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Tumor-associated macrophages (TAMs) are pivotal for tumor progression and metastasis. We investigated the stromal CD86+TAM/CD163+TAM (CD86/CD163) ratio as a novel prognostic biomarker for stage II-III colorectal cancer (CRC). Two independently clinical cohorts of stage II-III CRC were retrospectively enrolled in this study. TAMs were detected using immunohistochemical staining for CD86 and CD163. The stromal CD86/CD163 ratio was calculated as a prognostic biomarker for recurrence-free survival (RFS) and overall survival (OS). Patients with a low CD86/CD163 ratio had shorter RFS (HR=0.193, p<0.001) and OS (HR=0.180, p<0.001) than patients with a high CD86/CD163 ratio in the training cohort. CD86/CD163 ratio may be an independent predictor for RFS (HR=0.233, p<0.001) and OS (HR=0.224, p<0.001) in the training cohort. We obtained equivalent results in the validation cohort. The CD86/CD163 ratio tends to have better predictive values than tumor stage in the training (AUC: 0.682 vs 0.654, p=0.538) and validation (AUC: 0.697 vs 0.659, p=0.586) cohorts. CD86/CD163 ratio effectively predicts RFS for stage II (HR=0.203, p<0.001) and stage III CRC (HR=0.302, p<0.001). CD86/CD163 ratio also effectively predicts RFS in CRC patients with adjutant chemotherapy (HR=0.258, p<0.001) and without adjutant chemotherapy (HR=0.205, p<0.001). The stromal CD86/CD163 ratio could be used for individual risk assessment of recurrence and mortality for stage II-III CRC. Together with tumor stage, this ratio will aid in the personal treatment.
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Introduction

Colorectal cancer (CRC) is one of the most commonly diagnosed tumors worldwide with about 0.78 million cancer-related deaths every year (1, 2). Approximately 60% of CRC patients were diagnosed with stage II and III disease at diagnosis (3–5). Despite remarkable improvement in new therapeutic techniques and strategies in the past two decades, postoperative recurrence occurs in approximately 30% of these patients (3–5). Furthermore, the benefit of adjutant chemotherapy is only noted in 5% of stage II and 15-20% of stage III patients (6–10). A significant proportion of CRC patients will experience adverse effects of chemotherapeutic drugs (3–10). These results highlight the unmet need to develop novel powerful prognostic biomarkers that allow for better recurrence stratification and optimal treatment strategies.

Accumulating evidence demonstrate that the immune microenvironment significantly affects tumor progression and metastasis (11).The immune microenvironment may provide abundant resources for identifying novel recurrence biomarkers (11). Macrophage is a main cellular subtype in the immune microenvironment and is commonly known as tumor-associated macrophages (TAMs) (12). Different macrophage subtypes have distinct functions in tumor progression. Generally, TAMs are separated into two distinct polarized states, including classically (M1), or alternatively (M2) activated macrophage (13–16). Classically activated (M1) TAMs, which express increased levels of iNOS, CD86, and CD169, play resistant roles in tumor progression and metastasis. In contrast, alternatively activated (M2) TAMs express increased levels of CD163, CD206, and CD204 (17–19). M2 TAMs in tumor tissues play a vital role in the suppression of tumor-associated immune responses and the enhancement of tumor invasion and metastasis (15–19). It should be noted that TAMs may be highly plastic cells and consist of a spectrum of activated states. And with M1-type and M2-type macrophages may only represent the extremes on each opposing end (18–20). We hypothesized that low CD86+ and high CD163+ TAM levels were clearly correlated with aggressive tumor phenotypes. Although the biology mechanism behind CD86/CD163 ratio is well known, the use of this ratio hasn’t been assessed for predicting tumor recurrence in CRC.

In this study, we evaluated the infiltration of macrophages marked with CD86 and CD163 in tumor tissues by the immunohistochemistry technique and focused on CD86/CD163 ratio, according to the STROBE guidelines (21). We aimed to provide enough evidence for the recurrence-risk stratification of stage II-III CRC.



