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Introduction

Lynch syndrome (LS) is the most common hereditary cause of colorectal cancer (CRC), increasing lifetime risk of CRC by up to 70%. Despite this higher lifetime risk, disease penetrance in LS patients is highly variable and most LS patients undergoing CRC surveillance will not develop CRC. Therefore, biomarkers that can correctly and consistently predict CRC risk in LS patients are needed to both optimize LS patient surveillance and help identify better prevention strategies that reduce risk of CRC development in the subset of high-risk LS patients.





Methods

Normal-appearing colorectal tissue biopsies were obtained during repeat surveillance colonoscopies of LS patients with and without a history of CRC, healthy controls (HC), and patients with a history of sporadic CRC. Biopsies were cultured in an ex-vivo explant system and their supernatants were assayed via multiplexed ELISA to profile the local immune signaling microenvironment. High quality cytokines were identified using the rxCOV fidelity metric. These cytokines were used to perform elastic-net penalized logistic regression-based biomarker selection by computing a new measure – overall selection probability – that quantifies the ability of each marker to discriminate between patient cohorts being compared.





Results

Our study demonstrated that cytokine based local immune microenvironment profiling was reproducible over repeat visits and sensitive to patient LS-status and CRC history. Furthermore, we identified sets of cytokines whose differential expression was predictive of LS-status in patients when compared to sporadic CRC patients and in identifying those LS patients with or without a history of CRC. Enrichment analysis based on these biomarkers revealed an LS and CRC status dependent constitutive inflammatory state of the normal appearing colonic mucosa.





Discussion

This prospective pilot study demonstrated that immune profiling of normal appearing colonic mucosa discriminates LS patients with a prior history of CRC from those without it, as well as patients with a history of sporadic CRC from HC. Importantly, it suggests the existence of immune signatures specific to LS-status and CRC history. We anticipate that our findings have the potential to assess CRC risk in individuals with LS and help in preemptively mitigating it by optimizing surveillance and identifying candidate prevention targets. Further studies are required to validate our findings in an independent cohort of LS patients over multiple visits.
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1 Introduction

Lynch Syndrome (LS) is the most common hereditary cause of colorectal cancer (CRC) with a prevalence of approximately 0.1-0.4% individuals in the general population and is responsible for 1-4% of patients with CRC (1). It is an autosomal dominant disease caused by a germline pathogenic variant (PV) in one of the DNA mismatch repair (MMR) genes (MLH1, MSH2, MSH6 or PMS2) or deletions in the EPCAM gene that leads to silencing of MSH2 via promoter hypermethylation. LS is characterized by a very rapid transformation along the adenoma-carcinoma sequence that usually occurs in 1-3 years in contrast to the 10–15-year timeline for MMR proficient tumors. Depending on the MMR genes involved, the lifetime risk of LS patients developing CRC is reported to be as high as 60% without surveillance (2). Given this heightened risk, the National Comprehensive Cancer Network (NCCN) recommends regularly scheduled surveillance colonoscopy be performed more frequently, beginning at earlier ages for individuals with LS (3). Most LS patients undergoing high quality colonoscopy surveillance, however, do not develop CRC. This dichotomy raises the potential of safely lengthening colonoscopy surveillance intervals in a subset of LS patients deemed to be at lower risk of developing CRC, if they can be accurately identified.

