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Abstract

:

Simple Summary


There is an increasing scientific interest in the study of the interaction between the immune system and drugs in cancer that can affect the efficacy of an anti-cancer treatment. This study was undertaken to better understand if the genetic characteristic of a cancer patient’s immune system can predict the tumor response to the treatment and the duration of survival. The topic was studied on 335 metastatic colorectal cancer patients treated with a first-line chemotherapy (FOLFIRI regimen, irinotecan-5-fluorouracil-leucovorin). The research highlighted two markers, IL15RA-rs7910212 and SMAD3-rs7179840, significantly associated with the patient’s survival. When considering IL15RA-rs7910212 and SMAD3-rs7179840 in combination with other two genetic markers previously investigated (NR1I2-rs1054190, VDR-rs7299460), we built up a highly predictive genetic score of survival. The herein identified markers must be further validated, but still represent good candidates to understand how much a patient with a metastatic colorectal cancer can benefit from a chemotherapy with FOLFIRI regimen.




Abstract


A new paradigm in cancer chemotherapy derives from the interaction between chemotherapeutics, including irinotecan and 5-fluorouracil (5-FU), and the immune system. The patient’s immune response can modulate chemotherapy effectiveness, and, on the other hand, chemotherapeutic agents can foster tumor cell immunogenicity. On these grounds, the analysis of the cancer patients’ immunogenetic characteristics and their effect on survival after chemotherapy represent a new frontier. This study aims to identify genetic determinants in the immuno-related pathways predictive of overall survival (OS) after FOLFIRI (irinotecan, 5-FU, leucovorin) therapy. Two independent cohorts comprising a total of 335 patients with metastatic colorectal cancer (mCRC) homogeneously treated with first-line FOLFIRI were included in the study. The prognostic effect of 192 tagging genetic polymorphisms in 34 immune-related genes was evaluated using the bead array technology. The IL15RA rs7910212-C allele was associated with worse OS in both discovery (HR: 1.57, p = 0.0327, Bootstrap p-value = 0.0280) and replication (HR: 1.71, p = 0.0411) cohorts. Conversely, SMAD3 rs7179840-C allele was associated with better OS in both discovery (HR: 0.65, p = 0.0202, Bootstrap p-value = 0.0203) and replication (HR: 0.61, p = 0.0216) cohorts. A genetic prognostic score was generated integrating IL15RA-rs7910212 and SMAD3-rs7179840 markers with inflammation-related prognostic polymorphisms we previously identified in the same study population (i.e., PXR [NR1I2]-rs1054190, VDR-rs7299460). The calculated genetic score successfully discriminated patients with different survival probabilities (p < 0.0001 log-rank test). These findings provide new insight on the prognostic value of genetic determinants, such as IL15RA and SMAD3 markers, and could offer a new decision tool to improve the clinical management of patients with mCRC receiving FOLFIRI.
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1. Introduction


The cooperation between chemotherapeutic agents and immune system aiming at eradicating tumors represents a new paradigm in cancer chemotherapy. The cancer-related immune response impacts the efficacy of chemotherapy by multiple mechanisms, including the modulation of the chemotherapy-mediated tumor cell death [1]. On the other hand, chemotherapeutic agents can induce immunogenic cell death (ICD), making the cancer cells more immunogenic and stimulating an anti-tumor immune response mediated by effectors T-cell [2]. Among chemotherapeutics, irinotecan and 5-fluorouracil (5-FU) have a significant immune-modulatory effect, influencing the overall antitumor response and disease outcome [3,4,5,6,7]. These findings open up a novel field of immunogenetic investigation aimed at defining the role of the host variability in immune-related genes in predicting the response to treatment and patients’ prognosis.



The cancer-related inflammation response is also indicated to impact the efficacy of chemotherapy by regulating the inflammation-related transcriptional factors and in turn the expression of drug metabolic genes [8,9,10]. We have previously reported significant associations between genetic variants in inflammation-related transcriptional regulators and clinical outcome after administration of FOLFIRI (irinotecan, 5-FU, leucovorin) [11,12,13]. Particularly, pregnane X receptor (PXR; NR1I2) rs1054190 and vitamin D receptor (VDR) rs7299460 polymorphisms emerged as prognostic markers of OS for metastatic CRC (mCRC) patients receiving FOLFIRI [12].



