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Abstract

Non-alcoholic fatty liver disease (NAFLD) enhances the growth and recurrence of colorectal 

cancer (CRC) liver metastasis. With the rising prevalence of NAFLD, a better understanding of the 

molecular mechanism underlying NAFLD-associated liver metastasis is crucial. Tumor-associated 

macrophages (TAMs) constitute a large portion of tumor microenvironment that promotes tumor 

growth. NOD-like receptor C4 (NLRC4), a component of an inflammasome complex, plays a role 

in macrophage activation and IL-1β processing. We aimed to investigate whether NLRC4-

mediated TAM polarization contributes to metastatic liver tumor growth in NAFLD. Wild type 

(WT) and NLRC4−/− mice were fed low-fat or high-fat diet (HFD) for 6 weeks followed by 

splenic injection of mouse CRC MC38 cells. The tumors were analyzed 2 weeks after CRC cell 

injection. HFD-induced NAFLD significantly increased the number and size of CRC liver 

metastasis. TAMs and CD206-expressing M2 macrophages accumulated markedly in tumors in the 

presence of NAFLD. NAFLD upregulated the expression of IL-1β, NLRC4, and M2 markers in 

Correspondence: Ekihiro Seki, M.D., Ph.D., Division of Digestive and Liver Diseases, Department of Medicine, Cedars-Sinai 
Medical Center, 8700 Beverly Blvd., Davis Bldg., Suite 2099, Los Angeles, CA 90048, Phone) 310-423-6605, Fax) 310-423-0157, 
Ekihiro.Seki@cshs.org.
Author’s Contributions:
K.O., Z.W., Y.M.Y.: study concept and design, acquisition of data, analysis and interpretation of data, statistical analysis; S.B., W.T., 
M.P.: acquisition of data; S.L.C., S.P., S.C.L., F.S.S., N.B.: interpretation of data, and critical revision of the manuscript for important 
intellectual content; E.S.: study supervision, study concept and design, analysis and interpretation of data, writing of the manuscript, 
statistical analysis, and obtained funding.

Disclosures: The authors declare that they have no conflict of interest to declare.

HHS Public Access
Author manuscript
Hepatology. Author manuscript; available in PMC 2020 November 01.

Published in final edited form as:
Hepatology. 2019 November ; 70(5): 1582–1599. doi:10.1002/hep.30693.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



tumors. In NAFLD, but not normal livers, deletion of NLRC4 decreased liver tumor growth 

accompanied by decreased M2 TAMs and IL-1β expression in tumors. WT mice showed increased 

vascularity and VEGF expression in tumors with NAFLD, but these were reduced in NLRC4−/− 

mice. When IL-1 signaling was blocked by recombinant IL-1 receptor antagonist, liver tumor 

formation and M2-type macrophages were reduced, suggesting IL-1 signaling contributes to M2 

polarization and tumor growth in NAFLD. Finally, we found that TAMs, but not liver 

macrophages, produced more IL-1β and VEGF following palmitate challenge.

Conclusions—In NAFLD, NLRC4 contributes to M2 polarization, IL-1β, and VEGF 

production in TAMs, which promote metastatic liver tumor growth.

Liver is the most frequent site for metastasis of visceral cancers, such as gastric, colorectal 

(CRC) and pancreatic ductal adenocarcinoma (PDAC)(1). Metastasis in the liver is a major 

determinant of the survival of patients with these cancers(1). The prevalence of obesity has 

been increasing, and non-alcoholic fatty liver disease (NAFLD), a hepatic manifestation of 

metabolic syndrome, is becoming a serious health concern worldwide(2). Importantly, 

obesity and NAFLD increase the risk of primary cancers, including liver, pancreas, colon, 

prostate, and breast in both humans and rodents(3–5). Previous animal studies have 

demonstrated that high-fat diet (HFD)-induced NAFLD promotes the tumor growth of CRC 

and PDAC liver metastasis(6–8). Large prospective and retrospective human cohorts have 

demonstrated that cancer patients with NAFLD have increased risk of liver metastasis and 

for recurrence after resection of liver metastasis compared with patients without NAFLD(9–

17). The increased prevalence of obesity and NAFLD will likely increase the occurrence of 

liver metastasis. However, the mechanism(s) by which fatty liver mediates and enhances 

cancer liver metastasis is poorly understood.

Innate immune cells, including macrophages, dendritic cells (DCs), and natural killer (NK) 

cells, in conjunction with adaptive immune T and B cells, monitor newly transformed or 

metastasized tumor cells. The immune surveillance system against tumors can eliminate 

early stage of metastatic tumor cells in the liver. However, immune cells also have capacity 

to promote tumor growth by producing tumor promoting cytokines, such as IL-6, IL-1, and 

IL-17(4,18,19). Immune cells constitute a part of the tumor microenvironment (TME), along 

with myofibroblasts and extracellular matrix, which create a favorable condition for the 

engraftment and growth of metastatic tumors in the liver(20,21). Macrophages are the major 

producer of cytokines and growth factors to enhance the tumor promoting role of TME. 