Materials and Methods


Study Design and Participants

Two independently clinical cohorts of stage II-III CRC were retrospectively enrolled at two different medical centers. The training cohort consisted of 310 CRC patients from Yantai Yuhuangding Hospital between January 1, 2012 and December 31, 2015 to define the optimal cutoff point of the stromal CD86/CD163 ratio and to determine the prognostic efficacy of CD86/CD163 ratio, with the median follow-up time of 57.5 months. The validation cohort consisted of 139 CRC patients from Guangzhou Red Cross Hospital between January 1, 2013 and December 31, 2015 to validate the prognostic efficacy of CD86/CD163 ratio, with the median follow-up time of 65 months. This study protocol was approved by the ethics committees of Yantai Yuhuangding Hospital and Guangzhou Red Cross Hospital. The including criteria were as follows: (i) stage II-III patients with colon cancer or middle-high rectal cancer after radical resection (R0); (ii) availability of tissue specimens and follow-up data; (iii) without evidence of distant metastases and secondary primary cancers; and (iv) without preoperative anticancer therapy.



Immunohistochemistry

Immunohistochemistry was performed on an automated platform (Benchmark-XT, Roche Company, Switzerland) according to the standard protocol provided by this platform. Primary antibodies against human CD86 (1:200, Affinity, USA) and CD163 (ready to use, Zhongshan Company, Beijing, China) were used to detect M1 and M2 macrophages, respectively. The Enzyme-labeled anti-mouse/rabbit polymerized secondary antibody (ready to use, Roche Company, Switzerland) was used for immunohistochemical staining.



Evaluation of CD86+ or CD163+ Macrophages

According to the previous studies (22, 23), TAMs mainly infiltrated in the stromal area. So only TAMs that located in the stromal area were counted in our study. Each tissue section was evaluated under a high-power magnification field (HPF, 400×) using a Leica-DM-LB2 working station (Leica Microsystem, German). The intensity of CD86+ or CD163+ macrophages in tissue sections was determined according to the average number of CD86+ or CD163+ cells/HPF from three randomized fields in tumor stromal area. Two independently experienced pathologists evaluated the CD86 and CD163 staining intensity and were blinded to the clinical data, and the average values of three HPFs were used.



Statistical Analysis

Statistical differences in clinical characteristics between low-ratio and high-ratio subgroups were determined by using the χ2 test. The main endpoints for this study were overall survival (OS) and recurrence-free survival (RFS). CRC patients were classified into the low-ratio and high-ratio subgroups according to the optimal cutoff point based on the Maxstat method (24). Survival differences between the high-ratio and low-ratio subgroups were assessed and compared by the Kaplan-Meier estimate and log-rank test. We also performed the multivariate Cox hazard regression analysis using the CD86/CD163 ratio and other clinical variables (age, sex, histological type, primary site, tumor stage, and adjutant chemotherapy) to calculate their hazard ratios (HRs) and 95% confidence intervals (CIs).

In addition, we performed the receiver operating characteristic (ROC) curve analysis to assess the predictive abilities of CD86/CD163 ratio and stage with the “pROC” package (25). To construct the ROC curves, CRC patients with a disease duration of ≤48 months were excluded if they had not experienced tumor recurrence at the last follow-up. The RFS times of the remaining patients were categorized into either ≤48 months or >48 months.

Using the training cohort, we constructed a prognostic nomogram based on the CD86/CD163 ratio and tumor stage with the “rms” package. We applied the calibration plot and concordance index (C-index) to examine its prediction abilities in two clinical cohorts (26, 27).

All analyses were performed by the R program (version 3.5.3). For all statistical analyses, p-values less than 0.05 were the criterion for statistical significance.




Results


The Relationship Between CD86/CD163 Ratio and Tumor Recurrence


Training Cohort

The range of CD86/CD163 ratio in the training cohort is 0 to 7.09. Using the optimal cutoff point (0.51), CRC patients were stratified into the high-ratio (n=122) and low-ratio (n=188) subgroups. As the CD86/CD163 ratio increases, CRC patients potentially exhibit a decreasing incidence of tumor recurrence (Figure 1A).




Figure 1 | The relationship distributions of recurrence status and CD86/CD163 ratio in the training (A) and validation (B) cohorts.