FOLFIRI regimen represents a cornerstone of systemic treatment for mCRC [14,15,16], due to the significant survival advantage reported by clinical trials [17,18]. The more recent combination of FOLFIRI with molecularly targeted drugs [14,15,16], has further enhanced the efficacy of mCRC therapy with a survival benefit [15]. Nonetheless, despite these improvements, the 5-year survival rate continues to be low (~14%) [15], and the inter-individual heterogeneity observed in the therapy outcome still represents a crucial problem in the clinical management of patients with mCRC. Over the last years, huge pharmacogenetic research efforts were made to identify validated predictive markers of the response to FOLFIRI-based therapy in mCRC setting. Specific attention was posed on genes related to drug metabolism and mechanism of action [19,20]. However, although a number of genetic markers were significantly associated with irinotecan- or fluoropyrimidine-related toxicity and entered into clinical guidelines (i.e., UGT1A1*28; DPYD variants) [19,21], validated germline genetic markers that could predict FOLFIRI effectiveness and patients’ survival have yet to be identified [19,22,23]. Some biochemical (i.e., carcinoembryonic antigen, carbohydrate antigen 19-9 and 125) [24,25] and clinical (i.e., primary tumor site) [14,26] parameters as well tumor features (i.e., RAS, NRAS, and BRAF mutations; microsatellite instability/mismatch repair status) [14,15,16] have been reported to play a role in predicting efficacy and patients’ prognosis after the combination of FOLFIRI with targeted agents. However, despite these promising findings, a significant variability in the clinical outcome is still present. Therefore, the evaluation of the host genetic profile could contribute to better stratify patients who undergo therapy for mCRC on the basis of the treatment outcome.



The present work was designed to discover potential genetic markers of overall survival (OS) by analyzing genes encoding proteins involved in the immune system and related networks. The study, adopting a discovery/replication design and including 335 mCRC FOLFIRI-treated patients, evaluated 192 tagging polymorphisms (TagSNP) in 34 immune-related genes. The primary aim was to identify novel genetic prognostic markers that could improve the pre-treatment identification of patients who may benefit from a first-line FOLFIRI administration. The secondary endpoint was to integrate these genetic markers related to the immune system with those related to the inflammation response (i.e., NR1I2-rs1054190, VDR-rs7299460), that we previously identified in the same study population [12], to generate a genetic score of OS that could further improve the clinical management of patients with mCRC.




2. Patients and Methods


2.1. Patient Cohorts and Treatment


The study was performed retrospectively on prospective cohorts and includes a total of 335 patients with mCRC receiving first-line FOLFIRI regimen sub-grouped into a discovery and a replication cohort.



The discovery cohort, previously described [27,28], included prospectively enrolled North-Eastern Italian patients homogenously treated between February 2002 and November 2005 [28]. Information on survival and progression was obtained through an active follow-up. While all the 250 eligible patients had OS records, for 21 patients progression data were missing. All patients received 180 mg/m2 intravenous dose of irinotecan in FOLFIRI regimen (Tournigand-modified FOLFIRI regimen [29] in most patients). The detailed definition of the criteria of eligibility, treatment decision check-points, as well as the methods for efficacy assessment and data classification have been previously reported [28].



The replication cohort comprised 92 patients with mCRC prospectively enrolled at three medical centers in Eastern Canada from 2003 to 2012 [27]. All patients were treated with FOLFIRI regimen and received 180 mg/m2 intravenous dose of irinotecan every 2 weeks. More information about eligibility criteria, treatment modalities, and clinical data collection were published elsewhere [13,30]. Survival and progression data were obtained through an active follow-up. OS and progression free survival (PFS) data were available for all 92 eligible patients included in the study.



The study was conducted according to the ethical guidelines of the 1975 Declaration of Helsinki and was approved by the Comitato Etico Indipendente-Centro di Riferimento Oncologico di Aviano and the CHU de Quebec ethics committees. All patients signed a written informed consent for research purposes before entering the study.




2.2. Marker Selection


Candidate genes were selected based on a literature search (PubMed-MEDLINE) focusing on those encoding for cytokines, chemokines, and all the related proteins involved in the regulation of the immune response signaling network in colorectal cancer (CRC). Genes regulating the activation of the immune system against the cancer antigens generation stimulated by the chemotherapeutic agents (as irinotecan or 5-FU) were also considered. Successively, genetic variants for each candidate gene were selected using a TagSNPs approach that allowed covering the genetic diversity of targeted genes. Each TagSNP captures a block of linked polymorphisms at a stringency of r2 = 0.80. A detailed description of the bioinformatic workflow for the selection of TagSNPs has been previously reported [31]. At the end of the bioinformatics workflow, a cohort of 192 molecular markers in 34 candidate genes (Supplementary Table S1) were selected and introduced into the genetic analysis.




