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Background

Immune checkpoint inhibitors (ICIs) are quickly becoming key instruments in the treatment of mismatch repair-deficient (dMMR) colorectal cancers (CRCs). Despite their clinical value, ICIs have several limitations associated with their use. Only approximately 15% of all CRCs have a dMMR status, and the overall response rate of ICIs is approximately 40%. The mechanism of ICI resistance is not clear, and its study is limited by the lack of information available on the characterization of the immune microenvironment during the progression from early- to advanced-stage dMMR CRC.



Methods

We used multiplex immunohistochemistry (mIHC) with two panels, each containing five markers, to simultaneously analyze the proportions of immune microenvironment constituents in 59 patients with advanced-stage dMMR CRC and 24 patients with early-stage dMMR CRC. We detected immune cell–associated signatures in the epithelial and stromal regions and evaluated the predictive value of these immune molecules. Student’s t-tests, Mann–Whitney U tests, Cox proportional hazards regression modeling, univariate Cox modeling, and Kaplan–Meier estimation were used to analyze immune cell proportions and survival data.



Results

We observed significantly higher proportions of CD8+ cytotoxic T cells (CD8+) (p = 0.001), CD8+ memory T cells (CD8+CD45RO+) (p = 0.032), and CD4+ regulatory T cells (CD4+FOXP3+) (p = 0.011) in the advanced-stage dMMR CRCs than in the early-stage dMMR CRCs. Furthermore, CD3+ T cells with PD-L1 colocalization (CD3+PD-L1+) (p = 0.043) and CD8+ T cells with PD-L1 colocalization (CD8+PD-L1+) (p = 0.005) were consistently more numerous in patients in the advanced stage than those in the early stage. Our analyses revealed that a high proportion of CD3+PD-1+ T cells was an independent prognostic factor of overall survival (OS) [hazard ratios (HR) = 9.6, p < 0.001] and disease-free survival (DFS) (HR = 3.7, p = 0.010) in patients in the advanced stage.



Conclusion

High numbers of CD8+ cytotoxic T cells and CD8+ memory T cells, which usually represent a cytotoxic function of the adaptive immune system and possibly enhanced inhibition factors, such as CD4+ regulatory T cells and PD-L1 colocalized T cells, were associated with the transformation of the immune microenvironment from the early stage to the advanced stage in dMMR CRCs. Furthermore, CD3+PD-1+ T cells are a prognostic factor for patients with dMMR.
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Introduction

Colorectal cancer (CRC) is a genetically heterogeneous disease, and patients with CRC show widely disparate outcomes. Recently, the significant immunotherapeutic benefit of immune checkpoint inhibitors (ICIs) in CRCs has been reported in patients with dMMR (mismatch repair-deficient) CRC (1–3). dMMR tumors may occur via several mechanisms. In Lynch syndrome CRC, the underlying mechanism is usually a germline mutation of one of the four (MLH1, MSH2, MSH6, and PMS2) MMR genes, leading to microsatellite instability (MSI). In contrast, in sporadic CRC, dMMR is primarily caused by epigenetic silencing through CpG methylation of the MLH1 gene promoter, among other causes (4). dMMR tumors are often accompanied by a higher density of tumor-infiltrating lymphocytes (TILs) and more cytotoxic T cells than mismatch repair-proficient (pMMR) tumors (5, 6). The most likely explanation for the vital benefit of immunotherapy is the high levels of neoantigens, which trigger T-cell response to tumor cells in patients with dMMR (7, 8).

The dMMR status of CRCs varies across different stages of the disease. Overall, approximately 15% of all CRCs have dMMR status, but dMMR status becomes less common in later stages: approximately 20% in stage II, 12% in stage III, and only 2% to 4% in stage IV (9, 10). Previous studies have proposed that this phenomenon is associated with a decrease in immune surveillance (11). Patients with early-stage CRC with dMMR have a significantly better prognosis and longer survival than pMMR patients; however, in contrast with early-stage CRCs, dMMR predicts a significantly worse prognosis in advanced-stage CRCs (12). Considering the relationship between T cells and the dMMR status, it is hypothesized that the heterogeneity of T cells contributes significantly to the transformation of the immune microenvironment from the early stage to the advanced stage in dMMR CRCs.