Validation Cohort

The range of CD86/CD163 ratio in the validation cohort is 0 to 8.00. Using the same cutoff point (0.51), CRC patients were stratified into the high-ratio (n=61) and low-ratio (n=78) subgroups. As the CD86/CD163 ratio increases, CRC patients also potentially exhibit a decreasing incidence of tumor recurrence (Figure 1B).




Survival Differences Between Different Ratio Subgroups


Training Cohort

Clinical characteristics of the high-ratio (n=122) and low-ratio (n=188) subgroups in the training cohort are shown in Table 1. Patients with a low CD86/CD163 ratio had shorter RFS (HR=0.193, 95% CI=0.102-0.364; p<0.001; Figure 2A) and OS (HR=0.180, 95% CI=0.090-0.362; p<0.001; Figure 2B) than patients with a high CD86/CD163 ratio in the training cohort.


Table 1 | Clinical characteristics of CRC patients between low ratio and high ratio subgroups in the training and validation cohorts.






Figure 2 | Kaplan-Meier curves of recurrence-free survival (RFS) and overall survival (OS) based on CD86/CD163 ratio for stage II-III CRC. Kaplan-Meier curves of RFS (A) and OS (B) in the training cohort. Kaplan-Meier curves of RFS (C) and OS (D) in the validation cohort.





Validation Cohort

The clinical characteristics of the high-ratio (n=61) and low-ratio (n=78) CRC subgroups in the validation cohort are shown in Table 1. Patients with a low CD86/CD163 ratio had shorter RFS (HR=0.342, 95% CI=0.162-0.723; p=0.003; Figure 2C) and OS (HR=0.181, 95% CI=0.063-0.520; p<0.001; Figure 2D) than patients with a high CD86/CD163 ratio in the validation cohort.




Multivariable Cox Regression Analysis

Multivariate Cox analysis revealed that CD86/CD163 ratio remained a powerful and independent prognostic factor for RFS (HR=0.233, 95% CI=0.123-0.443; p<0.001) and OS (HR=0.224, 95% CI=0.111-0.453; p<0.001) in the training cohort. We also obtained equivalent results for CD86/CD163 ratio in the validation cohort (Table 2).


Table 2 | Multivariate Cox regression analysis of the CD86/CD163 ratio, clinical factors, and survival in the training and validation cohorts.





ROC Curve Analysis

CD86/CD163 ratio might tend to have better predictive values than stage in the training (area under curve [AUC]: 0.682 vs. 0.654, p=0.538) and validation (AUC: 0.697 vs. 0.659, p=0.586) cohorts (Figure 3).




Figure 3 | Receiver operating characteristic curves for CD86/CD163 ratio and tumor stage in the prediction of recurrence-free survival in the training (A) and validation (B) cohorts.





Subgroup Analysis According to Tumor Stage and Chemotherapy Status


Tumor Stage

The combined cohort consisted of 206 stage II patients and 243 stage III patients. And stage II patients with a low CD86/CD163 ratio had shorter RFS (HR=0.203, 95% CI=0.077-0.534; p<0.001) and OS (HR=0.148, 95% CI=0.044-0.501; p<0.001) than stage II patients with a high CD86/CD163 ratio. We also obtained equivalent results for CD86/CD163 ratio in stage III CRC (Figure 4).




Figure 4 | Kaplan-Meier curves of recurrence-free survival (RFS) and overall survival (OS) according to the CD86/CD163 ratio for stage II and stage III CRC alone in the combined cohort. Kaplan-Meier curves of RFS (A) and OS (B) in stage II CRC alone. Kaplan-Meier curves of RFS (C) and OS (D) in stage III CRC alone.





Chemotherapy Status

The combined cohort consisted of 294 patients with receiving chemotherapy and 155 patients without receiving chemotherapy. In CRC patients receiving adjutant chemotherapy, patients with a low CD86/CD163 ratio had shorter RFS (HR=0.258, 95% CI=0.145-0.458; p<0.001) and OS (HR=0.170, 95% CI=0.082-0.356; p<0.001) than patients with a high CD86/CD163 ratio. We also obtained equivalent results for CD86/CD163 ratio in CRC patients without receiving adjutant chemotherapy (Figure 5).