Macrophages can be classified into tumor-suppressing M1 macrophages and tumor-

promoting M2 macrophages(22–24). IL-4, IL-13, and TGF-β are associated with M2 

macrophage polarization and suppress anti-tumor immunity, supporting metastatic tumor 

growth. In the early stage of liver metastasis, liver macrophages might play a role in the 

prevention of the initial engraftment and growth of metastatic tumor cells in the liver 

through their tumoricidal activity, likely by M1-type macrophages. However, liver 

macrophages as well as tumor-associated macrophages (TAMs) could promote a pro-

metastatic niche formation in the liver, likely by polarizing to M2 macrophage, to enhance 

the growth of metastatic tumor cells that survived the initial tumoricidal attack. 

Inflammatory, fibrotic, and fatty liver microenvironment enhances liver tumor growth(3–17). 

Indeed, in a NAFLD condition, CD4+T cells are depleted and tumor surveillance is 
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impaired, which promotes hepatocellular carcinoma (HCC) growth(25). Moreover, NAFLD 

enhances the infiltration of CD8+T cells and NKT cells, promoting NAFLD-associated HCC 

growth(26). These studies suggest that NAFLD modulates the hepatic immune response that 

enhances liver tumor growth. Here, we hypothesize that the altered liver microenvironment 

associated with NAFLD modulates TAM polarization in the TME, promoting metastatic 

liver tumor growth.

IL-1β is a pleiotropic cytokine and has dual roles in tumorigenesis. It has been reported to 

promote tumorigenesis in multiple cancers, including HCC, gastric cancer, and 

melanoma(27–29). IL-1β has also been reported to play a role in the development of 

NAFLD as well as NAFLD-associated HCC(18,30). Alternatively, IL-1β also contributes to 

anti-tumor surveillance as an M1-type cytokine(31,32). IL-1β is initially produced as a pro-

form that is processed through the inflammasome complex to convert to the active form of 

IL-1β(32). IL-18 is also converted from a pro-form to the active form through the 

inflammasome. The inflammasome complex consists of caspase-1, ASC, and AIM2, 

NLRP3, or NLRC4(32). A previous study has investigated the role of NLRP3 and IL-18 in 

CRC liver metastasis(33). IL-18 regulated the maturation of NK cells, which prevented 

metastatic liver tumor growth. This study determined that the IL-18 necessary for 

appropriate control of metastasis was processed by the NLRP3 inflammasome(33). 

NLRP3−/− mice displayed similar phenotypes as IL-18−/− mice, showing augmented CRC 

liver metastasis. However, the role of IL-1 and NLRC4 inflammasome activation in 

metastatic tumor growth enhanced by fatty liver has not been examined.

The present study aimed to investigate the role of NLRC4 and IL-1 signaling and their roles 

in the polarity of TAM in the progression of metastatic liver tumor growth in the unique 

context of NAFLD. The present study determined that NLRC4 and IL-1 signaling play a role 

in M2 polarization and angiogenesis in metastatic CRC tumors in a fatty liver condition. 

This pathophysiology is distinct from tumor growth in a non-fatty liver microenvironment. 

The present study provides insight into the new molecular mechanism underlying metastatic 

liver tumor growth in different liver conditions, which prompts us to consider different 

therapeutic strategies for liver metastasis in patients with or without NAFLD.

MATERIALS and METHODS

Animals

C57BL/6 wild type (WT) mice were purchased from Jackson Laboratories (Bar Harbor, 

ME). The generation of NLRC4−/− mice and NLRC4-Flag knock-in mice were 

described(34,35). All mice were bred in the Cedars-Sinai Medical Center vivarium. All 

genetically modified mice were back-crossed at least 10 generations onto the C57BL/6 

background. Female mice were used for in vivo experiments. All studies were done in 

accordance with National Institutes of Health recommendations outlined in the Guide for the 

Care and Use of Laboratory Animals. All animal experiment protocols were approved by the 

Cedars-Sinai Medical Center Institutional Animal Care and Use Committee.
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Fatty liver-liver metastasis splenic injection model

Eight to 12-week-old female mice were fed a low-fat diet (LFD; 12% fat calories) or HFD 

(60% fat calories) for 6 weeks. Mice were then anesthetized. After a laparotomy, MC38 cells 

(2×105 cells; C57BL/6 background CRC cell line) were injected via the spleen(33). Two 

weeks following injection (8 total weeks of HFD feeding), tumors were harvested and 

analyzed. For the treatment of IL-1 receptor antagonist, 10 mg/kg of recombinant IL-1 

receptor antagonist (Anakinra®, Amgen) was injected subcutaneously (s.c.) daily, starting 

on the second day after the intrasplenic MC38 cell injection. To assess early engraftment of 

metastatic cancer cells, MC38 cells were labeled with Vybrant Dil Cell-Labeling system 

(Thermo Fisher) and livers were harvested three days after cancer cell injection.

Tumor analysis

We evaluated metastatic liver tumors macroscopically and histologically (H&E staining) by 

counting visible tumor number and measuring maximal size of tumors, area, and whole liver 

weight. Tumor and non-tumor liver tissues were separated macroscopically followed by 

mRNA and protein analyses. To assess early engraftment of cancer cells, liver sections were 

analyzed using fluorescent microscopy and tumor foci labeled by Vybrant Dil Cell-Labeling 

system were counted from randomly selected 10 fields of x100 magnification per slide. 

Liver parameters were measured using alanine transaminase (ALT) levels in blood, and 

triglyceride levels in the blood and liver.

