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Nuclear factor erythroid 2-related factor 2 (Nrf2) plays a dual role in carcinogenesis. We previously reported that Nrf2 deficiency enhances the anti-tumorigenic effect of 17β-estradiol (E2) in an azoxymethane (AOM)/dextran sodium sulfate (DSS) model of colitis-associated cancer (CAC). Herein, we aimed to determine a possible explanation for our recent work and investigated the immune microenvironment represented by programmed death-ligand 1 (PD-L1) expression. One week after the AOM injection, mice were administered with DSS in drinking water for seven days; daily E2 injections were intraperitoneally administered during this period. The mice were sacrificed 16 weeks after AOM injection and analyzed for PD-L1 expression in the distal colon tissues using Western blotting and immunohistochemistry (IHC). Based on Western blotting results, PD-L1 expression was reduced in Nrf2 knockout (KO) female and E2-treated male mice when compared with their wild-type counterparts, following AOM/DSS treatment; this supports the association of PD-L1 expression with tumor progression. Additionally, this finding was in good agreement with the IHC results for PD-L1. Furthermore, we observed that PD-L1 is predominantly expressed in stromal cells rather than on epithelial cells in the colon. Western blotting revealed that PD-L1 expression in the colon positively correlates with expressions of inducible nitric oxide synthase (iNOS) (male, P = 0.002; female, P <0.001) and cyclooxygenase-2 (COX-2) (male, P <0.001; female, P <0.001). Collectively, our findings indicate that estrogen ameliorates the immune microenvironment represented by PD-L1 expression and enhances its effect in the absence of Nrf2.
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Introduction

Inflammation is known to predispose patients to cancer initiation and development (1). For instance, inflammatory diseases such as chronic inflammatory bowel disease, chronic hepatitis, and Helicobacter pylori-induced gastritis have been associated with an increased risk of cancer (2). Tumor initiation occurs as a result of genetic mutations induced by extrinsic mutagens or inherent DNA copying errors. Inflammatory responses lead to the accumulation of mutations even in the absence of extrinsic mutagens (3). For example, activated macrophages and neutrophils produce reactive oxygen species (ROS) and reactive nitrogen species, which induce mutations in normal tissues (1). Therefore, an inadequately resolved chronic inflammation can increase the risk of cancer.

A programmed death 1 (PD-1) is an immune checkpoint expressed on activated T cells, and its engagement with programmed death-ligand 1 (PD-L1) attenuates T cell activation (4). PD-L1 expression in tumors or infiltrating immune cells plays a role in suppressing T cell activation, thereby dampening T cell cytotoxicity and further anti-tumor immune responses (5, 6). Indeed, immune checkpoint inhibitors blocking the PD-1/PD-L1 interaction have shown remarkable results in cancer therapy (7). Most recently, the therapeutic effect of trastuzumab deluxtecan (DS-8201), which is an antibody–drug conjugate, was reported in patients with CRC (8). It showed strong and durable anti-tumor activity in patients with HER2-positive metastatic CRC following two or more previous therapies (8). Furthermore, PD-L1 is expressed in various normal tissues and maintains immune homeostasis (9). For instance, PD-L1-deficient mice show an exacerbated inflammatory response in the colon, suggesting a role for PD-L1 in immune tolerance (10). Studies have revealed that induction of PD-L1 expression can occur in response to inflammatory cytokines such as interferon-gamma (IFN-γ), interleukin-17 (IL-17), and tumor necrosis factor-alpha (TNF-α) (11). Among downstream signaling pathways of inflammation, nuclear factor-κB (NF-κB) has emerged as a key regulator of PD-L1 expression (12). Therefore, chronic inflammation is closely linked to the mechanism of tumor immune evasion (12).