The response rate to immunotherapy differs in early- and advanced-stage dMMR tumors. Immunotherapy may be highly effective in patients with early-stage dMMR CRC. In an exploratory NICHE study (NCT03026140) of neoadjuvant treatment with nivolumab (anti–PD-1 antibody) and ipilimumab (anti–CTLA-4 antibody) in patients with dMMR, the pathological response rate was 100% in 20 patients with dMMR (13). However, in advanced-stage dMMR tumors, a meta-analysis of 939 dMMR/MSI-H (MSI-high) patients pretreated with ICIs from 14 studies indicated a pooled overall response rate of 41.5% (14). In addition, certain biomarkers can predict the efficacy of ICIs, such as the Immunoscore, which measures TILs in the core and invasive margins of a tumor (15), the tumor mutation burden (16), and the T-cell phenotype (17). Although the mechanisms of immunotherapy resistance are unclear, some possible mechanisms have been proposed, such as the infiltration of CD8+ T cells or FOXP3+ cells (18, 19), the limited repertoire of cytotoxic T cells (20), and the absence of memory T cells (21). T-cell immunotherapies have shown great promise in patients with advanced cancer and have revolutionized treatment (22). Therefore, we presumed that the heterogeneity of T cells played a crucial role in ICI response at different stages of dMMR tumors. Among all the immune checkpoints, we only explored PD-1/PD-L1 because this checkpoint has been well studied, and a considerable amount of literature on it has been published. The PD-1/PD-L1 inhibitors are the most widely used ICIs. Current research is investigating opportunities for their use in every stage of CRC (23). Although this area has been the focus of much research, knowledge of TILs between early-stage and advanced-stage dMMR CRC is limited.

In the present study, we sought to study the distribution of individual immune cells subsets, especially T cells, in early- and advanced-stage dMMR CRCs and to reveal their effect on patient survival. We designed two multiplex immunohistochemistry (mIHC) panels consisting of immune cell markers. The following T-cell markers were considered: CD3, which is highly expressed by T cells; CD4, which is a marker of T helper cells; CD8, which is highly expressed by cytotoxic T cells; CD8+CD45RO+, which is a memory cytotoxic T-cell marker; CD4+FOXP3+, which is a marker of CD4+ regulatory cells; CD68, which is a pan-macrophage marker; CD68+CD163−, which represents M1-like macrophages; CD68+CD163+, which is a marker of M2-like macrophages; and PD-1 and PD-L1, which are immune checkpoint markers (24–28). The simultaneous quantification of various markers in both epithelial regions and stromal regions profiles the immune characteristics of dMMR CRCs across tumor stages and may assist in the identification of potential prognostic markers.



Materials and Methods


Patient Selection

The Ethics Committee of Fudan University Shanghai Cancer Center approved this study. Paraffin-embedded tissue samples from patients with dMMR CRC (n = 83) diagnosed between 2013 and 2019 were collected, and patients were staged according to the American Joint Committee on Cancer staging system (eight edition). Patients in the early stage included patients with stage I or II cancer, whereas patients in the advanced stage included patients with stage III or IV cancer. We obtained 40 fresh specimens from the Department of Colorectal Surgery between 2019 and 2020. None of the patients were treated with radiation therapy, chemotherapy, or immunotherapy before tumor resection. Clinical patient information (e.g., sex and age) was collected from patient clinical records. Information regarding tumor location, size, histological parameters, and vascular and perineural invasion were obtained from pathological reports. All cases that lacked the expression of MLH1, MSH2, MSH6, or PMS2 were histologically confirmed as dMMR.



Multiplex Immunohistochemistry

Sections (4 μm thick) were cut from formalin-fixed, paraffin-embedded (FFPE) CRC tissue and control tonsil tissue. The slides were dewaxed in xylene, rehydrated, and rinsed in graded ethanol solutions and tap water. Before the sections were boiled in Tris-Ethylene Diamine Tetraacetie Acid (EDTA) buffer (pH 9; 643901; Klinipath, Duiven, The Netherlands) for antigen retrieval and microwave treatment (MWT), an antibody diluent/block (72424205; PerkinElmer, Waltham, MA, USA) was applied to block endogenous peroxidase. Information on the primary antibodies and the corresponding fluorophores is provided in Supplementary Table 1, including two panels with five primary antibodies each. One antigen required one round of labeling, including primary antibody incubation, secondary antibody incubation, and tyramide signal amplification (TSA) visualization, followed by labeling of the subsequent antibody. After incubation with the primary antibody for 1 h at room temperature, Opal Polymer HRP Ms+Rb (2414515; PerkinElmer, Waltham, MA, USA) was added and incubated at 37°C for 10 min. TSA visualization was performed with the Opal 7-Color IHC Kit (NEL797B001KT; PerkinElmer, Waltham, MA, USA) containing the fluorophores DAPI (4,6-diamidino-2-phenylindole; Thermo Scientific, Rockford, IL, USA) and the TSA Coumarin system (NEL703001KT; PerkinElmer, Waltham, MA, USA). MWT was performed to remove the antibody-TSA complex with Tris-EDTA buffer (pH 9). TSA single-stained slides were finished with MWT, counterstained with DAPI for 5 min, and enclosed in Antifade mounting medium (I0052; NobleRyder, Beijing, China).