Figure 5 | Kaplan-Meier curves of recurrence-free survival (RFS) and overall survival (OS) based on CD86/CD163 ratio for CRC patients with different chemotherapy statuses in the combined cohort. Kaplan-Meier curves of RFS (A) and OS (B) in CRC patients receiving adjutant chemotherapy. Kaplan-Meier curves of RFS (C) and OS (D) in CRC patients without receiving adjutant chemotherapy.






Construction of a Prognostic Nomogram Based on CD86/CD163 Ratio and Stage

We constructed a prognostic nomogram based on CD86/CD163 ratio and stage in the training cohort (Figure 6A). The calibration plots for the 48-month RFS were predicted well in the training (C-index=0.732, Figure 6B) and validation (C-index=0.673, Figure 6C) cohorts. Furthermore, stage II-III patients were stratified into four recurrence-risk subgroups according to the combination of CD86/CD163 ratio and stage. Significant differences in RFS were noted among the four subgroups (low-ratio stage II, low-ratio stage III, high-ratio stage II, and high-ratio stage III) in the training (Figure 7A) and validation (Figure 7B) cohorts (all p<0.001).




Figure 6 | A prognostic nomogram based on CD86/CD163 ratio and tumor stage to predict the risk of tumor recurrence in stage II-III CRC (A) and further calibration curves of this nomogram to predict recurrence-free survival at 48 months in the training (B) and validation (C) cohorts.






Figure 7 | Four recurrence-risk subgroups according to the combination of CD86/CD163 ratio and tumor stage in the training (A) and validation (B) cohorts.






Discussion

By the immunohistochemistry staining, we constructed and validated a novel prognostic biomarker based on the stromal CD86/CD163 ratio to improve the prognostic stratification for stage II-III CRC. Our study demonstrated that CD86/CD163 ratio could effectively classify stage II-III patients with CRC into subgroups with high and low risks of postoperative recurrence. According to CD86/CD163 ratio and tumor stage, stage II-III patients were stratified into four recurrence-risk subgroups (high-ratio stage II, high-ratio stage III, low-ratio stage II, and low-ratio stage III). Of particular importance, this is the first study using standard immunohistochemical procedures that demonstrates the clinical utility of CD86/CD163 ratio as a postoperative prognostic tool in stage II-III CRC.

Adjutant chemotherapy after radical resection is recommended as the standard treatment strategy for stage III or high-risk stage II CRC (6–10). Previous evidence demonstrate that adjutant chemotherapy generally has limited benefits to stage II patients with CRC with an improved survival of 2-5% at 5 years after radical resection (10). In contrast, adjutant chemotherapy has shown robust efficacy in stage III CRC with an improved survival of 15-20% at 5 years (3–9). Six months of adjutant chemotherapy with oxaliplatin-based regimens has become the standard treatment for these patients. A significant proportion of CRC patients will experience cumulative neurotoxicity associated with oxaliplatin exposure. Grothey et al. (28) conducted a prospective pooled analysis and demonstrated that 3 months of adjutant treatment with either the CAPOX (oxaliplatin and capecitabine) or FOLFOX (oxaliplatin, fluorouracil, and leucovorin) regimen appeared to be sufficient in a lower-risk group (T1-3N1M0), especially when the CAPOX regimen was chosen. Six months of adjutant treatment with the CAPOX or FOLFOX regimen may be needed in a higher-risk group (T4N1M0/T1-4N2M0). Notably, our study demonstrated that tumor recurrence was heterogeneous even within the high-ratio and low-ratio subgroups of stage II-III CRC. Therefore, stage II-III CRC should be further stratified by CD86/CD163 ratio and stage into four recurrence-risk subgroups. This stratification may contribute to tailoring chemotherapy regimens and avoiding undertreatment or overtreatment in specific patients. We developed a prognostic nomogram based on CD86/CD163 ratio and tumor stage that allows for individualized estimation of the 48-month RFS probabilities among stage II-III CRC. Taken together with tumor stage, the stromal CD86/CD163 ratio may serve as a clinically useful tool to improve the prediction of tumor recurrence and guide more appropriate therapies for different risk subgroups.