It has been reported that estrogen suppresses intestinal inflammation in clinical and experimental studies [reviewed in (13)], and further colitis-associated cancer (CAC) development in an azoxymethane (AOM)/dextran sodium sulfate (DSS) mouse model (14, 15). Conversely, several studies have revealed that estrogen facilitates tumorigenesis by promoting immunosuppression (e.g. increasing PD-L1 expression on tumor cells) in the tumor microenvironment (TME) (16–18). However, in these studies, the effects of estrogen were evaluated on existing tumor cells. Estrogen receptors (ERs) are classified as ERα and ERβ, both of which have distinct roles: that ERα is oncogenic and promotes cellular proliferation, whereas ERβ is predominantly protective, being anti-proliferative, anti-inflammatory, and anti-tumorigenic (19). In the previous study, 17β-estradiol (E2) treatment induced the expression of ERβ but not ERα in CCD841CoN cells, a female human colonic epithelial cell line. E2 treatment significantly elevated the expression of anti-oxidant enzymes such as heme oxygenase-1 (HO-1) and NAD(P)H-quinone oxidoreductase-1 (NQO1) (20). Furthermore, E2 supplementation decreased protein and mRNA levels of NF-kB-related pro-inflammatory enzymes such as nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) induced by AOM/DSS treatment in the colitis stage (14). These results suggest that estrogen exerts its anti-inflammatory and anti-oxidant effects via ERβ (20).

Nuclear factor erythroid 2-related factor 2 (Nrf2) transcription factor maintains redox homeostasis during oxidative stress and suppresses inflammation (21). Consistent with its role, Nrf2 deficiency exacerbates inflammation in various murine models (21). Accordingly, it has been established that Nrf2 plays a role in suppressing the inflammatory response, thus protecting cells from inflammation-induced carcinogenesis (21). Furthermore, we have previously revealed that Nrf2 can mediate the anti-inflammatory effect of E2 in mouse embryonic fibroblast cells (22). This led us to postulate that the effect of E2 would be impaired in Nrf2-deficient mice. However, our recent study showed that the anti-tumorigenic effect of E2 was more prominent in Nrf2 knockout (KO) male mice than in wild-type (WT) male mice (23). These results indicate that Nrf2 activation may not be beneficial under certain conditions. Moreover, Nrf2 activation protects not only normal cells but also cancer cells from oxidative stress which promotes cancer progression (24). More importantly, a recent study has reported that Nrf2 transcriptionally regulates PD-L1 expression (25). In tumor-bearing mice, Nrf2 deficiency decreases the tumor burden and inhibits the function and survival of myeloid-derived suppressor cells (MDSCs) (26), which express high levels of PD-L1 and contribute to the immunosuppressive TME (27).

Based on this background, we hypothesized that estrogen might exert anti-tumorigenic effects and cooperate with Nrf2 deficiency in the immune microenvironment Therefore, this study aimed to determine the sex difference in PD-L1 expression and its correlation with Nrf2 expression in the colon tumor microenvironment of the AOM/DSS-induced CRC mouse model. Also, as part of the sex difference, we tried to confirm the effect of E2 on PD-L1 expression in male mice.



Material and Methods


Reagents

AOM (# A5486) and E2 (# E8876) were purchased from Sigma-Aldrich (St. Louis, MO, USA). DSS (molecular weight 36,000–50,000, # 160110) was procured from MP Biomedicals (Aurora, OH, USA). The antibodies used in this study are listed in Table 1.


Table 1 | The antibody list for Western blotting and immunohistochemistry.





Animals

Heterozygous Nrf2+/− mice (C57BL/6 background) were kindly provided by Prof. Young-Joon Surh. As shown in Supplementary Figures S1A, B, littermates of WT and Nrf2 knockout (Nrf2−/−, KO) were generated by cross-breeding of heterozygous Nrf2+/− mice (23, 28). Mice were genotyped by performing a tail DNA extraction, followed by a polymerase chain reaction. Bands were detected by agarose gel electrophoresis at 214 bp for Nrf2−/− and 263 bp for WT mice, as detailed in our previous study (23, 28). All animals were maintained under a 12-hour light/dark cycle and allowed water and food ad libitum. Animal care and experiments were performed in accordance with the Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines. All animal experiment protocols were approved by the Institutional Animal Care and Use Committee (IACUC) of the Seoul National University Bundang Hospital (BA1705-223/043-01).