Slide Analysis

Multiplexed and single-color control slides were scanned at an absolute magnification of ×200 using the PerkinElmer Vectra automated multispectral microscope (PerkinElmer, Inc., Hopkinton, MA, US). Representative fields from the single-color slides were imaged, and the inForm image analysis software (version 2.1, PerkinElmer) was used to generate a spectral library for unmixing. Index cases were stained using the multiplex method and then imaged. Channels were unmixed using the spectral library. All settings were saved within an algorithm to allow for batch analysis of multiple original multispectral images of the same tissue (29).



Quantification of Immune Cells and Phenotyping

On the basis of the identification of the DAPI-stained nuclear morphological features, the numbers of immune cells in each image were scored as percent cellularity (number of positive cells/number of nucleated cells, expressed as a percentage). Five representative fields at ×200 magnification of tissue area were selected. The densities of immune cells in the tumor epithelial and stromal regions were segmented as a whole and separately by the pathologist, and they were described as one of three arrays: “total”, “epithelial”, or “stromal”. Immune variables were classified on the basis of the patterns of fluorochrome intensity.



Follow-Up

The patients were monitored every 3 to 6 months for the first 3 years and every 6 to 12 months thereafter. Subsequent evaluations, including digital rectal examinations and serum carcinoembryonic antigen (CEA) tests, were performed at each follow-up. Radiological studies and colonoscopies were performed annually or when clinically indicated. All surviving patients were contacted between June and August 2019 via registered mail or telephone.



Statistical Analyses

Statistical analyses were performed using the SPSS 25.0 software (IBM Corp., Chicago, IL, USA) and GraphPad Prism 7 software (GraphPad Software Inc., San Diego, CA, USA). Differences in the immune cell proportions in the subgroups were analyzed using the t-test (normal distribution) or the Mann–Whitney U test (non-normal distribution), as appropriate. Radar plots were created to show the percentage of immune cells obtained by multiple IHC analyses of the total number of cells in each tissue segmentation. The proportion of immune cells was ranked to obtain the percentile, from lowest to highest, in the whole queue. For immune cell subsets in each group, the average percentile was obtained and graphed on a radar plot to show the trends between different groups. A Cox proportional hazards regression model was used to assess the hazard ratios (HRs), 95% confidence intervals (CIs), and p-values in univariate and multivariate analyses. Each immune variable was analyzed as a continuous variable with regard to overall survival (OS) and disease-free survival (DFS) in the univariate Cox models using a log-rank test or Wald test. Variables for which p < 0.10 after adjusting for common clinicopathological parameters were also included in the multivariate analysis. Survival curves were plotted for each variable using the Kaplan–Meier method and compared using the log-rank test. A p-value <  0.05 was considered statistically significant. All p-values corresponded to two-sided statistical tests.



Ethics Approval and Consent to Participate

This study was evaluated and approved by the Ethics Committee of Fudan University Shanghai Cancer Center (FUSCC), and written informed consent was obtained from all participants or their appropriate surrogates.




Results


Patient Characteristics

We included 83 patients with CRC with known dMMR status in our study, 59 with advanced-stage tumors, and 24 with early-stage tumors. Clinicopathological characteristics are presented in Supplementary Table 2. The sex ratio was close to 2:1 (male:female, 39:20) in the advanced-stage patient group and nearly 1:1 (male:female, 13:11) in the early-stage patient group. All dMMR CRCs were predominantly located in the right colon (56% in patients in the advanced stage and 67% in patients in the early stage) and were poorly to moderately differentiated. Mucinous adenocarcinoma occurred more frequently in the patients in the early stage (42%) than in the patients in the advanced stage (29%). Deficient expression of the MMR protein was distinct in each stage: MSH2 and MSH6 expression loss was more common in patients in the advanced stage, and only MSH6 expression loss was commonly detected in patients in the early stage.



