptomycin (1%), and

DNase (5 U/ml), for 30 min at 37°C. Cell suspensions were filtered

and were resuspended in 5 ml of 40% Percoll (GE Healthcare) and

overlaid onto 5 ml of 80% Percoll. Lymphocytes in LP were collected

at the interphase of the Percoll gradient media. Primary ILC3

(CD45+CD90+Lineage�) and primary macrophages (CD11b+F4/80+)

were sorted from LP cells by using a FACS Aria II (BD Biosciences).

Flow cytometry

For surface staining, cells were washed and stained with fluores-

cent-conjugated antibodies for 20 min at 4°C. For nuclear staining,

cells were fixed and permeabilized by using a Mouse Regulatory T

Cell Staining Kit (eBioscience). The following anti-mouse antibod-

ies were used: anti-mouse F4/80 (FITC, #123107), anti-mouse

CD11b (APC, #101211), anti-mouse/human CD11b (FITC,

#101205), anti-mouse CD11c (FITC, #117305), anti-mouse CD3

(APC, #100235), anti-mouse CD4 (FITC, #100405), anti-mouse CD8

(FITC, #140403), anti-mouse/rat/human FOXP3 (PE, #320007),

anti-mouse CD45 (PerCP, #103129), anti-mouse CD90.2 (APC/Cy7,

#105327), anti-mouse Lineage Cocktail (Brilliant Violet 421

#133311), anti-mouse CD335 (NKp46) (FITC, #137605), anti-mouse

CD127 (IL-7Ra) (Alexa Fluor� 647, #135019), anti-mouse IL-17RB

(Alexa Fluor� 647, #146303), anti-mouse IL-22 (Alexa Fluor� 647,

#516406), anti-mouse Gr1(APC, #108412) from BioLegend, Rorct
(Pacific Blue #562894) from BD Biosciences. Cells were examined

using a FACS Calibur flow cytometer (Becton Dickinson, Franklin

Lakes, NJ). Raw data were evaluated using FlowJo software.

16S and ITS rDNA gene sequencing and analysis

Stool sample were acquired from the gut. Total genomic DNA was

extracted using DNA Extraction Kit following the manufacturer’s

instructions. Extracted DNA was diluted to a concentration of 1 ng/

ll and stored at �20°C until further processing. The diluted DNA

was used as template for PCR amplification of bacterial 16S rRNA

and ITS genes with the barcoded primers and Takara Ex Taq

(Takara). The detailed mycobiota and microbiota profiling data

were detected by using ITS sequencing and 16S sequencing, respec-

tively. Sequencing was performed by an Illumina MiSeq PE300

system (OEbiotech Co, Ltd.). Paired-end sequences were merged to

give an optimal alignment (overlap length ≥ 10 bp, mismatch

proportion ≤ 20%). As an added quality control measure, the soft-

ware package MacQIIME (version 1.9.1) pipeline was used to filter

out and discard poor-quality reads using the default settings. OTUs

were assigned to the closest taxonomic neighbors and relative bacte-

rial species using Seqmatch and Blastall. Relative abundance of each

OTUs and other taxonomic levels (from phylum to genus) was

calculated for each sample to account for different levels of

sampling across multiple individuals. PCA and Shannon analysis

related to alpha diversity were used. All the sequencing data are

submitted into NCBI SRA database.

cDNA synthesis and qPCR

Total RNAs were extracted with TRIzol Reagent (Invitrogen, Carls-

bad, CA) and were reverse-transcribed into cDNA by using oligo

(dT) primer. SYBR Green PCR master mix solution was employed

for qPCR assays. The primers used in this study are listed in

Appendix Table S1. The 2�DDCt quantification method was used

with mouse b-actin as an endogenous control.

Fungal strains and fungal burden assay

The C. albicans strain and GFP-C. albicans strain (5314) were

kindly provided by Dr. Xin Lin (Tsinghua University, Beijing,

China). For the fungal hyphal form preparation, C. albicans was

washed, resuspended, and incubated for 3 h. Total and specific

fungal burden were analyzed using qPCR as previously described.