AOM/DSS Model of Colitis-Associated Cancer

The AOM/DSS protocol is well established and is commonly used as a mouse model of CAC. Both WT and Nrf2 KO mice were randomly divided into the following five groups: male control group, male AOM/DSS group, male AOM/DSS + E2 group, female control group, and female AOM/DSS group; each group was composed of 9–12 mice. In the AOM/DSS-treated group, mice were intraperitoneally injected with 10 mg/kg of AOM dissolved in phosphate-buffered saline (PBS). Seven days after injection, 2.5% (w/v) DSS was added to the drinking water for 7 days, followed by switching to regular water. E2 was dissolved in olive oil and administered intraperitoneally daily at a dose of 10 mg/kg during 2.5% DSS treatment (Figure 1). After 16 weeks, all mice were sacrificed, and distal colon tissues were processed for further analysis. Colon samples were derived from the same tissue samples used in our previous experiments (23, 28).




Figure 1 | Overview of the experimental design. WT and Nrf2 KO male and female mice were used in the AOM/DSS-induced colitis-associated CRC protocol. AOM (10 mg/kg) was injected into the mice on Day 0. One week after, DSS (2.5%) was provided in the drinking water for one week. E2 (10 mg/kg) was administrated by daily intraperitoneal injection for one week during DSS treatment. The mice were sacrificed at week 16 after AOM injection. WT, wild-type; Nrf2, nuclear factor erythroid 2–related factor 2; KO, knockout; AOM, azoxymethane; DSS, dextran sodium sulfate; E2, 17β-estradiol.





Western Blot Analysis

Colon samples were homogenized using a handheld homogenizer in 300 μl of RIPA buffer supplemented with complete protease inhibitors (Roche, South San Francisco, CA). Then, tissue lysates were denatured and separated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Following electrophoresis, separated proteins were transferred to polyvinylidene difluoride (PVDF) membranes. The membranes were blocked with 5% bovine serum albumin (BSA) in TBST (20 mM Tris, 150 mM NaCl, containing 0.1% Tween-20, pH 7.4) for 1 h. Next, the membranes were incubated with primary antibodies (Table 1) in TBST with 5% BSA at 4°C overnight. After removing the excess primary antibody by washing, the membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibody at room temperature for 1 h. After washing, the membranes were exposed to enhanced chemiluminescence (ECL) reagent and visualized using a ChemiDoc MP (Bio-Rad). Detection and quantification of band intensities were performed using Image Lab 5.0 software (Bio-Rad).



Quantitative Real-Time Polymerase Chain Reaction

Colon tissues were homogenized using a handheld homogenizer in 500 μl of TRIzol reagent (Invitrogen, Carlsbad, CA, USA), and total RNA was extracted. According to the manufacturer’s instructions, 2 μg of total RNA was reverse transcribed using a Reverse Transcription kit (Applied Biosystems, Foster City, CA, USA). The cDNA was used to perform qRT-PCR using specific primers (listed in Table 2) in a QuantStudio™ 7 Flex Real-Time PCR instrument. The expression levels were normalized to that of Gapdh.


Table 2 | List of oligonucleotide sequences used for qRT-PCR.





Immunohistochemistry

Colon tissues were fixed with phosphate-buffered formalin and embedded in paraffin. Tissue sections were blocked with 3% hydrogen peroxide and normal goat serum. For PD-L1, immunohistochemical staining was performed using the MIH5 rat monoclonal antibody (eBioscience, San Diego, USA) on a Benchmark XT autostainer (Ventana Medical Systems, Tucson, AZ, USA), with standard antigen retrieval. The UltraView Universal DAB Detection Kit (Ventana Medical Systems) was used according to the manufacturer’s instructions. PD-L1 expression was evaluated in both the tumor and non-tumor areas. Quantitative assessment of PD-L1 immunoreactivity was performed using the Image-Pro Plus analysis system, with measurements expressed as the proportion of immunoreactive area (% of total area). The reported values are averages of different images from different mice within each group.



Statistical Analysis

Statistical analysis was performed using SPSS version 18.0 (SPSS, Chicago, IL, USA). Data are presented in bar graphs as the mean ± standard error of the mean (SEM). The statistical significance of differences between the two groups was evaluated using the Mann–Whitney test, and the graphs were generated using GraphPad Prism 5.0 (GraphPad Software, San Diego, USA). The statistical significance of differences between more than two groups was determined using a nonparametric factor Kruskal–Wallis sum-rank test. Statistical significance was set at P <0.05. The correlation of PD-L1 expression with COX-2 and iNOS was determined using Spearman’s correlation coefficient.