Immune Microenvironment of dMMR CRC

The mIHC panels were used to detect differences in the composition of immune cells within tumor stages. Comparisons of the proportions of immune cells between the early and advanced stages were graphed for epithelial regions, stromal regions, and total regions in radar plots (Figure 1). T-cell composition was significantly different between the epithelial and stromal regions (Figure 1). The proportion of CD8+ cytotoxic T cells in all regions was 2.99% in early-stage tumors and 4.62% in advanced-stage tumors (p = 0.001). Furthermore, 0.22% CD8+ memory T cells (CD8+CD45RO+ T cells) were observed in the total regions in early-stage tumors, whereas 1.02% were observed in advanced-stage tumors (p = 0.032). The total regions exhibited more CD4+ regulatory T cells (CD4+FOXP3+ T cells) in patients in the advanced stage (0.85%) than in patients in the early stage (0.38%) (p = 0.011) (Figure 2), and a similar composition (0.32% in patients in the advanced stage and 0.16% in patients in the early stage) was observed in stromal regions (p = 0.007). No significant differences were detected in the levels of macrophages in different stages of dMMR tumors (Figure 1). Comparisons between immune cell proportions in epithelial regions and stromal regions are illustrated in radar graphs (Supplementary Figure 1).




Figure 1 | Radar plots showing the average percentile of each immune cell subset in dMMR CRCs (early stage vs. advanced stage). The density of immune cells was segmented as a whole and separately and analyzed in three arrays: epithelial regions (left), stromal regions (middle), and total regions (right). The frames indicate whether each variable is statistically significant (p < 0.05).






Figure 2 | Multiplex immunohistochemical analysis of the immune composition of early-stage and advanced-stage dMMR tumors. (A) Representative images of CD8+ and CD45RO+ cells. (B) Representative images of CD4+ and FOXP3+ cells. (C) Pairwise comparison of the densities of intraepithelial immune cells between early-stage tumors and advanced-stage tumors. Nuclei (DAPI, blue), CD8 (cytoplasm, Opal 690, red), CD45RO (cytoplasm, Opal 520, green), CD4 (cytoplasm, Opal 690, orange), and Foxp3 (membrane, Opal 570, indigo).





PD-L1 and PD-1 Expression in Tumor Epithelial and Stromal Regions

PD-L1 and PD-1 were expressed on the tumors, but no difference in expression was observed between stages (Table 1). Among the analyzed immune cell proportions, PD-L1+ cells were more frequently observed in advanced-stage tumors than in early-stage tumors in epithelial regions (5.08% and 2.74%, respectively), such as CD3+PD-L1+ T cells (colocalization of PD-L1 on CD3+ T cells) (p = 0.043), CD8+PD-L1+ T cells (colocalization of PD-L1 on CD8+ T cells) (p = 0.005), and PD-L1+ macrophages (colocalization of PD-L1 on CD68+ T cells) (p = 0.093) (Figure 3). Furthermore, colocalization of PD-L1 on CD8+ T cells was abundant in the associated stromal regions of advanced dMMR tumors (p = 0.007) (Table 1). However, in the epithelial regions, the proportion of PD-1+ cells was significantly higher in early-stage tumors than in advanced-stage tumors (Table 1).


Table 1 | Immune composition of dMMR CRCs in epithelial and stromal regions across tumor stages.






Figure 3 | Colocalization of PD-L1 with immune cells markers using multiplex immunohistochemistry. (A) Pairwise comparisons of PD-L1+ immune cells in the tumor epithelium in early-stage and advanced-stage tumors. (B) Representative images of PD-L1+CD3+ cells in dMMR CRCs by stage. Nuclei (DAPI, blue), CD3 (cytoplasm, Opal 650, purple), and PD-L1 (membrane, Opal 690, orange).