BMDMs preparation

Bone marrow cells were collected from mouse femurs and tibias.

Erythrocytes were removed. Cells were cultured for 5 days in
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DMEM containing 2& macrophage colony-stimulating factor (M-

CSF). Adherent cells were collected for subsequent experiments.

Fungal killing assay and phagocytic assay

GFP-C. albicans (5 × 106) was resuspended in DMEM supplemented

with 5% fetal bovine serum (FBS) and added into 1 × 106 WT and

Dectin-3�/� BMDMs, subsequently incubated at 37°C in a 5% CO2

incubator for 1 h. Wells were washed and fresh media containing

fluconazole (300 lg/ml) was added. At 6 and 18 h, BMDMs were

washed with PBS for three times, lysed in water. Candida albicans

CFU were photographed and calculated by plating on YPD agar.

Detection of cytokines

For multiple cytokine detection assay in serum, multiple cytokine

and chemokine biomarkers with bead-based multiplex assays with

the Luminex technology (#MCYTMAG70PMX25BK) were used. For

multiple cytokine detection assay in cell supernatant, Mouse Cyto-

kine Antibody Array (RayBiotech, Inc, AAM-CYT-2000) were used

following the manufacturer’s protocol. For single cytokine detection,

Ready-SET-Go ELISA kits for IL-22 (BioLegend, #436307) and IL-17

(BioLegend, #436207) were used.

Western blot analysis

Protein concentration was measured after cell lysis. Blocking was

conducted with TBST. Following antibodies were used (all from Cell

Signaling Technology): p-STAT3 (#9139), STAT3 (#9145) and b-
actin (#4970).

Glucose uptake, lactate, pyruvate, and ATP assays

Glucose uptake, levels of lactate, pyruvate, and ATP were analyzed

with Glucose Uptake Colorimetric Assay Kit (Biovision, #K676),

Lactate Assay Kit II (Biovision, #K627), Pyruvate Colorimetric Assay

kit (Biovision, #K609), and ATP Colorimetric Assay Kit (Biovision,

#K354) following protocols of the manufacturer. All results were

normalized to cell number.

Oxygen consumption rate and extracellular acidification
rate assays

Oxygen consumption rate (OCR) and extracellular acidification rate

(EACR) of cells were analyzed with Seahorse XF Cell Mito Stress

Test Kit and Seahorse XF Glycolysis Stress Test Kit (Agilent Tech-

nologies), respectively. Experiments were performed following

instructions of the manufacturer using the Seahorse XFe 96 Extracel-

lular Flux Analyzer (Seahorse Bioscience).

ChIP assay

ChIP assay was conducted with the EZ-Magna ChIPTM G Chromatin

Immunoprecipitation Kit (#17-409, Millipore) in accordance to

instructions of the manufacturer.

Human samples

172 colorectal cancer patients who received treatment in Department

of Colorectal Surgery, The Affiliated Hospital of Nanjing University

of Chinese Medicine and Nanjing University Affiliated Jinling Hospi-

tal from March 2016 to Feb 2018 were included in this research.

Tumor tissues were obtained when patients received surgical opera-

tions. The feces from each patient were collected before surgery. All

studies involved in human participants have been obtained approval

from the ethics committee of “Medical School of Nanjing Univer-

sity”, and written informed consent was acquired from all subjects.

Statistical analysis

Statistical analysis was conducted in GraphPad Prism 7. A two-

tailed Student’s t-test was employed to analyze statistical signifi-

cance between two groups. Correlation significance was determined

using linear regression. Data are shown as means � SD. P < 0.05

was considered to be statistically significant.

Data availability

The microbiota sequencing data from this publication have been

deposited to the NCBI SRA‡ database and assigned the identifier acces-

sion number (PRJNA661172, PRJNA661186, and PRJNA661617).

Expanded View for this article is available online.
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