Results


Strong Inhibitory Effect of Estrogen on the Expression of PD-L1 And Inflammatory Mediators in the Absence of Nrf2

We have previously reported that E2 inhibits colitis-associated tumorigenesis (14) and that Nrf2 deficiency enhances the anti-tumorigenic effect of E2 (23) in an AOM/DSS model of CAC. Herein, we examined whether the anti-tumorigenic effect of E2 is associated with PD-L1 expression in distal colon tissues in the same model. The colon tissues used in this study were derived from tissues used in our previous study (23), and Figure 1 depicts the experimental procedure. After preferentially confirming the expression of Nrf2 in colon tissues of WT and Nrf2 KO groups (Supplementary Figure S1C), the protein expression of PD-L1 and pro-inflammatory mediators, including iNOS and COX-2, in colon tissues were determined by Western blot analysis. As shown in Figures 2A, C, AOM/DSS treatment significantly increased PD-L1 protein expression in WT (P = 0.003) and Nrf2 KO (P = 0.004) male mice when compared with the control group. The administration of E2 significantly reduced the expression of AOM/DSS-induced PD-L1 protein in Nrf2 KO male mice (P = 0.009); a marginal decrease was observed in WT male mice when compared with that in the AOM/DSS group (Figures 2A, C). We further evaluated the E2 effects on the protein levels of iNOS and COX-2 in the presence or absence of Nrf2. Consistent with previous results (23), AOM/DSS-induced iNOS protein levels were significantly decreased by E2 administration only in Nrf2 KO males (P <0.001), but not in WT males (Figures 2A, E). Also, COX-2 protein levels induced by AOM/DSS treatment were significantly decreased by E2 administration both in WT (P = 0.004) and Nrf2 KO (P <0.001) males (Figures 2A, G). These results revealed that E2 reduces PD-L1 expression along with iNOS and COX-2 expression more effectively in the absence of Nrf2, suggesting its protective role of E2 in the immune microenvironment and tumorigenesis.




Figure 2 | Stronger inhibitory effect of E2 on AOM/DSS-induced PD-L1 expression in Nrf2 KO male mice than in WT males. (A, B) Representative Western blot images of three independent experiments performed with colon tissue from the male (A) and female mice (B). (C–H) Relative protein expression of PD-L1 (C, D), iNOS (E, F), and COX-2 (G, H) in males (C, E, G) and females (D, F, H). GAPDH was used as a loading control. The P-values obtained from the Kruskal–Wallis test is shown in the figure; *P < 0.05 for comparison between two groups (Mann–Whitney test); #P < 0.05 for comparison between males and females (Mann–Whitney test). WT, wild-type; KO, knockout; Ctrl, control; AOM, azoxymethane; DSS, dextran sodium sulfate; PD-L1, programmed death-ligand 1; iNOS, inducible nitric oxide synthase; COX-2, cyclo-oxygenase 2; Nrf2, nuclear factor erythroid 2-related factor 2; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase.



A previous report has revealed that Nrf2-deficient male mice are more susceptible to AOM/DSS-induced intestinal inflammation and tumorigenesis than WT male mice (29). In contrast, our studies using female mice showed that Nrf2 deficiency significantly attenuated tumorigenesis (based on the number of tumors larger than 2 mm) induced by AOM/DSS treatment (28). Therefore, we aimed to determine whether PD-L1 protein expression in colon tissues differs between WT and Nrf2 KO female mice following exposure to AOM/DSS. As shown in Figures 2B, D, AOM/DSS treatment significantly increased PD-L1 protein expression in WT females (P <0.001), but not in Nrf2 KO females. Similar to PD-L1 expression, iNOS and COX-2 protein levels were strongly elevated by AOM/DSS treatment only in WT females (P = 0.002 for iNOS and P = 0.018 for COX-2), not in Nrf2 KO females (Figures 2B, F, H). Unlike their male counterparts, female mice lacking Nrf2 presented significantly lower expression levels of PD-L1 (P = 0.033) and pro-inflammatory mediators (P = 0.003 for iNOS and P = 0.045 for COX-2) than WT mice after AOM/DSS treatment (Figures 2B, D). Furthermore, the protein levels of iNOS induced by AOM/DSS treatment were strongly lower in female mice than in male, only in Nrf2 KO groups (P = 0.004 for male vs female in Nrf2 KO AOM/DSS group; Figures 2E, F), not in WT.