Histological Analysis

Formalin-fixed, paraffin-embedded liver tissues were used. After being deparaffinized and 

rehydrated, endogenous peroxidase blocking and antigen retrieval were applied. After 

blocking, sections were incubated with primary antibody against F4/80 (clone BM8; #14–

4801, eBioscience) or CD206 (#AF2535, Novus). Secondary antibodies were used. F4/80 or 

CD206-positive area was quantified from randomly selected 8–10 fields of x100 

magnification per slide by NIH ImageJ software (https://imagej.nih.gov/ij). Neutral lipids 

were analyzed by Oil Red O staining. Oil Red O-positive area was evaluated from randomly 

selected 10 fields of x200 magnification per slide.

Immunofluorescence staining

For NLRC4-Flag and F4/80 double staining, liver sections were incubated with anti-Flag 

antibody Cell Signaling) and anti-F4/80 antibody, followed by Cy3- and AlexaFluor® 488-

conjugated secondary antibodies. For CD31 staining, anti-CD31 antibody (Invitrogen) and 

FITC-conjugated secondary antibody were used. Imaging analyses were performed using a 

Zeiss LSM800 inverted stand and Axio Imager Z2m confocal system.

RNA Isolation and quantitative RT-PCR Analysis

RNA was extracted using TRIzol (Life Technologies) plus NucleoSpin® (Clontech). 

Extracted RNA was converted to cDNA using reverse transcription kit (Applied 

Biosystems). Quantitative real-time PCR was performed using SYBR Green. Quantification 

was performed by comparing Ct values of each sample with normalization to 18S RNA. 

Sequences of primers were summarized in Supplemental Table 1.
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Western blots

Protein extracts from liver and tumor tissues were electrophoresed and then blotted. Blots 

were incubated with antibody for IL-1β (Cell Signaling Technologies), mouse caspase-1 

p20 (Adipogen), and β-actin (Sigma).

Measurement of cytokines

The levels of IL-4, IL-13, and IFN-γ in liver and tumor tissues as well as IL-1β in the 

culture supernatant were analyzed by ELISA kit (R&D).

Cell Culture Experiments

Liver macrophages and TAMs were isolated from mice by in situ liver perfusion with 

Pronase E (Sigma-Aldrich) and Collagenase D (Sigma-Aldrich), followed by density 

gradient centrifugation with Percoll (GE Healthcare Life Science). Magnetic antibody 

sorting (MACS; Miltenyi Biotec) using CD11b (Miltenyi Biotec) were used to positively 

select macrophages. Liver macrophages were cultured in RPMI 1640. Palmitate (200 μM, 

Sigma) was used to stimulate liver macrophages or TAMs. TAK-242 (CLI-095, 1μM, 

Inviviogen) was used to inhibit TLR4.

Flow cytometry

The single-cell suspension of mouse tumor tissue was prepared by enzymatic digestion, 

followed by Percoll isolation. To obtain the population of M1 or M2 macrophages, F4/80 

and iNOS, or F4/80 and CD206 antibodies were used and detected by BD flow cytometry. 

The data were analyzed by the FlowJo software.

Statistical Analysis

Statistical significance was assessed by using GraphPad Prism 8.1.0 software (GraphPad 

Software, Inc). Differences between the two groups were compared using a two-tailed 

unpaired Student’s t-test. Differences between multiple groups were compared using one-

way ANOVA, followed by Tukey’s post hoc analysis. P values <0.05 were considered 

significant.

RESULTS

Fatty liver condition enhances the growth of CRC liver metastasis

After feeding mice 6 weeks of HFD that resulted in the development of fatty liver, we 

injected syngeneic CRC MC38 cells via the spleen to establish a CRC liver metastasis 

model. In comparison to LFD feeding, HFD feeding augmented the growth of metastatic 

liver tumors as demonstrated by increased number of visible tumors and histological tumor 

area in the liver (Figure 1A–D). We confirmed the duration of HFD feeding that we used 

was sufficient to develop fatty liver via histology as well as through increased serum 

triglyceride levels (Figure 1E,F).
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Fatty liver augments TAM infiltration in the tumor area of CRC liver metastasis

Next, we investigated macrophage infiltration in the tumors. Macrophages infiltrated in the 

tumor were referred to as TAMs. We observed infiltration of F4/80-positive TAMs in mice 

fed with a LFD versus HFD, and found TAM infiltration was augmented by the fatty liver 

condition (Figure 2A). Because M2-polarized macrophages are known to promote tumor 

growth(24), we evaluated TAMs for expression of CD206, a M2 marker. The number of the 

infiltrating CD206-expressing TAMs were also significantly increased when mice were fed 

HFD (Figure 2B). Next, we measured expression of IFN-γ and NOS2 as M1 macrophage 

markers and IL-4, IL-13, and CD206 as M2 macrophage markers in the non-tumorous liver 

and tumors. IFN-γ mRNA and protein expression was significantly upregulated, but NOS2 

mRNA expression was unchanged, in tumors in fatty liver compared with tumors without 

fatty liver (Figure 2C,D). IL-4 and IL-13 mRNA and protein expression and CD206 mRNA 

expression were significantly upregulated in tumors with fatty liver compared with tumors 

without fatty liver (Figure 2E,F). These results suggest that TAMs and M2-polarized TAMs 

accumulated at higher levels in metastatic liver tumors with fatty liver.