CRC in LS patients display a highly microsatellite instable (MSI-H) phenotype, which is associated with increased immune infiltration of the CRC tumor microenvironment. This increase is in response to immunogenic frameshift peptides generated by the defective MMR machinery (4, 5). Interestingly, a systematic review of CRC literature indicates that LS-associated CRC tumors have an increased immune response when compared to sporadic MSI-H CRC tumors, even at the premalignant stage (6). A potential reason for this could be that normal appearing colonic crypts from LS patients can exhibit MMR deficiency (7–9). The presence of MMR deficient crypts, however, was independent of an LS patient’s cancer history (10). Such observations have resulted in an increasing realization that the immune status of normal colorectal mucosa in LS needs to be better characterized and understood. Toward this goal, a recent seminal study compared immune infiltration in tumor-distant normal appearing colorectal mucosa of LS patients with and without CRC with that of sporadic MSI-H and microsatellite-stable (MSS) CRC patients (11). Interestingly, it found elevated T-cell infiltration in normal mucosa of cancer-free LS patients when compared with MSS CRC patients adding to the evidence that immunogenic frameshift peptides can induce an antitumor immune profile in the absence of tumor. It also identified altered immune profiles between normal mucosa of cancer-free LS carriers and LS CRC patients and raised the possibility that the immune profile of normal mucosa may be a risk-modifier in LS patients and could potentially help improve patient surveillance.

To expand this concept, we sought to determine whether LS impacts the constitutive inflammatory state of colorectal tissue, with the long-term goal of identifying biomarkers to incorporate into CRC prevention approaches. Specifically, we profiled the cytokine-based, local immune signaling microenvironment of normal appearing colorectal mucosa from LS and non-LS patients without active CRC, but with or without a history of CRC. To strengthen the significance of our findings, we examined the reproducibility of our results at different time points. The annual to biannual endoscopic surveillance that LS patients undergo provided a unique source of tissue to both study the feasibility of cytokines as biomarkers and establish their reproducibility over time, thereby demonstrating their robustness as biomarkers that could be integrated into prevention strategies. We also developed a new measure to perform biomarker selection. We anticipate that such characterization of the local immune signaling in normal appearing colorectal tissue from these patient cohorts will help advance our understanding of the interplay between immune microenvironment and risk of neoplastic progression in LS patients and help guide development of novel CRC cancer prevention strategies and risk-assessment approaches.




2 Materials and methods

Figure 1 outlines the overall study workflow involving the material and methods used to obtain the results.




Figure 1 | Overall workflow. Study workflow illustrating the sequence of assay and analysis steps for profiling the cytokine-based immune microenvironment of normal appearing colorectal mucosa of LS and non-LS patient cohorts with and without CRC background.





2.1 Patient cohorts

LS, healthy control (HC) and non-LS patients with a history of colorectal cancer (Sporadic-CRC) but no active disease were recruited during screening and surveillance colonoscopies through an IRB-approved study at the University of Pittsburgh, Pittsburgh, PA (STUDY20010017). The LS cohorts consisted of individuals with an identified germline pathogenic/likely pathogenic variant in MLH1, MSH2, MSH6, or PMS2 and either a personal history of colorectal cancer (LS-CRC) or no personal history of colorectal cancer (LS-noCRC). HC had no history of cancer (aside from non-melanoma skin cancer) within the last 5 years. Sporadic-CRC had documentation available that proves their colon tumor was microsatellite stable or that mismatch repair deficiency was somatic (e.g., MLH1 promoter hypermethylation). Individuals with a pathogenic or likely pathogenic variant in a different cancer susceptibility gene were also excluded from serving as controls. Individuals with active GI hemorrhage, an immunocompromised state, cardiopulmonary/hemodynamic instability, prior proctectomy, or who were prescribed anticoagulants were not approached for participation given the risk clinically unnecessary biopsies pose to these individuals.




2.2 Endoscopic tissue collection

Patients undergoing a scheduled clinical colonoscopy were approached at least 24 hours before their planned procedure by a single experienced gastroenterologist (REB) to obtain informed consent. Atleast two rectal biopsies per patient were collected with jumbo forceps in the proximal rectum (10 to 15 cm beyond dentate line) during their routine colonoscopy, which was performed at University of Pittsburgh Medical Center, Shadyside Hospital, Pittsburgh, PA. Those patients undergoing a repeat surveillance colonoscopy for clinical purposes were reconsented to obtain permission for repeat rectal biopsies.