Next, we analyzed the mRNA expression of Pd-l1 and iNos. Similar to protein levels, the mRNA expression of Pd-l1 and iNos increased by AOM/DSS treatment was more strongly suppressed by E2 treatment in Nrf2 KO males than in WT males (Figures 3A, C). In female mice, AOM/DSS-induced iNos expression was significantly lower in Nrf2 KO mice compared with WT mice (P = 0.049). In terms of sex, the mRNA expression of Pd-l1 and iNos increased by AOM/DSS treatment was significantly lower in female mice than in males, only in Nrf2 KO groups (P = 0.012 for Pd-l1 and P = 0.009 for iNos; Figures 3A–D). We further evaluated the mRNA expression of Nrf2-mediated anti-oxidant enzyme genes, including Ho-1 and Nqo1. In WT males, the mRNA expression of Ho-1 and Nqo1, which was strongly increased by AOM/DSS treatment, was strongly inhibited by E2 treatment (P = 0.005 for Ho-1 and P = 0.010 for Nqo1; Figures 3E, G). Contrary to WT male mice, the inhibitory effect of E2 on Ho-1 and Nqo1 mRNA expression increased by AOM/DSS treatment was weak in the Nrf2 KO males (Figures 3E, G). Furthermore, Ho-1 and Nqo1 mRNA expressions increased by AOM/DSS treatment were significantly lower in Nrf2 KO compared with WT in both males and females (P = 0.039 for Ho-1 and P = 0.020 for Nqo1 in males; P = 0.003 for Ho-1 and P = 0.001 for Nqo1 in females; Figures 3E–H). Accordingly, the sexual dimorphism of Nrf2 deficiency can be observed in PD-L1 expression in response to AOM/DSS, suggesting an association between PD-L1 expression and tumorigenesis.




Figure 3 | Effect of E2 on mRNA expression of Pd-l1, iNos, and Nrf2-mediated anti-oxidant enzyme genes. (A–H) mRNA expression of Pd-l1 (A, B), iNos (C, D), Ho-1 (E, F), and Nqo1 (G, H) in WT and Nrf2 KO male (A, C, E, G) and female (B, D, F, H) mice. Gapdh was used as an internal control. The P-values obtained from the Kruskal–Wallis test is shown in the figure; *P < 0.05 for comparison between two groups (Mann–Whitney test); #P < 0.05 for comparison between males and females (Mann–Whitney test). WT, wild-type; KO, knockout; AOM, azoxymethane; DSS, dextran sodium sulfate; Pd-l1, programmed death-ligand 1; iNos, inducible nitric oxide synthase; Ho-1, heme oxygenase 1; Nqo1, NAD(P)H dehydrogenase (quinone) 1; Gapdh, Glyceraldehyde 3-phosphate dehydrogenase.





Correlation Between PD-L1 and Pro-Inflammatory Mediators in the Colon Tumor Microenvironment

Pro-inflammatory cytokines produced in the TME induce PD-L1 expression in tumor cells (11), and the inflammatory milieu recruits PD-L1-positive immune cells to the tumor sites (1). Next, we conducted statistical analysis to determine the correlation between expression levels of PD-L1 and inflammatory markers, including iNOS and COX-2 in colon tissues. In male mice, Spearman correlation analysis revealed that PD-L1 expression significantly correlated with the expressions of iNOS (P = 0.002) and COX-2 (P <0.001) (Figures 4A, C). Furthermore, similar to results observed in male mice, PD-L1 expression positively correlated with expressions of iNOS (P <0.001) and COX-2 (P <0.001) in both WT and Nrf2 KO female mice (Figures 4B, D). These results suggest that the inflammatory milieu is closely associated with the suppressive immune microenvironment. Moreover, the protective role of E2 in tumorigenesis might be related to the suppression of iNOS and COX-2 expression.