Fatty liver enhanced the expression of IL-1β and inflammasome components in metastatic 
tumors

Because our data show that IL-1β mRNA as well as mature IL-1β protein expression were 

higher in tumors with fatty liver than those without fatty liver (Figure 3A,B), it is possible 

that inflammasome activation contributes to tumor progression in the fatty liver condition. 

Thus, we measured the expression of inflammasome components in tumors. The expression 

of caspase-1, ASC, NLRP3, and NLRC4 was increased in tumors with fatty liver compared 

with those without fatty liver (Figure 3A). Consistent with the increased mature IL-1β 
protein expression, the active form of caspase-1 was increased in tumors with fatty liver 

(Figure 3C), suggesting that the fatty liver condition enhanced caspase-1-dependent IL-1β 
processing in metastatic tumors. A previous study using MC38 CRC cells demonstrated that 

NLRP3−/− mice had exacerbated liver associated with the loss of inflammasome-dependent 

IL-18 (33). This previous study(33) and our results as shown in Figure 1–3 suggest that 

IL-1β and inflammasome components other than NLRP3 could be associated with increased 

liver metastasis in the fatty liver condition.

Loss of NLRC4 reduces the fatty liver-enhanced metastatic liver tumor growth

NLRC4 is another inflammasome-forming NLR family member that had enhanced 

expression in tumors that was further upregulated in tumors of HFD-fed mice. Accordingly, 

we hypothesized that NLRC4 may contribute to the enhanced liver tumor growth in the fatty 

liver condition. Both WT and NLRC4−/− mice received either HFD or LFD for 6 weeks, 

followed by splenic injection of MC38 cells. After an additional 2 weeks of continued LFD 

or HFD, liver and tumor samples were harvested. The liver weight, visible tumor number, 

and maximal tumor size were similar in WT and NLRC4−/− mice fed a LFD (Figure 4A–E). 

Although NLRC4 deficiency did not affect HFD-induced fatty liver development (Figure 

4F), NLRC4 deficiency inhibited liver tumor growth in the mice fed HFD (Figure 4A–E). 

We also investigated the role of NLRC4 in the early engraftment of metastatic tumors in the 

liver. The early engraftment was assessed by counting tumor foci histologically 3 days after 
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injection of MC38 cells. Interestingly, HFD feeding enhanced the engraftment whereas 

NLRC4 deficiency did not affect the engraftment (Supplementary Figure 1). These results 

suggest that NLRC4 plays a role in the metastatic tumor growth in the presence of fatty liver 

but NLRC4 is involved in neither early engraftment nor fatty liver development.

NLRC4 mediates TAM infiltration and polarization in the CRC liver metastasis with fatty 
liver

We next investigated the role of NLRC4 in TAMs. The infiltration of F4/80-positive TAMs 

in HFD-fed WT mice was reduced in mice deficient in NLRC4 (Figure 5A). Next, we 

examined M2-polarized macrophages in tumors with fatty liver. The number of CD206-

expressing M2-polarized TAMs was significantly reduced in NLRC4−/− mice compared to 

WT mice (Figure 5A). While M1 macrophage markers IFN-γ mRNA and protein expression 

and NOS2 mRNA expression trended towards being increased in HFD-fed NLRC4−/− mice 

compared to WT mice, this finding did not reach statistical significance (Figure 5B,C). In 

contrast, M2 macrophage markers IL-4 and IL-13 mRNA and protein expression and CD206 

mRNA expression were significantly reduced in HFD-fed NLRC4−/− mice compared to WT 

mice (Figure 5D,E). Moreover, FACS analysis showed that the proportion of iNOS-

expressing M1 TAMs was decreased in both WT and NLRC4−/− mice when fed with HFD 

(Figure 5F). The proportion of CD206-expressing M2 TAMs was markedly increased in WT 

mice after HFD feeding but this increase was lost in the NLRC4-deficient mice despite 

being fed the HFD (Figure 5F). These results demonstrate that NLRC4 is required for the 

infiltration of tumors by CD206-expressing M2 TAMs, suggesting that the mechanism by 

which NLRC4 regulates enhanced tumor growth in the fatty liver condition is through 

modification of M2 TAM infiltration or polarization.

TAMs are the responsible cells expressing NLRC4 in HFD-enhanced CRC liver metastasis

To determine the role of NLRC4 in the expression of the inflammasome components in 

tumors with fatty livers, we examined expression of caspase-1, ASC, IL-1β, IL-18, and 

NLRC4. The loss of NLRC4 significantly reduced the mRNA expression of caspase-1, ASC, 

and IL-1β, but not IL-18 (Figure 6A). NLRC4 deficiency also decreased the active form of 

caspase-1 and mature IL-1β in tumors (Figure 6B,C). These results suggest that decreased 

caspase-1 activation and IL-1β maturation are associated with the reduced tumor growth in 

NLRC4−/− mice. Of note, NLRC4 expression was blunted in tumors of NLRC4−/− mice 

compared to WT mice (Figure 6A), suggesting that implanted tumor cells do not express 

NLRC4 and that NLRC4-expressing cells in the liver are host-derived and are components 

of the TME in the liver. To further determine the responsible cell types expressing NLRC4, 

we stained TAMs with F4/80 in liver tumors using the mice with knock-in of NLRC4-Flag 

fusion protein. NLRC4-Flag protein was nicely co-localized with F4/80-expressing TAMs 

(Figure 6D). The HFD feeding condition increased NLRC4-Flag-expressing F4/80 positive 

cells in tumors (Figure 6D). These data indicate that TAMs are the NLRC4-expressing cells 

in the metastatic tumors.
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IL-1 receptor signaling regulates metastatic liver tumor progression and M2 TAM 
infiltration in NAFLD

Because mature IL-1β expression was reduced in tumors of NLRC4−/− mice, IL-1 signaling 

might play a role in NLRC4-mediated metastatic tumor growth enhanced in the fatty liver. 