2.3 Multiplexed ELISA on explant cultures

Biopsies collected from participants were immediately placed into tubes containing 20 mL of tissue transport media (tRPMI) comprised of RPMI 1640, 7.5% heat inactivated fetal bovine serum (HI-FBS), and 1% antibiotic-antimycotic (AB/AM) (Thermo Fisher Scientific, Grand Island, New York) and transported on ice until processed in the laboratory. Two biopsies from each participant were then immediately weighed and placed into individual wells of a 24-well culture plate, containing 1 mL of complete media (cRPMI; RPMI containing 10% HI-FBS and 1% AB/AM) and incubated at 37°C with 5% CO2. Supernatants were collected after 24 hours, aliquoted and frozen at ≤-80°C as described earlier (12, 13).

Soluble cytokines released from the explants into the supernatant through 24 h of culture were aliquoted and measured using mELISA (V-PLEXhuman biomarker 30-plex assay kit; Meso Scale Discovery, Rockville, MD). Measured cytokines included Eotaxin, MIP-1β, Eoxtaxin-3, TARC, IP-10, MIP-1α, IL-8.1, MCP-1, MDC, MCP-4,GM-CSF, IL-1α, IL-5, IL-7, IL-12/IL-23p40, IL-15, IL-16, IL-17α, TNF-β, VEGF, IFN-γ, IL-1β, IL-2, IL-4, IL-6, IL-8.2, IL-10, IL-12p70, IL-13, and TNF-α commonly used to profile the immune signaling microenvironment. The presence of two different IL-8s (IL-8.1 and IL8.2) reflects low and high dynamic ranges, respectively. All assays were performed according to the manufacturer’s instructions. To remove variations due to size of tissue biopsy, we normalized the assayed expression by tissue weight.




2.4 Computational method



2.4.1 Establishing cytokine fidelity

As demonstrated in Figure 2A, we applied ratio-of-cross coefficient of variation (rxCOV) metric to establish the quality of the cytokine measurements. The rxCOV metric uses an objective threshold of zero to determine whether the differential cytokine expression between the two patient groups being compared is or is not an assay associated experimental artifact (14). Cytokines with rxCOV value greater than zero were kept for downstream analysis. Cytokines with rxCOV less than or equal to 0 were discarded. The rxCOV based analysis was independently applied to mELISA data from each visit.




Figure 2 | Computational method for biomarker selection. (A) The expression quality of cytokines assayed using mELISA is assessed using rxCOV. Only those cytokines with high quality differential expression with respect to assay associated noise – that is, they satisfy the rxCOV objective threshold of zero (shown in blue) – are included for biomarker selection analysis in the next step. (B) The selection probability of these cytokines is estimated using logistic regression with an elastic net penalty. The selection probability captures the ability of each cytokine in helping differentiate the patient groups being compared as a function of the selection confidence threshold. (C) The area under the resulting selection probability curve is used to compute the overall selection probability for each cytokine. Those with an overall selection probability greater than 0.5 comprise the selected biomarkers.