Figure 4 | Positive correlation of PD-L1 expression with proinflammatory mediators. (A, B) Correlation of PD-L1 protein levels with iNOS protein levels in male (A) and female (B) mice. (C, D) Correlation of PD-L1 protein levels with COX-2 protein levels in male (C) and female (D) mice. Spearman correlation analysis was used to determine the correlation of results from the Western blotting (Figure 2). PD-L1, programmed death-ligand 1; iNOS, inducible nitric oxide synthase; COX-2, cyclooxygenase 2.





Frequencies of PD-L1-Positive Stromal Cells Are Lower in E2-Treated Nrf2 KO Male Mice and Nrf2 KO Female Mice When Compared With WT Mice After AOM/DSS Treatment

PD-L1 can be expressed by various cells, including tumor, immune, and stromal cells. Therefore, IHC was performed on colon tissues to identify the type of PD-L1-expressing cells and to quantify those cells in the tumor and non-tumor areas, respectively, by a colon pathologist (HYN). PD-L1 expression was analyzed in male and female mice, and representative images were obtained from the indicated mice. As shown in Figures 5A, B, PD-L1 expression was almost exclusively observed in stromal cells and mononuclear immune cells (lymphocytes and macrophages) rather than epithelial cells, in both tumor and non-tumor areas. In male mice, PD-L1-positive cells were barely detected in the control group of WT and Nrf2 KO mice, but AOM/DSS treatment significantly increased the frequencies of PD-L1-positive cells in both tumor (P = 0.020 for WT and P = 0.020 for Nrf2 KO; Figures 5A, E) and non-tumor areas (P = 0.024 for WT and P = 0.024 for Nrf2 KO; Figures 5A, C) in colon tissues. After combined treatment with E2 and AOM/DSS, the frequency of PD-L1-positive cells decreased profoundly in Nrf2 KO male mice (P = 0.025) when compared with WT male mice in the non-tumor area (Figures 5A, C). All WT male mice co-treated with AOM/DSS and E2 developed tumors, but interestingly, only one out of six mice co-treated with AOM/DSS and E2 developed a tumor in the Nrf2 KO group (Figures 5C, E). The frequency of PD-L1-positive cells increased by AOM/DSS treatment in the tumor area tended to decrease by E2 treatment in the Nrf2 KO male mice than in the WT males, but did not show significance due to the low ‘N’ number of AOM/DSS + E2 group in Nrf2 KO (Figure 5E).




Figure 5 | PD-L1-positive stromal cells are reduced in E2-treated Nrf2 KO male mice and Nrf2 KO female mice when compared with WT mice after AOM/DSS treatment. (A, B) Representative IHC images of PD-L1 expression in non-tumor and tumor areas in colon tissues of male (A) and female (B) mice. Magnification, ×200. Arrows indicate PD-L1-positive stromal cells. (C–F) PD-L1 expression according to the non-tumor area (C, D) and tumor area (E, F) in male (C, E) and female (D, F) mice were quantified as a percentage of the immunoreactive area (% of total area). Bar graph values are expressed as the mean ± standard error of the mean (SEM). The P-values obtained from the Kruskal–Wallis test is shown in the figure; *P < 0.05 for comparison between two groups (Mann–Whitney test); #P < 0.05 for comparison between males and females (Mann–Whitney test). WT, wild-type; KO, knockout; Ctrl, control; AOM, azoxymethane; DSS, dextran sodium sulfate; Nrf2, nuclear factor erythroid 2-related factor 2; PD-L1, programmed death-ligand 1.



Similar to the male control group, PD-L1-positive cells were barely detectable in the controls of WT and Nrf2 KO female mice (Figures 5B, D). Also, AOM/DSS treatment significantly increased the frequency of PD-L1-positive cells both in tumor (P = 0.034 for WT and P = 0.020 for Nrf2 KO; Figures 5B, F) and non-tumor areas (P = 0.034 for WT and P = 0.020 for Nrf2 KO; Figures 5B, D) in WT and Nrf2 KO female mice, but to a lesser extent in Nrf2 KO female mice, when compared with WT mice; the difference was not statistically significant. In terms of sex, compared with their male counterparts, the frequencies of PD-L1-positive cells enhanced by AOM/DSS treatment in non-tumor areas were slightly lower in female mice of Nrf2 KO and WT group. Furthermore, the frequencies of PD-L1-positive cells within tumor areas were strongly lower in Nrf2 KO female mice than in Nrf2 KO males (P = 0.025 for male vs female; Figures 5E, F), but not in WT mice, suggesting sex differences in PD-L1 expression in response to AOM/DSS treatment. These findings corresponded with the reduced tumorigenesis in female mice when compared with that in male mice after AOM/DSS treatment (14). Moreover, PD-L1 expression evaluated by IHC showed good concordance with the Western blot results presented in Figure 2.