To investigate the role of IL-1 in tumor growth enhanced in NAFLD, we inhibited IL-1 

receptor signaling using a recombinant IL-1 receptor antagonist. Two weeks of inhibition of 

IL-1 receptor signaling did not affect metastatic liver tumor growth in mice fed a LFD 

(Figure 7A,B), consistent with a previous study showing that IL-1R−/− mice were not 

protected against metastatic liver tumor growth(33). In contrast, in mice fed a HFD, the 

blockade of IL-1 receptor signaling by IL-1 receptor antagonist significantly suppressed the 

growth of liver tumors as shown by reduced liver weight, visible tumor number, and 

maximal tumor size (Figure 7A,B). Notably, two weeks of IL-1 inhibition did not affect the 

degree of fatty liver (Figure 7C). The increased F4/80 and CD206-positive TAM infiltration 

induced in tumors of mice fed a HFD was reduced by inhibition of IL-1 signaling (Figure 

7D,E). These results suggest that IL-1 receptor signaling contributes to metastatic liver 

tumor growth specifically in the fatty liver microenvironment.

NLRC4 contributes to tumor angiogenesis through vascular endothelial growth factor 
(VEGF) production in TAMs

Endothelial cell expansion and angiogenesis can promote metastatic tumor growth. VEGF is 

a potent angiogenic factor and we found its expression in tumors was markedly increased 

when mice were fed HFD compared to LFD (Figure 8A). Consistently, the number of cells 

positive for CD31, a marker for vascular endothelial cells, was significantly increased in 

tumors of HFD-fed mice compared to LFD-fed mice (Figure 8B). Of note, the increase in 

CD31-positive cells and VEGF expression induced by HFD feeding were reduced in tumors 

from NLRC4−/− mice (Figure 8B,C). These results suggest that endothelial cell expansion 

and VEGF expression enhanced by HFD feeding required NLRC4. Because NLRC4 is 

solely expressed in macrophages (Figure 6D), we investigated whether macrophages 

contribute to VEGF expression. We isolated liver macrophages from normal mouse livers 

and TAMs from MC38-implanted livers. To investigate whether free fatty acid found in the 

TME regulates the different TAM phenotypes found in metastatic tumors from HFD-fed 

mice versus LFD-fed mice, we treated normal liver macrophages and TAMs with palmitate. 

Palmitate treatment significantly increased NLRC4 in TAMs, but not in liver macrophages 

(Figure 8D). Palmitate treatment increased IL-1β expression by up to 50-fold in TAMs, but 

15-fold in liver macrophages (Figure 8D). Because TLR4 is involved in palmitate-mediated 

inflammatory response(36,37), we examined whether palmitate induces NLRC4 and IL-1β 
expression via TLR4 in TAMs. TLR4 inhibition almost abolished palmitate-induced NLRC4 

mRNA upregulation and dramatically suppressed secretion of active IL-1β but it did not 

dramatically reduce pro-IL-1β mRNA expression (Figure 8D, Supplementary Figure 2). 

This result suggests that palmitate-mediated NLRC4 upregulation largely depends on TLR4 

but molecule(s) other than TLR4 might be more important for palmitate-mediated proIL-1β 
mRNA induction. Then, we investigated the role of NLRC4 and IL-1β in VEGF expression 

in TAMs. Palmitate treatment increased IL-1β protein secretion and VEGF expression in 

TAMs but NLCR4 deficiency abolished IL-1β production and VEGF induction (Figure 8E). 

Recombinant IL-1β treatment increased VEGF expression in TAMs, but not in liver 
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macrophages (Figure 8E). These results demonstrate that NLCR4-mediated IL-1β 
contributes to VEGF expression in TAMs. Taken together, it is suggested that a fatty liver 

condition could promote TAM activation to produce IL-1β and VEGF through 

overexpression of NLRC4, which contributes to angiogenesis and tumor growth in the liver.

DISCUSSION

The major cause of death by CRC is due to cancer dissemination and distant metastasis. 