2.4.2 Biomarker selection

Cytokines that passed the fidelity check were used to select a subset capable of separating the two patient groups being compared. The selection was performed using logistic regression with an elastic-net penalty (15). It was implemented using the glmnet R package (16, 17). Elastic-net penalty overcomes the shortcoming of lasso-based biomarker selection, which can randomly select a cytokine from a set of highly correlated cytokine, while ignoring the rest in the correlated group. Since cytokine based signaling includes both autocrine and paracrine components and is pleiotropic in nature, lasso-based biomarker selection can be particularly deleterious in this context (15, 18). Elastic-net penalty on the other hand, can both perform efficient cytokine selection, while also accounting for grouping effect of highly correlated cytokines. As a result, it excludes trivial cytokines but performs grouped selection – selecting the whole group of correlated cytokines, if some within the group are important in differentiating the two groups being compared. Such a selection process is better suited for cytokine-based biomarker selection. Specifically, we performed elastic-net-based penalized logistic regression utilizing two nested bootstrap loops to prevent overfitting of the regression model on the data and ensure that the selected cytokines have the best possible generalization ability. The outer loop, with 100 iterations, sampled with replacement 70% of patients in each of the two groups being compared to generate a range of patient cohorts capturing the underlying patient distribution within each group. For each outer loop, an inner loop with 200 iterations was used to optimize the elastic-net penalized logistic regression model based on leave-one-out cross validation and estimate the selection probability (SP) for each cytokine. By combining SP with the outer loop-based sampling of the patient distribution, we obtained SP as a function of its ability – quantified via the confidence threshold (CT) - to consistently classify the patient groups being compared (Figure 2B). For the final biomarker selection, we developed a selection metric, we refer to as overall selection probability (OSP). OSP is normalized area under the SP vs CT curve: . It provides a single integrated measure of the overall ability of a cytokine to discriminate between two patient groups, or treatment conditions, being compared (Figure 2C). Specifically, when a cytokine has OSP > 0.5 then the cytokine demonstrates better performance on average than a simple toss of an unbiased coin – indicated by the dashed 45° line in Figure 2B – across all confidence threshold (CT) values. We note that OSP > 0.5 is a stronger condition than SP > 0.5 as it computes how SP generalizes across the patient population. Moreover, OSP > 0.5 has the advantage of being an objective condition that eschews use of an arbitrary threshold for biomarker selection. Only those cytokines that satisfied OSP > 0.5 comprised the selected biomarkers. Biomarker selection was independently performed for each visit.




2.4.3 Prediction

Random Forest (19) classifier was trained on 70% of the patient data using leave-one-out cross-validation. The remaining 30% was used for validation. Two hundred stratified bootstraps were performed to capture the patient data distribution in mutually exclusive training and validation sets. Bootstrapping helped us test the stability of the validation set performance of RF over the patient data distribution. The performance was measured using the area under the Receiver Operating Characteristic curve (aucROC). The classifier performance was independently computed for each visit.






3 Results



3.1 Patient demographics

The patient cohorts consisted of 15 HC, 14 Sporadic-CRC and 29 LS patients (16 LS-NoCRC and 13 LS-CRC). Demographic information including age, gender, variant and smoking status at the first visit are included in Table 1. No significant differences were observed between the groups being compared. As LS patients undergo regular screening colonoscopies, biopsies were collected from a second visit, when possible (LS-CRC 13 of 13 patients; LS-NoCRC 12 of 16 patients), over a span of two colonoscopies separated by an average of 708 ± 252 days. No repeat visits occurred for the HC and Sporadic-CRC patients.


Table 1 | Demographics at first biopsy.






3.2 Profiling the immune signaling microenvironment

To profile the impact of LS and CRC history on the constitutive inflammatory state of colorectal tissue, we directly compared the immune microenvironment in the following groups: 1) LS patients with prior history of non-metastatic CRC (LS-CRC); 2) LS patients with no prior history of malignancy (LS-NoCRC); 3) Sporadic-CRC patients who had prior surgery for CRC (matched by type of resection to group 1); and 4) Healthy controls (HC) defined as individuals with no personal history of hereditary syndrome or colorectal cancer who were undergoing colonoscopy for an indication of colorectal cancer screen and advanced adenoma, which was not identified. Using pairwise comparisons we sought to identify the impact of (a) LS on the microenvironment (group 2 vs 4), (b) LS on the microenvironment with a history of CRC in the background (group 1 vs 3), and (c) CRC history on the microenvironment in the presence of LS (group 1 vs 2). Importantly, we sought to determine the consistency of this impact over repeat patient visits spread over two years.