Discussion

Previously, we reported that E2 more effectively suppressed AOM/DSS-induced tumorigenesis in Nrf2 KO male mice than in WT males (23). As a possible explanation for this finding, the present study revealed that tumor progression was associated with an increased frequency of PD-L1-positive cells in colon tissues. Furthermore, PD-L1 expression in colon tissues positively correlated with iNOS and COX-2 expressions, implying that the inflammatory milieu is involved in PD-L1 expression. These results indicate that the anti-tumorigenic effect of E2 might be associated with the immune microenvironment and cooperate with Nrf2 deficiency.

The prognostic value of PD-L1 expression in colorectal cancer (CRC) remains elusive. Recent studies using meta-analysis have shown that PD-L1 expression is a negative prognostic factor for overall survival and disease-free survival (30, 31). Although PD-L1 can be expressed on stromal, epithelial, and immune cells in CRC (32), the relative prognostic implications of these cells need to be elucidated. In the current study, we, for the first time, revealed that PD-L1 expression in colon tissues from the AOM/DSS-induced CAC mouse model was associated with colon tumor progression. Moreover, stromal and immune cells were identified as PD-L1-positive cells in colon tissue. Consistent with our findings, a recent study using the CT26 syngeneic colon tumor mouse model demonstrated that PD-L1 expression on stromal cells promoted colon cancer progression (33).

It is widely accepted that inflammation is a risk factor for carcinogenesis, as demonstrated in numerous studies (1). As a transcription factor, Nrf2 regulates the expression of anti-oxidant genes (21). Therefore, Nrf2 exerts a protective effect against inflammation-induced carcinogenesis via its ability to reduce ROS accumulation (24). In contrast, recent studies have shown that Nrf2 promotes cancer progression and metastasis (34). These controversial roles of Nrf2 in cancer are described in the literature as the “dual roles” of Nrf2 in cancer (24). In the current study, we showed that E2 more effectively suppressed inflammatory markers such as iNOS and COX-2, in the absence of Nrf2, in the cancer stage. It was associated with reduced tumorigenesis by E2. Therefore, our study highlights the critical role of E2, even in the absence of Nrf2, in inflammation-induced carcinogenesis.

A previous report has revealed that Nrf2-deficient male mice were more susceptible to AOM/DSS-induced tumorigenesis than their WT counterparts (29). However, in female mice, Nrf2 deficiency significantly attenuated tumorigenesis (based on the number of tumors >2 mm in diameter) caused by AOM/DSS treatment (28). Based on our findings in Nrf2 KO male and female mice, it could be surmised that endogenous estrogen in female mice recapitulated the effect of exogenous E2 in male mice following exposure to AOM/DSS. Compared with their WT counterparts, the reduced tumorigenesis in Nrf2 KO female and E2-treated Nrf2 KO male mice was accompanied by reduced expression of PD-L1 in colon tissues (Figures 2 and 3). Moreover, Nrf2 KO female and E2-treated Nrf2 KO male mice showed decreased expression of inflammatory markers such as iNOS and COX-2, when compared with WT mice after AOM/DSS treatment. As NF-κB reportedly regulates the expression of iNOS and COX-2, E2 may play a role in suppressing the NF-κB signaling pathway in the AOM/DSS model of CAC. NF-κB is a key transcription factor of inflammation and is closely associated with colitis-associated tumorigenesis (35, 36). However, further studies are warranted to identify molecules involved in the action of E2 in the NF-κB signaling pathway.