2.3. Genetic Analysis


2.3.1. Discovery Cohort


Genomic DNA was extracted from peripheral blood samples using the automated extractor BioRobot EZ1 and the Kit “EZ1 DNA Blood Kit 350μL” (Qiagen Inc., Valencia, CA, USA). Genotyping was performed on an Illumina BeadXpress platform (Illumina, Inc., San Diego, CA, USA) based on Golden Gate chemistry. A 192-plex Illumina VeraCode GoldenGate Genotyping Assay was developed using the “Assay Design Tool” available on the Illumina website [32]. A detailed description of the bioinformatic workflow for assay design, analytical procedures, data collection and analysis, and data quality control have been previously published [31]. Sample replicates were introduced into each analysis. Only the DNA samples and polymorphisms with a call rate > 90% were retained in the final report.




2.3.2. Replication Cohort


An iPLEX matrix-assisted laser desorption/ionization time-of-flight mass spectrometry method (Sequenom, San Diego, CA, USA) was employed to detect the genetic variants in patients belonging to the replication cohort. The Spectro DESIGNER software (Sequenom, San Diego, CA, USA) was used to design all extension primers and PCR assays. Negative controls and a 5% random sample duplicate population were used to ensure robustness and reproducibility of the analysis.





2.4. Bioinformatic Analysis


A functional prediction to determine the putative effect of the polymorphisms selected through the statistical analysis was performed using three online softwares: HaploReg v4.1 [33], RegulomeDB v2.0 [34], and Ensembl’s Variant Effect Predictor (VEP) Ensembl release 102—November 2020 [35].



HaploReg v4.1 was employed to test the functional effect of a selected polymorphism and all the others included in the same haploblock at a stringency of r2 = 0.80 using the linkage disequilibrium data from 1000 Genomes Project (EUR). This tool allows exploring annotations of the non-coding variants. HaploReg includes the chromatin state and protein binding annotation, sequence conservation across mammals, effect of polymorphisms on regulatory motifs, and effect of polymorphisms on expression from expression quantitative trait locus (eQTL) studies.



RegulomeDB v2.0 is a database that annotates polymorphisms in the intergenic regions of the human genome by integrating a big collection of regulatory information from several public datasets. This tool returns two scores: a rank score (1 to 7) with the lower value indicating the stronger evidence for a variant to be in a functional region; and a probability score (0 to 1), with 1 being most likely a regulatory variant. The scores are assigned by integrating annotation data on the methylation profile, chromatin structure, protein motifs, binding to transcription factors, and enhancer activity.



VEP Ensembl was used to determine the effects of the genetic variants on genes, transcripts, and protein sequences, as well as regulatory regions. The potential functional impact is described through a number of predictive scores including the Combined Annotation Dependent Depletion (CADD) score that integrates multiple annotations into one metric proportionally ranking the variants by deleteriousness [36]. The VEP tool allows annotating the sequence variants that are located not only in the non-coding region of the gene but also in the coding sequence of the protein and provides data on the associated phenotype, clinical value, and literature evidences.




2.5. Statistical Analysis


For each patient, the time at risk was calculated from treatment initiation to death, progression (for PFS only), or last follow-up, whichever came first. The statistical analysis and study design can be summarized in four main steps (Figure 1).



(1) Selection of potential polymorphisms significantly associated with OS in the discovery cohort. The association between polymorphisms and OS was evaluated by calculating the hazard ratio (HR) of death and corresponding 95% confidence interval (CI) in a Cox proportional hazards model. HRs were adjusted for gender, age, cancer site, stage at diagnosis, radical surgery, and adjuvant chemotherapy, when available. Dominant, recessive, and additive genetic models were considered for each polymorphism by combining heterozygous with homozygous genotypes; the best-fitting genetic model was selected according to the Wald chi-squared test. A significant association (p < 0.05) was tested for robustness through a bootstrap procedure with 1000 re-sampling.



(2) Testing the selected polymorphisms in an independent replication cohort. Each polymorphism significantly associated to OS in the discovery cohort was further replicated in an independent replication cohort according to the following hierarchical approach: (a) The association between the polymorphism and OS was estimated according to the same genetic model found in the discovery cohort; (b) when the HRs from the discovery and replication cohorts were discordant (i.e., HRs with different directions), the polymorphism was considered as “not replicated” and the validation process stopped; (c) when HRs were concordant, the HR from the Cox proportional hazard model in the replication cohort was tested for significance using a one-tailed Wald χ2 test; replication was claimed for p < 0.05. The discovery and the replication datasets were then combined to estimate the OS probabilities, according to genetic polymorphisms, by the Kaplan-Meier method; survival differences were tested using the log-rank test.



(3) Evaluating a possible association between the selected polymorphisms and PFS. Polymorphisms significantly associated to OS (steps 1 and 2) were further investigated in the pooled dataset to evaluate their relationship with PFS according to the Kaplan-Meier method.