3.3 Multiplexed ELISA of ex vivo colorectal explant culture reproducibly profiles the local immune signaling microenvironment of colonic mucosa over repeat patient visits

We first established the reproducibility of our ex-vivo colorectal explant culture and multiplexed ELISA based profiling of the local immune signaling microenvironment in the colonic mucosa of LS patients over repeat visits. Toward this goal, we leveraged our ability to follow LS patients that are under annual to biannual endoscopic surveillance at our medical center. We obtained biopsies from those LS patients that did not experience any change in health status or develop any disease between their repeat visits spread over a period of two years (Figure 3A). The biopsies were cultured ex-vivo (see Material and Methods) and profiled using multiplexed ELISA. We next tested the fidelity of each of the cytokines comprising the immune profile using our rxCOV metric to identify the subset of high-fidelity cytokines. Using pairwise Wilcoxon signed-rank test (Graphpad Prism, v9.0, Boston MA) (20), we compared the expression levels of each high-fidelity cytokine across the two visits. Our results show that over the nearly two-year period, the expression levels of most cytokines remained stable with difference in expression only being statistically significant at the 0.05 level for 9 out of a total of 30 selected cytokines (Figure 3B). Although, we are further expanding our temporal study to include additional visits, our initial findings indicate that we can reproducibly capture the constitutive inflammatory state of the local immune signaling microenvironment across repeat patient visits.




Figure 3 | Reproducibility of cytokine profiles of the local immune signaling microenvironment over repeat patient visits. (A) Sketch of the repeat visits of LS patients under endoscopic surveillance. Biopsies obtained during these visits were profiled using ex vivo explant system and multiplexed ELISA. Biopsies from HC controls and non-LS patients with a history of CRC (sporadic-CRC patients) were obtained during a single visit (B) Pairwise comparison of biomarker expression between the two visits. Each line segment connects two points, representing the expression level of a specific cytokine during visits 1 and 2. Only the biomarkers that passed the rxCOV fidelity threshold are shown. Paired Wilcoxon signed-rank test was used to check if cytokine expressions were reproducible over visits 1 and 2. Lack of statistical significance at the 0.05 level indicates reproducibility.






3.4 Profiling the impact of LS on the immune signaling microenvironment of patients without a history of CRC

We explored Lynch status associated modification of local immune signaling microenvironment of normal appearing mucosa in the absence of history of CRC. Using our computational method, we compared the cytokine profiles of LS patients without any history of CRC (LS-NoCRC) with the baseline healthy controls (HC) (Figure 3). We independently performed this comparison over two successive patient visits and identified Eotaxin-3, IL-16, IL-17A, IL-1α, and TNF-β as the set of cytokines that were consistently differentially modulated along the LS-status axis (Figure 4A). We tested the strength of this differential modulation by validating their ability to predict LS status of patients within the two cohorts utilizing Random Forest based classifier. Quantification of this performance via area under the Receiver Operating Characteristic curve (aucROC) revealed a relatively consistent level of performance over two patient visits that were separated by two years (Figure 4B). A direct comparison of expression levels of the six identified biomarkers from LS-NoCRC and HC are presented for visit 1 (Figure 4C) and LS-NoCRC visit 2 vs the single visit of HC (Figure 4D). We eschewed the typical statistical significance-based biomarker selection strategy that performs biomarker selection based on difference in cytokine expression level between LS-NoCRC and HC patients being significant at a chosen confidence level. Instead, we implemented an outcome driven biomarker selection strategy that selected those cytokines that were most capable of separating LS-NoCRC from HC patients, thereby capturing the impact of LS without a history of CRC, while accounting for the pleiotropic and redundant cytokine activity. As a result, the differential expression of individual selected biomarkers captures the subtle effect of the impact of LS on the colorectal microenvironment even though it might not be statistically significant, as computed using Mann-Whitney U test (Figures 4C, D).