Prognostic Impact of Immune Cell Infiltration

All immune cell phenotypes and clinicopathological characteristics were entered into the Cox proportional hazards regression model. For the advanced-stage group, the univariate analysis revealed that a high percentage of CD3+PD-1+ T cells was a prognostic factor for OS (HR = 2.87, 95% CI = 1.57–5.25, p = 0.001, Table 2). When analyzed in a multivariate model adjusted for this variable, a high proportion of CD3+PD-1+ T cells remained an independent predictor for poor OS (HR = 3.22, 95% CI = 1.46–7.09, p = 0.004, Table 3). CD3+PD-1+ T cells (HR = 2.13, 95% CI = 1.25–3.64, p = 0.006) and CD8+PD-1+ T cells (HR = 2.92, 95% CI = 1.08–1.84, p = 0.034) were prognostic factors for DFS in the univariate analysis, but the multivariate survival analyses showed that only CD3+PD-1+ T cells were an independent prognostic factor for DFS (HR = 2.96, 95% CI = 1.49–5.89, p = 0.002, Table 4). The Kaplan–Meier survival curves for OS revealed that a higher percentage of CD3+PD-1+ T cells (HR = 9.6, 95% CI = 1.15–80.04, log rank p < 0.001) had poor prognostic value for patients with advanced-stage CRC with a known dMMR status (Figure 4A). The same results were obtained for the DFS survival curves (HR = 3.7, 95% CI = 1.12–12.01, log rank p = 0.010) (Figure 4B). However, the other immune cell phenotype had no prognostic value in early-stage dMMR (data not shown).


Table 2 | Univariate analysis for overall survival and disease-free survival in advanced-stage dMMR CRCs.




Table 3 | Multivariate analysis of overall survival in advanced-stage dMMR CRCs.




Table 4 | Multivariate analysis of disease-free survival in advanced-stage dMMR CRCs.






Figure 4 | Kaplan–Meier curves for overall survival (A) and disease-free survival (B) in patients with advanced-stage dMMR CRC, according to the proportion of dual-positive CD3+PD-1+ cells.






Discussion

Immune cells play important roles in inflammation and tumorigenesis, changing normal colorectal tissues to tumor tissues, which, in turn, increase the immune cell imbalance in tumors. In previous research, the infiltration of 22 immune cell types in 404 CRCs and 40 adjacent non-tumorous tissues was analyzed using CIBERSORT, a deconvolution algorithm. Macrophages and CD4 memory-activated T cells were found to be infiltrated significantly more in CRCs than in normal tissues in both The Cancer Genome Atlas (TCGA) and Gene Expression Omnibus (GEO) cohorts (30). Inflammation could affect CRC tumorigenesis and modulate the polarization of cells in the TME and the corresponding cytokine milieu, causing tumor-elicited inflammation (31). In inflammation-associated tumorigenesis, chronic inflammation resulting from infections, dysregulated immune responses, or environmental factors can initiate and promote tumorigenesis through the induction of DNA damage or epigenetic changes (32–34). Oncogene activation and tumor suppressor loss sustain tumor-elicited inflammation by indirectly inducing the production of pro-inflammatory cytokines, growth factors, and chemokines that recruit inflammatory immune cells to the tumor site (35, 36).

Little is known about the immune cells that promote dMMR tumor progression. Therefore, further exploration of the immune microenvironment in dMMR tumor progression is needed. Recent advances in mIHC have enabled the simultaneous analysis of several markers within a single FFPE tissue section (29). Our present study used this novel mIHC technique with two panels to show a comparable immune microenvironment across different stages of dMMR tumors, with accurate cell discrimination and spatial information (Supplementary Figure 1). The immune microenvironment at different stages was plotted on the basis of the intensity of several markers of immune cells, providing evidence for a distinct spectrum of immune populations in the early and advanced stages. Researchers have shown that CD8+ cytotoxic T cells and CD8+ memory T cells are crucial to antitumor immunity (22, 37). However, we observed an unusually high proportion of CD8+ cytotoxic T cells and CD8+ memory T cells in patients with advanced dMMR. Researchers have demonstrated that when infiltrating cancer tissues, CD8+ T cells are generally in dysfunctional states (38). Our findings support two possible explanations for these dysfunctional states.

First, some researchers have outlined that the binding of PD-L1 to its receptor PD-1 on activated T cells inhibits antitumor immunity by counteracting T-cell–activating signals (39, 40). Ahn et al. showed that PD-1 plays a major role in CD8+ T-cell exhaustion during cancer and chronic infections (41). Therefore, we hypothesized that PD-L1 colocalization with CD8+ T cells would activate PD-1 and cause cell exhaustion. Our results show that the colocalization of PD-L1 on CD3+ T cells and CD8+ T cells is more strongly enhanced in advanced-stage tumors than in early-stage tumors (Figure 3).

Second, according to Kim et al., there is a growing consensus that CD4+ regulatory T cells play a crucial role in the suppression of the antitumor immune response and contribute to tumor escape from the host immune system (42). Our study also shows that CD4+ regulatory T cells are significantly more prevalent in advanced-stage dMMR CRCs than in early-stage dMMR CRCs (Figure 2). Considering the lack of validation and limited sample size, further investigation and experimentation with a larger sample size are strongly recommended. In conclusion, our study results highlight the possibility of heterogeneous distribution of T cells and PD-L1 colocalization in early-stage and advanced-stage dMMR CRCs.