The cross-network effect between the immune microenvironment and tumor cells may play critical roles in tumor occurrence and metastasis (11). The immune microenvironment may provide abundant resources for identifying novel recurrence biomarkers that allow for better stratification (11). Higher infiltration of CD3+ T cells, CD45RO+ memory T cells, and CD8+ cytotoxic T cells may be associated with decreased recurrence and mortality of CRC patients (29). Moreover, the quantitative analysis of two different lymphocyte subtypes (CD3/CD8, CD8/CD45RO, and CD3/CD45RO) revealed increased robustness and prognostic values for stages I-III CRC (30–32). These immune-based classifications are currently being introduced into the clinical settings for allowing the personal treatment.

Specifically, TAMs are one of the most represented lymphocyte subtypes in the immune microenvironment of solid tumors. TAMs are often separated into pro-inflammatory macrophages (M1-type) and anti-inflammatory macrophages (M2-type). Activated macrophages may be highly plastic immune cells and consist of a spectrum of activated states. And with M1-type and M2-type macrophages may only represent the extremes on two opposing ends of pro-inflammatory and anti-inflammatory states (18–20). M2 macrophages in tumor tissues was proved to promote angiogenesis and metastasis by secreting vascular endothelial growth factor (18, 33). Two previous studies involved only M2 TAMs and the total number of TAMs (M1+M2) instead of evaluating M1 and M2 TAMs separately (23, 34). In CRC patients, a high M2/(M1+M2) ratio may be significantly associated with increased recurrence and mortality of CRC patients (23, 34). This previous study implied that the infiltration of CD68+ TAMs wasn’t associated with recurrence and mortality of CRC, which may be attributed to the functional counterbalance modulated by the M1 and M2 TAMs (35). Although many studies have considered CD86 and CD163 as the cell surface markers of M1 and M2 TAMs, respectively, only a few studies have emphasized the clinical significance of CD86+ TAMs and CD163+ TAMs in solid tumors. High levels of CD86+ TAMs and low levels of CD163+ TAMs were closely related with a favorable prognosis in CRC patients (36, 37). And the polarization of M1 and M2 TAMs may be two ends of the macrophage spectrum. The combined analysis of CD86+ TAMs/CD163+ TAMs seems to be more appropriate for determining recurrence and mortality. In our study, high CD86/CD163 ratio subgroup hinted the polarization of M1 TAMs and served as a favorable prognostic factor for stage II-III CRC. On the other hand, low CD86/CD163 ratio subgroup exhibited the polarization of M2 TAMs and markedly correlated with decreased recurrence and mortality of CRC patients. These study results further emphasized the opposite functions of M1 and M2 TAMs. Until now, it was the first study about the ratio of M1/M2 (CD86+TAM/CD163+TAM) in stage II-III CRC.

But we should acknowledge some potential limitations for our study. First, our study design is retrospective in nature. So, this prognostic biomarker requires further validation in the prospective and multicenter cohorts before its clinical application. Secondly, our study is a real-world study. In such studies, some patients received adjuvant chemotherapy with the variant regimens, which may interfere with the study conclusions. In fact, the prognostic biomarkers must face such situations in the clinical practice. Thirdly, the detection method of TAMs needed the participation of experienced pathologists. The selection bias in the manual method couldn’t be completely avoided. However, the best way to solve this problem is to develop the automated method based on artificial intelligence.

In summary, our study demonstrated that CD86/CD163 ratio could effectively stratify stage II-III CRC into two different subgroups with a low and high risk of tumor recurrence and mortality. In addition, detection of CD86 and CD163 expression using the immunohistochemistry method is inexpensive and rapid and can be easily worked out in the pathology department of almost every hospital. Moreover, most patients could afford the cost associated with CD86 and CD163 detection for individual treatment. With further prospective studies of multiple-center cohorts, the CD86/CD163 ratio will aid in the personal treatment for stage II-III CRC.
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