Figure 4 | Cytokines capturing the impact of LS on the immune signaling microenvironment of patients without a history of CRC. (A) Biomarkers selected by our computational method for each visit. (B) Boxplots of area under the Receiver Operating Characteristic curve (aucROC) for the two visits. The boxplots were obtained using a Random Forest classifier trained on 70% of the patient data, with the remaining 30% used for validation. Two hundred bootstraps were performed to generate the boxplots and test the stability of the performance. Visit 1 aucROC: 75.6 (mean) ± 0.72 (se). Visit 2 aucROC: 80.7 (mean) ± 0.66 (se) (C, D) Expression levels of the selected cytokines for visit 1 and 2 respectively. The Mann-Whitney U test was used to compute the statistical significance of the differential expression of the biomarkers. (E) Gene ontology-based enrichment analysis. (F) Reactome pathway analysis.



Gene ontology-based enrichment analysis of the differential profile of Eotaxin-3, IL-16, IL-17A, IL-1α, and TNF-β revealed that, among other things, regulation of IL-6 production was associated with LS status-based modification of the immune signaling microenvironment (21, 22) (Figure 4E). Interestingly, although IL-6 was not directly selected by our computational method, its enrichment suggests a potential close association between JAK/STAT signaling and LS status of the patient. Additionally, enrichment of IL-1 mediated proinflammatory leukocyte chemotaxis (23), and immunosuppressive IL-4 and IL-13 signaling (24) (Figure 4F) indicates that LS-status is also associated with a broader immunomodulatory phenotype captured by our cytokine signature.




3.5 Profiling the impact of LS on the immune signaling microenvironment of patients with a history of CRC

We next explored modification of local immune signaling microenvironment of normal appearing colonic mucosa when the change in LS status was combined with a history of CRC. Specifically, we compared the cytokine profiles of Sporadic-CRC patient group with LS-CRC patients. Our computational analysis identified IP-10, MCP-1, MIP-1α, MIP-1β, IL-1α, IL-5, IL-1β, IL-6, IL-8.2 and TNFα as the set of biomarkers that consistently differentiated between the two groups over repeat visits using the same strategy detailed in the previous subsection (Figures 5A–D). Interestingly, presence of CRC background resulted in inclusion of IL-6 in the selected list, suggesting its more explicit role in the normal colonic mucosa of patients with a CRC background.




Figure 5 | Cytokines capturing the impact of LS on the immune signaling microenvironment of patients with a history of CRC. (A) Biomarkers selected by our computational method for each visit. (B) Boxplots of area under the Receiver Operating Characteristic curve (aucROC) for the two visits. The boxplots were obtained using a Random Forest classifier trained on 70% of the patient data, with the remaining 30% used for validation. Two hundred bootstraps were performed to generate the boxplots and test the stability of the performance. Visit 1 aucROC: 74.3 (mean) ± 0.85 (se). Visit 2 aucROC: 69.3 (mean) ± 0.75 (se) (C, D) Expression levels of the selected cytokines for visit 1 and 2 respectively. The Mann-Whitney U test was used to compute the statistical significance of the differential expression of the biomarkers. (E) Gene ontology-based enrichment analysis. (F) Reactome pathway analysis.



Pathway analysis based on the selected biomarkers revealed an enriched role of IL-10, IL-4 and IL-13 signaling suggesting an immunosuppressive phenotype dependence (Figure 5E) (25). Concurrently, gene ontology-based enrichment analysis revealed an enriched role of IL-12, IL-23, NF-κB, and nitric oxide synthase (NOS) complexes that indicate a more proinflammatory phenotype (26, 27) and suggest a competition between the proinflammatory and immunosuppressive phenotypes in the normal colonic mucosa (Figure 4F). We note that many of these enriched complexes are implicated or dysregulated in patients with inflammatory bowel disease (28–31). Additionally, TGF-beta complex was also enriched. Aberration in TGF-beta signaling due mutations in TGF-beta receptors is commonly found in MMR deficient CRC, suggesting a potential residual effect of CRC history (32). Thus, our selected biomarkers seem to indicate that the impact of LS in the background of CRC is managed through a competition between the immunosuppressive and proinflammatory phenotypes along with residual effect of earlier CRC. The dominance of one phenotype over the other might potentially be concordant with increased risk of CRC relapse.