Liver is the primary organ for CRC metastasis, in part due to the anatomical relationship 

between the liver and intestines through the portal vein. Hepatic innate immune cells, 

including Kupffer cells, NK cells, and DCs patrol hepatic sinusoids and prevent the initial 

engraftment of migrated CRC cells to the liver and also inhibit the proliferation of tumor 

cells in the liver microenvironment. Today, NAFLD is becoming the leading cause of 

chronic liver disease and afflicts 25% of adults in the United States. Although liver 

metastasis can occur in CRC patients without NAFLD, a recent large prospective human 

cohort analyzing 2,715 CRC patients with liver metastasis as well as other retrospective 

studies have suggested that the patients with NAFLD have an increased risk of liver 

metastasis and for the recurrence of liver metastasis after resection, when compared with 

patients without NAFLD(9–13). Moreover, higher recurrence rate of liver metastasis in 

patients with fibrosis have also been reported in recent studies(12,38–41). However, previous 

studies underestimated the risk of liver metastasis or have reported contradictory results in 

patients with underlying fatty liver and fibrosis(42–44). Numerous animal studies suggested 

both fatty liver and fibrotic liver conditions create a TME that promotes tumor growth, and 

that this is mediated through tumor-promoting immune cells including TAMs, regulatory T 

cells, and myeloid-derived suppressor cells (MDSCs), and hepatic stellate cells, and 

extracellular matrix. In the present study, we have demonstrated the HFD-induced fatty liver 

condition enhanced metastatic liver tumor growth. We found that the NAFLD condition 

dramatically increased infiltration of TAMs, in which CD206-expressing M2 macrophage 

population was increased. Although M1 marker IFN-γ was relatively increased in tumors 

with NAFLD compared to that without NAFLD, iNOS expression and iNOS-expressing M1 

TAMs were not increased by NAFLD. This suggests that M2 TAM infiltration contributes to 

enhanced tumor growth in NAFLD. Indeed, a recent human study demonstrated that an 

increased M2/M1 ratio in resected livers is correlated with CRC liver metastasis, suggesting 

the relevance of M2 macrophages in this clinical setting(45). In addition, in HCC, the 

NAFLD condition decreased the number of anti-tumorigenic CD4+T cells, contributing to 

tumor growth(25). These studies strongly suggest that the modulated hepatic immune 

microenvironment is associated with enhanced tumor growth in NAFLD.

Altered polarization of hepatic TAMs by NAFLD could affect the tumor-promoting 

conditions in TME. In the fatty liver TME, the expression of mature IL-1β, the active form 

of caspase-1, and the other inflammasome components were increased. An inflammasome is 

a multiprotein complex, in which the components include NLRP3, NLRC4, or AIM2 with 

ASC and caspase-1. Inflammasome activation results in activation of caspase-1 which then 

cleaves IL-1β and IL-18 to their mature and active forms. Previous studies demonstrated that 

mice lacking NLRP3 were more susceptible to experimental colitis and colitis-associated 

CRC models, and that NLRP3−/− mice had increased CRC liver metastases(46–49). NLRP3-
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dependent IL-18 activation was shown to stimulate NK cells, which enhanced their 

tumoricidal activity against CRC liver metastasis(33). In that study, consistent with our data, 

NLRC4 did not play a significant role in tumor growth in a normal chow-diet feeding 

condition(33).

In contrast to the protective role of the other NLRs, our study demonstrated that NLRC4 

promoted CRC metastatic liver tumor growth specifically in the NAFLD state, but not in the 

absence of NAFLD. Interestingly, we did not find any role played by NLRC4 in the early 

engraftment of tumor cells to the liver. Our data show that NLRC4−/− mice had reduced 

TAM infiltration, particularly CD206-expressing M2 TAMs, along with reduced expression 

of Th2 cytokines IL-4 and IL-13. This could enhance tumoricidal M1 macrophage functions. 

Moreover, our data show reduced expression of mature IL-1β and the active form of 

caspase-1 in NLRC4−/− mice and that blockade of IL-1 signaling reduced tumor growth in 

NAFLD, suggesting that NLRC4-mediated IL-1β promotes tumor growth in NAFLD 

(Figure 8F). IL-1β is involved in the development of gastric cancer, melanoma, lung 

metastasis, and HCC(27–29). In gastric cancer, IL-1β contributes to increased infiltration of 

MDSC to the stomach(29). Inflammation mediated by inflammasomes and IL-1 results in 

the suppression of anti-tumor immunity associated with NK cells and T cells, which is 

involved in the development of melanoma, gastric carcinoma, and lung metastasis. It has 

also been reported that activation of the NLRP3 inflammasome by the anti-cancer drugs 

gemcitabine and 5-fluorouracil promoted IL-1β production in MDSCs that promote cancer 

growth(50). MDSCs are the immature myeloid cell population that express both monocyte 

and granulocyte markers along with both M1 and M2 markers. Although MDSC infiltration 

mediated by IL-1β could inhibit anti-tumor immunity, promoting tumor growth, few reports 

show the involvement of IL-1β in M2 macrophage infiltration and/or polarization for cancer 

development. However, our data show that NLRC4−/− mice had a significant reduction of 

M2 markers, but not M1 markers, suggesting that NLRC4 and IL-1β are associated with 

TAM M2 infiltration and/or polarization (Figure 8F).