Several inflammatory cytokines such as IFN-γ, IL-17, and TNF-α reportedly induce PD-L1 expression on tumor cells (11), and the inflammatory milieu recruits PD-L1-positive immune cells to the tumor sites (1). In addition, NF-κB has emerged as an important regulator of PD-L1 expression in the TME (12). To evaluate inflammatory conditions affecting PD-L1 expression, we examined the expression of inflammatory markers, such as iNOS and COX-2, in colon tissues. Our findings revealed that inflammatory signaling, as shown by COX-2 and iNOS expression, positively correlates with PD-L1 expression in colon tissues. Consistently, previous studies have demonstrated that COX-2 expression is associated with PD-L1 expression and immune evasion in melanoma (37) and breast cancer (38), thereby providing a rationale for evaluating COX-2 inhibition to prevent tumor immune evasion (38). In light of tumor immune evasion, our results, for the first time, suggest that the anti-tumorigenic effects of estrogen could be utilized through the suppression of PD-L1 expression. Conversely, most studies focused on hormone-sensitive cancer have shown that estrogen has a tumor-promoting effect (39). In addition, several recent studies have revealed that, in syngeneic tumor models, estrogen promotes tumor progression via the accumulation of MDSCs (16, 17), which are potent immunosuppressive cells in the TME (27). These discrepancies could be attributed to different tumor models and experimental designs. Although most studies have focused on existing tumor cells to evaluate the effects of estrogen, we investigated the effects of estrogen on colon tissues in the inflammatory phase later resulting in tumor formation by employing the AOM/DSS model of CAC and Nrf2 KO mice. Our results indicate that inadequately resolved chronic inflammation can induce immunosuppression, as represented by PD-L1 expression, and that estrogen plays a vital role in ameliorating inflammation, even in the absence of Nrf2.

In addition to being expressed on tumor cells, PD-L1 is expressed on immune cells such as MDSCs, tumor-associated macrophages, regulatory T cells, and dendritic cells (11). However, the relative contribution of these cells to immunosuppression remains poorly understood. Recent studies have revealed that PD-L1 on immune cells, rather than on tumor cells, plays a more critical role and is the relevant mechanistic target for PD-1/PD-L1 inhibitors (40, 41). Therefore, we performed IHC using colon tissues to examine which cell types expressed PD-L1. We observed that PD-L1 expression was almost exclusively found in stromal and immune cells rather than in tumor cells. Moreover, PD-L1-positive cells were significantly observed in non-tumor and tumor areas. Therefore, we quantified PD-L1-positive cells in both the tumor and non-tumor areas respectively. AOM/DSS treatment increased the frequency of PD-L1-positive cells in both tumor and non-tumor areas. After the addition of E2, the frequency of PD-L1-positive cells decreased more profoundly in Nrf2 KO mice than in WT mice. Similar to male mice, AOM/DSS treatment increased the frequency of PD-L1-positive cells in female mice. These IHC results, at least in part, showed good concordance with PD-L1 expression analyzed by Western blotting. Based on these observations, we suggest that PD-L1-positive stromal and immune cells, rather than tumor cells, might contribute to tumor progression in the AOM/DSS model of CAC.

Our study had several limitations. First, Western blot analysis did not individually demonstrate PD-L1 expression in tumor and non-tumor areas; the main reason for this was the difficulty in obtaining separate tissues from the total colon. However, the results showed good concordance with the PD-L1 expression analyzed by IHC. The second limitation is that the exact types of PD-L1-positive cells were not delineated using cell type-specific markers, although various types of PD-L1-positive cells contribute to immunosuppression depending on the context of the TME. To compensate for these limitations, we plan to further conduct T cell immunology studies in the tumor state, along with the identification of cells expressing PD-L1 in colon tissues in an AOM/DSS-induced CRC mouse model. Despite these limitations, our results undoubtedly show that the frequency of PD-L1-positive cells in colon tissues is associated with disease progression in the AOM/DSS model of CAC. To further verify the therapeutic effect of estrogen in the WT and Nrf2 KO CRC mouse model induced by AOM/DSS treatment, further studies using PD-L1 antibody should be conducted. In-depth, additional experiments are needed to further validate key findings in vitro using colon cancer cells and dissect the crosstalk between Nrf2 and PD-L1. In conclusion, our study highlights the critical role of estrogen in inflammation and PD-L1 expression, which cooperates with Nrf2 deficiency to suppress tumorigenesis.
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