3.6 Profiling the impact of CRC history on immune signaling microenvironment of patients with LS

Finally, we studied the modification in the local immune signaling microenvironment of normal appearing colonic mucosa due to different CRC histories in patients with LS. Specifically, we profiled the LS-noCRC and LS-CRC patient groups. Our computational analysis identified IL-8.1, IP-10, MCP-1, GMCSF, and IL-1β as biomarkers that were consistently able to differentiate between the two groups in both visits (Figures 6A–D).




Figure 6 | Cytokines capturing the impact of CRC history on immune signaling microenvironment of patients with LS. (A) Biomarkers selected by our computational method for each visit. (B) Boxplots of area under the Receiver Operating Characteristic curve (aucROC) for the two visits. The boxplots were obtained using a Random Forest classifier trained on 70% of the patient data, with the remaining 30% used for validation. Two hundred bootstraps were performed to generate the boxplots and test the stability of the performance. Visit 1 aucROC: 71.3 (mean) ± 0.9 (se). Visit 2 aucROC: 64.8 (mean) ± 0.48 (se) (C, D) Expression levels of the selected cytokines for visit 1 and 2 respectively. The Mann-Whitney U test was used to compute the statistical significance of the differential expression of the biomarkers. (E) Gene ontology-based enrichment analysis. (F) Reactome pathway analysis.



Pathway analysis combined with gene ontology-based enrichment analysis revealed enrichment of signaling pathways and molecular complexes that are a subset of those that capture the impact of differing LS status in patients with a history of CRC (Figures 6E, F). Direct comparison of Figure 5E with 6E, and of Figure 5F with 6F, seems to suggest that the impact on the local immune signaling microenvironment of normal appearing mucosa due to differing LS status in patients with CRC history is much broader than impact associated with differing CRC histories in LS patients. Importantly, we have now identified a consistent set of immune signaling signatures predictive of risk in both these settings over two patient visits. We aim to validate these signatures and better understand their biological underpinnings as part of our ongoing prospective study.





4 Discussion

Biomarkers that can correctly predict CRC risk in LS patients are needed to successfully mitigate the risk through prevention approaches including surveillance colonoscopy, vaccines, and chemoprevention. Ideally these approaches will be personalized with the goal of reducing costs by optimizing surveillance intervals or through predicting and monitoring agents that are most likely to prevent the development of colonic neoplasia. We took a novel approach to address this issue. Taking advantage of the large Lynch patient population that regularly undergoes surveillance colonoscopies at our institution, we were able to identify a cohort of patients that we followed over repeat visits. We obtained colorectal biopsies from these patients and using an ex vivo explant system combined with multiplexed ELISA, profiled the local immune signaling microenvironment of their normal appearing mucosa. Unlike most studies that focus on active disease in LS patients, our selection criteria mimicked two real-world surveillance scenarios for LS patients that are currently cancer-free: 1) those with no history of CRC and may develop CRC for the first time, or 2) those with a history of CRC that could experience a second primary CRC. By profiling the immune microenvironment of their normal appearing mucosa and using a history of CRC as a surrogate for CRC risk, our prospective and ongoing study aims to elucidate subtle but robust differences associated with immune modulation dependent on LS status and the residual effect of a prior resected CRC. Importantly our study established reproducibility of our results over repeat visits when there was no significant change in the patient’s health status, thereby, identifying a set of potential biomarkers that warrant further investigation in future prevention studies.

The potential of using differentially expressed serum and plasma cytokines as biomarkers for detecting the presence of CRC has been observed by multiple groups. By combining logistic regression models with multiplex ELISAs multiple teams have proposed a group of biomarkers capable of distinguishing between CRC and HC. Both the combination of serum levels of IL- 9, Eotaxin, GM-CSF, and TNF-α and the combination of IL-4, IL-8, Eotaxin, IP-10, and TNF-α can distinguish between patients with CRC and HC (33). High serum IL-8, high IL-6, low MCP-1, low -IL1ra and low IP-10 were also able to distinguish between CRC patients with active disease from HC, with low serum IP-10 in combination with high IL-8 and IL-6 being associated with metastasized disease (34). However, these studies focus on detecting active disease, and not on characterizing alterations in the local immune signaling microenvironment of normal colorectal mucosa in LS patients without active disease in a CRC-history dependent manner. By focusing on the latter our findings complement the previous studies. We anticipate that they have the potential to assess CRC risk and preemptively mitigate it by helping optimize surveillance intervals and identify immunomodulating prevention agents.