Although IL-1 signaling is not involved in metastatic liver tumor growth in a non-fatty liver 

condition(33), IL-1 signaling promoted tumor growth in the context of NAFLD. In fact, the 

expression of mature IL-1β and the active form of caspase-1 were increased in tumors with 

NAFLD. A related finding has also been demonstrated in NAFLD-associated HCC 

progression, in which IL-1 signaling plays a crucial role(18). Using NLRC4-Flag knock-in 

mice, we determined that NLRC4 is predominantly expressed in macrophages whereas 

MC38 cells and hepatocytes do not express NLRC4. Our data show that TAMs, but not 

normal liver macrophages, increased NLRC4 and IL-1β expression in response to palmitate, 

which mimics the conditions of the fatty liver microenvironment in vitro. Our data 

demonstrate that palmitate-mediated NLRC4 upregulation was mediated mainly through 

TLR4, but TLR4 is likely less important for palmitate-mediated pro-IL-1β expression in 

TAMs. This suggests that the regulatory mechanisms of NLRC4 and pro-IL-1β by palmitate 

could be different. Nevertheless, our study suggests that NLRC4 is crucial for activating 

caspase-1 and IL-1β maturation in tumors with NAFLD. Our data also show that palmitate 

induced VEGF expression through NLRC4 and that IL-1β stimulation upregulated VEGF 

expression in TAMs. Together with the data showing that decreased VEGFA expression and 

endothelial cell expansion in NLRC4−/− mice, tumor growth enhanced by NAFLD could be 
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mediated by NLRC4- as well as IL-1β-mediated VEGFA production and angiogenesis, an 

observation that is very similar to our previous study(35). Consistent with the current study, 

NLRC4 did not play a role in the breast cancer growth in mice fed a normal chow diet, but 

NLRC4 played a significant role in breast cancer growth enhanced by HFD feeding(35). 

Moreover, that study demonstrated that the HFD-promoted breast cancer growth is 

dependent on IL-1β and IL-1β-induced VEGFA production and angiogenesis(35). Because 

we have also shown that NLRC4 inhibited tumor growth by enhancing the function of anti-

tumor CD4 and CD8 T cells in melanoma(34), the role of NLRC4 in tumor growth is 

context- and tumor type-dependent.

In summary, NLRC4 contributes to metastatic tumor growth specifically in NAFLD. These 

data suggest the underlying molecular mechanism of metastatic tumor growth may be 

different between normal and fatty liver conditions. Because cancer patients with underlying 

fatty liver are increasing, we need to understand the precise molecular mechanisms of 

metastatic tumor growth in both normal and NAFLD livers in order to treat these patients 

accurately.
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CRC colorectal cancer

DCs dendritic cells

HCC hepatocellular carcinoma

HFD high-fat diet

IL-1Ra IL-1 receptor antagonist

LFD low-fat diet

MDSCs myeloid-derived suppressor cells

NAFLD non-alcoholic fatty liver disease

NK natural killer

NLRC4 NOD-like receptor C4
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PDAC pancreatic ductal adenocarcinoma

TAM tumor-associated macrophages

TME tumor microenvironment

WT wild-type
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FIGURE 1. High-fat diet (HFD)-induced fatty liver enhances metastatic tumor growth in the 
liver.
After 6 weeks of low-fat diet (LFD) or HFD, mice had splenic injection of MC38 colorectal 

cancer (CRC) cells and continued on LFD or HFD for an additional 2 weeks. (A) 
Macroscopic appearance of the liver. Arrow, tumors. (B) Number of visible liver tumors. (C) 
H&E staining. T, tumor. (D) Measurement of tumor area based on H&E staining (E) Oil red 

O staining and its quantification. (F) Serum triglyceride levels. n=8, each group. 

Representative pictures are shown. Data are shown as mean ± S.D. per group.
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FIGURE 2. The infiltration of tumor-associated macrophages (TAMs) in tumors of CRC liver 
metastasis is enhanced in non-alcoholic fatty liver disease (NAFLD).
Mice had splenic injection of MC38 colorectal cancer (CRC) cells after 6 weeks of low-fat 

diet (LFD) or high-fat diet (HFD) which was continued for an additional 2 weeks. (A, B) 
TAMs and M2 macrophages were examined by immunohistochemistry (IHC) for F4/80 and 

CD206, respectively (left). The F4/80- or CD206-positive area in tumors was quantified by 

ImageJ (right). n=8, each group. T, tumor. (C,E) The mRNA expression of M1 (C, IFN-γ, 

NOS2) and M2 (E, IL-4, IL-13, CD206) macrophage markers in tumors was examined by 
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quantitative real-time PCR. (D,F) The protein expression of M1 (D, IFN-γ) and M2 (F, IL-4, 

IL-13) macrophage markers in tumors was examined by ELISA. n=6, each group. Data are 

shown as mean ± SEM per group.
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FIGURE 3. Expression of inflammasome components is increased in tumors enhanced by 
NAFLD.
After 6 weeks of low-fat diet (LFD) or high-fat diet (HFD), mice had splenic injection of 

MC38 colorectal cancer (CRC) cells and continued on LFD or HFD for 2 additional weeks. 

(A) The mRNA expression of inflammasome components (IL-1β, caspase-1, ASC, NLRP3, 

NLRC4) in tumors was examined by quantitative real-time PCR. n=6, each group. Data are 

shown as mean ± SEM per group. (B,C) Western blot analyses for IL-1β and caspase-1. 

Representative images are shown. The quantifications were analyzed by Image J. n=5, each 

group. Data are shown as mean ± SEM per group.
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FIGURE 4. Metastatic liver tumor growth enhanced by NAFLD is suppressed by NLRC4 
deficiency.
WT and NLRC4−/− mice were injected via the spleen with MC38 colorectal cancer (CRC) 

cells after 6 weeks of being fed low-fat diet (LFD) or high-fat diet (HFD) which was 

continued for an additional 2 weeks. (A) Macroscopic appearance of the liver. Arrow, 

tumors. (B) Liver weight. (C) Number of visible liver tumors. (D) Maximal size of tumors. 