PD-L1–positive cells were more frequently observed in advanced-stage tumors than in early-stage tumors in both epithelial and stromal regions (Figure 1), although this difference was not statistically significant. As mentioned in the literature, PD-L1 may counterbalance a vigorous immune microenvironment and promote dMMR tumor progression (39, 40). Therefore, our observation of a high number of PD-L1 colocalizing T cells, such as CD8+PD-L1+ cytotoxic T cells and CD8+PD-L1+ memory T cells, in advanced-stage CRC supports the use of ICIs, such as anti–PD-L1 drugs, in advanced-stage CRC. Further research should be conducted to investigate the possibility of the use of ICIs as a first-line therapy (3). PD-1–positive cells were more frequently seen in early-stage tumors than in advanced-stage tumors in epithelial regions. However, researchers have demonstrated that PD-1 expression level is not associated with the response rate of ICIs (1). In the case of macrophages, the proportion of PD-L1+ macrophages was increased in epithelial regions of advanced-stage dMMR tumors. Furthermore, among all immune cell phenotypes presented in Table 2, CD3+PD-1+ T cells were the only promising prognostic factor (Figure 4).

Exploring the clinicopathological features described in the literature, we observed that all dMMR tumors were associated with advanced age, location in the right colon, and poor differentiation, which is consistent with the results of previous studies. In advanced-stage dMMR tumors, a trend toward a sex ratio imbalance was observed (1:2 in favor of males). Among the 15% of CRCs with dMMR, approximately 3% were associated with Lynch syndrome, commonly with MLH1 and MSH2 mutations, and the other 12% were sporadic cases, predominantly caused by epigenetic silencing of MLH1 due to promoter hypermethylation (43, 44). The patients in our cohort were randomly chosen from resected cases; therefore, the proportions of Lynch syndrome cases and sporadic cases in our samples should be similar to those in patients with CRC in the general population. In early-stage dMMR CRC, we found that 3 of 24 patients had a BRAF mutation, and in advanced-stage dMMR CRC, 2 of 19 patients had a BRAF mutation, corresponding to normal percentages of BRAF mutation (Supplementary Table 2). However, considering a higher percentage of MSH2 and MSH6 expression loss in advanced-stage dMMR CRC, we hypothesized that Lynch syndrome would be found more often at the advanced stage. However, further exploration by means of the analysis of hypermethylation of the MLH1 promoter is needed. The mucinous histological subtype is the characteristic morphology of dMMR CRCs. It occurs in up to 40% of patients, according to previous reports (45); in our study, this subtype accounted for 29% of the advanced-stage tumors. Further mechanistic studies are needed to explain the variation in histological subtype across stages in dMMR CRCs.

Although our study was considerably strengthened by the synchronous analysis of multiple immune markers in the early and advanced stages of dMMR CRC, it also has limitations. The primary limitation is the finite number of samples in our patient cohort, which was because of the low proportion of patients with dMMR with advanced-stage cancers and few surgical opportunities to obtain specimens. We did not analyze detailed treatment patterns or all the classical features that were previously noted as potential prognostic factors because of the lack of related data. Furthermore, we hypothesized that PD-L1 colocalization with T cells would activate PD-1 and cause T-cell exhaustion, but we lacked functional studies or investigations of functional markers. Finally, we were not able to collect any information on the immunotherapeutic response, which leaves the predicted value of immune molecules unclear at this point.

In conclusion, we conducted a comprehensive evaluation of the immune microenvironment in the early and advanced stages of dMMR CRCs. Our results demonstrate that high numbers of CD8+ cytotoxic T cells and CD8+ memory T cells, which usually represent a cytotoxic function of the adaptive immune system, are associated with the transformation of the immune microenvironment from early-stage to advanced-stage dMMR CRCs. Furthermore, possibly enhanced inhibition factors, such as CD4+ regulatory T cells and upregulated PD-L1 colocalization of CD3+ T cells and CD8+ T cells, which were hypothesized to be exhausted, were found to be associated with the transformation from early-stage to advanced-stage dMMR CRCs. Furthermore, the immune cell population, such as CD3+PD-1+ cells, can be used to identify patients with dMMR with poor prognoses.
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