An important aspect of this study is that our analysis was informed by the redundant and pleiotropic nature of cytokine activity. We specifically avoided two pitfalls. First, we did not employ a simple p-value based determination of significance of differential cytokine expression to select important biomarkers. This is necessary due to the interconnectedness of cytokine signaling. It is possible that cytokines without a statistically significant differential expression between the comparison groups are important for separating those two groups. To avoid this pitfall, we utilized the predictive ability of the cytokines as the selection criterion. Second, while testing their predictive ability we utilized an elastic net penalty instead of the sometimes more commonly used lasso penalty to explicitly account for their correlated nature, while also excluding trivial associations.

Our analysis also benefited from our use of rxCOV metric, which we previously developed to avoid conflating assay-associated experimental variability with true significance of differential expression of any cytokine. Utilizing the rxCOV metric allowed us to filter out cytokines that truly were not statistically significant or whose differential expression was overwhelmed by assay associated noise. Although this latter aspect might have reduced the number of selected biomarkers for any two comparison groups, it did ensure that the differential expression of selected biomarkers truly had predictive ability in the context of our multiplexed ELISA measurements of explant colorectal mucosal cultures. The overall consistency of biomarkers selected between visit 1 and visit 2, which occurred nearly two years later, demonstrates the robustness of both the assay and analytical methods.

Due to the significant impact on healthcare resources, there is debate on the frequency that LS patients should undergo surveillance colonoscopy (35). Our long-term goal is to have a robust set of biomarkers that are strongly predictive of individual patient risk for developing colorectal neoplasia to identify those LS patients for whom surveillance intervals can be lengthened, based on their immune microenvironment detected from normal-appearing rectal biopsies. We note that although epidemiological studies have shown that risk of developing CRC in LS patients is correlated with MMR gene type, it remains unclear how to identify those patients in the genotype-defined cohorts that benefit from increased CRC surveillance. On the other hand, evidence is increasing that the local immune microenvironment of the normal colonic mucosa might be a more relevant, sensitive, and specific indicator of the evolving risk of a LS patient developing colorectal neoplasia (11). It could also potentially be a more specific indicator than serum biomarker levels that characterize systemic alterations that might not be specific to the subtle alterations in the colorectal microenvironment. Our approach of utilizing the patient biopsy obtained during regularly scheduled surveillance to profile their local immune microenvironment, therefore, has the potential to be incorporated into managing patient surveillance intervals.

Our study is currently limited by lack of complementary imaging data that corroborates cytokine activity differences in the context of immune cell infiltrates and their states of activation and polarization. Future work will focus on addressing this aspect while continuing to build on our strength of being able to follow patients over multiple visits, increasing the relatively small number of patients and expanding our cytokine repertoire. Combining these findings with sequencing-based analysis will help us not only optimize surveillance strategies but also identify potential immunoprevention candidate targets that will have the benefit of a long follow-up.

This study was focused on characterizing the local immune signaling microenvironment of normal appearing mucosa in clinically relevant LS patient groups and utilizing this characterization to identify a set of biomarkers that were consistently able to differentiate patients in an LS and CRC status dependent manner over two visits. The identification of our candidate biomarkers requires validation in a prospective, blinded studies using an independent cohort of LS patients. Further work is required to determine if the biomarkers can play a role in selecting prevention strategies such as identifying potential biological pathways that should be targets or monitoring response by detecting alterations in the immune signaling microenvironment.
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