(E) H&E staining. T, tumor. (F) Oil red O staining and its quantification. n=6–10, each 

group. Representative pictures are shown. Data are shown as mean ± S.D.
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FIGURE 5. NLRC4 regulates the recruitment and polarization of M2 TAMs in the NAFLD-
enhanced tumors.
WT and NLRC4−/− mice were fed low-fat diet (LFD) or high-fat diet (HFD) for 6 weeks 

followed by splenic injection of MC38 colorectal cancer (CRC) cells and continued LFD or 

HFD for an additional 2 weeks. (A) TAMs and M2 macrophages were examined by 

immunohistochemistry (IHC) with F4/80 and CD206, respectively. The F4/80- or CD206-

positive area in tumors was quantified by ImageJ. n=8, each group. T, tumor. (B,D) The 

mRNA expression of M1 (IFN-γ, NOS2) and M2 (IL-4, IL-13, CD206) macrophage 

markers in tumors from HFD-fed mice was examined by quantitative real-time PCR. n=6–

10, each group. Data are shown as mean ± SEM per group. (C,E) The protein expression of 

M1 (C, IFN-γ) and M2 (E, IL-4, IL-13) macrophage markers in tumors was examined by 

ELISA. (F) FACS analysis was performed for M1 and M2 TAMs. TAMs were isolated from 

liver tumors of LFD- and HFD-fed mice. F4/80, iNOS, and CD206 were used to define 

TAMs, M1 (F4/80+iNOS+), and M2 (F4/80+CD206+) macrophages, respectively. 

Representative results of 3 independent experiments are shown.
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FIGURE 6. NLRC4 is expressed in TAMs.
After 6 weeks of high-fat diet (HFD), WT and NLRC4−/− mice injected via the spleen with 

MC38 colorectal cancer (CRC) cells and continued on HFD for an additional 2 weeks. (A) 
The mRNA expression of inflammasome components (caspase-1, ASC, IL-1β, IL-18, 

NLRC4) in tumors was examined by quantitative real-time PCR. n=6–10, each group. Data 

are shown as mean ± SEM per group. (B,C) Western blot analyses for IL-1β and caspase-1. 

Representative images are shown. The quantifications were evaluated by Image J. n=5, each 

group. Data are shown as mean ± SEM per group. (D) NLRC4-Flag knock-in mice had 
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splenic injection of CRC cells after 6 weeks of low-fat diet (LFD) or HFD which was 

continued for an additional 2 weeks. Immunofluorescence for F4/80 was performed. Green, 

F4/80. Red, NLRC4-Flag. White dotted line indicates tumors. T, tumor. Representative 

results of 3 independent experiments are shown.
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FIGURE 7. IL-1 receptor signaling contributes to metastatic liver tumor growth in the NAFLD 
condition.
WT mice were injected via the spleen with MC38 colorectal cancer (CRC) cells after 6 

weeks of low-fat diet (LFD) or high-fat diet (HFD) which was continued for an additional 2 

weeks. A subset of mice were treated with recombinant IL-1 receptor antagonist (IL-1Ra, 10 

mg/kg body weight) s.c. daily. (A, left) Macroscopic appearance of the liver. Arrow, tumors. 

(A, right) Liver weight. (B, left) Number of visible liver tumors. (B, right) Maximal size of 

tumors. (C) Oil red O staining and its quantification. n=7–10, each group. Representative 
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pictures are shown. Data are shown as mean ± S.D. per group. (D,E) TAMs (D) and M2 

macrophages (E) were examined by immunohistochemistry (IHC) for F4/80 and CD206, 

respectively. The F4/80- or CD206-positive area in tumors was quantified by ImageJ. n=7–

10, each group. T, tumor. Representative pictures are shown. Data are shown as mean ± S.D. 

per group.
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FIGURE 8. NLRC4 regulates tumor angiogenesis through VEGF production.
(A-C) WT and NLRC4−/− mice were fed low-fat diet (LFD) or high-fat diet (HFD) for 6 

weeks after which they underwent splenic injection of MC38 colorectal cancer (CRC) cells 

and continued on LFD or HFD for an additional 2 weeks. (A) VEGF mRNA was examined 

by quantitative real-time PCR. (B) Immunofluorescence for CD31 in liver sections is shown. 

Representative pictures are shown. Quantification of CD31-positive area in tumors. (C) 
VEGF mRNA expression in tumors from HFD-fed mice. n=6–10, each group. Data are 

shown as mean ± SEM per group. (D,E) Liver macrophages and TAMs were isolated from 
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WT and NLRC4−/− mice. Cells were treated with 200μM palmitate for 24 hours, with or 

without pretreatment of 1μM TAK-242 for 1 hour. Cells were also treated with 10ng IL-1β 
for 24 hours, mRNA expression of NLRC4, IL-1β, and VEGF was determined by 

quantitative real-time PCR. IL-1β protein concentrations in culture supernatant were 

measure by ELISA. Data are shown as mean ± S.E.M. from 3 independent experiments. (F) 
Summary of the proposed model.
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