(4) Developing a genetic score for OS prediction. Genetic markers identified in the previous steps were integrated with those already known to be associated with OS (i.e., NR1I2-rs1054190, VDR-rs7299460) in the same study population [12], using the pooled dataset. For each polymorphism, point scores, according to the risk of death emerging from the Cox model including all genetic variants as covariates, were assigned to the presence of risk alleles, 0 otherwise. The point scores for each polymorphism were then summed up to a genetic score. Considering the low frequency of some polymorphisms (i.e., NR1I2-rs1054190) splitting the dataset into discovery and replication cohorts was not feasible.





3. Results


3.1. Patients and Genotyping


The average sample call rate was 0.97 (0.90–0.98), whereas the average genotype call rate was 0.99 (0.90–1.00). Twenty-nine polymorphisms failed at the quality check and were excluded from the statistical analysis. Replicated samples included in the analysis were 100% concordant. Seven out of 250 samples in the discovery cohort were eliminated since they did not reach the fixed call rate threshold of 90% probably due to low DNA quality.



A Sequenom assay was successfully developed for all the polymorphisms to be tested in the replication cohort. All the 92 samples in the replication cohort were successfully genotyped with an average genotype call rate of 0.99 (0.95–1.00) and a sample call rate of 0.99 (0.91–1.00).



The two study populations (discovery and replication cohorts) were well-balanced (p > 0.05) for all the major demographic and clinical characteristics (Table 1). All patients had a metastatic disease (stage IV) at the time of enrollment in the present study. One hundred and twelve patients had metastasis located in the liver only, 36 in the lung only, and 16 had a single site metastasis in other organs; 79 patients had metastases located in multiple organs. All patients were self-reported Caucasian.




3.2. Markers of Overall Survival


The discovery and replication cohorts had a similar OS pattern (p > 0.05, Table 1).



In the discovery cohort, 23 genetic variants in 11 immune-related proteins (FAS, FOXO3, MIF, IFNGR2, IL15RA, SMAD-3, STAT3, STAT5A, STAT6, TGFBR2, TLR10) resulted significant predictors of OS (p < 0.05 and Bootstrap p-value < 0.05): 14 out of 23 markers were associated with shorter OS (HRs: 1.32–35.31), while the remaining nine with a longer OS (HRs: 0.51–0.72) (Table 2).



The genotype distribution of the 23 selected polymorphisms is reported in Supplementary Table S2. The minor allele frequencies were in line with the data reported for the Caucasian population in the dbSNP database [37]. Deviation from the Hardy–Weinberg equilibrium was tested by the chi-squared test, and no deviation was found (p > 0.05) except for the variant SMAD3-rs3743343 in the discovery cohort and IL15RA-rs3136626 in the replication cohort (Supplementary Table S2).



Two out of 23 markers, IL15RA-rs7910212 and SMAD3-rs7179840, were successfully replicated (p < 0.05) in the Canadian cohort applying the same genetic model. The CC or CT genotype at IL15RA-rs7910212 was significantly associated with an increased risk of death in the discovery (HR: 1.57, p = 0.0327, Bootstrap p-value = 0.0280) and replication (HR: 1.71, p = 0.0411) cohorts with respect to the TT genotype. In contrast, the CC or CT genotypes at SMAD3-rs7179840 were associated with a lower risk of death in the discovery (HR: 0.65, p = 0.0202, Bootstrap p-value = 0.0203) and replication (HR: 0.61, p = 0.0216) cohorts with respect to the TT genotype.



The potential bias, due to the type of second-line treatment received by the patients after the first disease progression, was further evaluated in the discovery cohort. Overall, 199 patients experienced a disease progression, which was treated with FOLFOX in 117 (58.8%) cases and with other chemotherapeutic regimens in 61 (30.7%) cases; 21 (10.5%) patients underwent other or no treatment. After the inclusion of the type of second-line treatment in the regression model, the hazard ratio of death did not show a significant variation: HR: 1.53 (1.01–2.32) for IL15RA-rs7910212 and HR: 0.64 (0.45–0.93) for SMAD3-rs7179840.



Kaplan-Meier curves for OS according to IL15RA-rs7910212 and SMAD3-rs7179840 in the pooled population are shown in Figure 2. With regards to the IL15RA-rs7910212, patients carrying the minor C allele (CC or TC genotype) had a median OS of 18 months, compared to TT genotype carriers, who had a median OS of 22 months (p = 0.0202, log-rank test). Concerning SMAD3-rs7179840, patients harboring the minor C allele (CC or TC genotype) had a median OS of 23 months, compared to those with the TT genotype, who had a median OS of 19 months (p = 0.0128, log-rank test). These associations were confirmed in the pooled population by the multivariable Cox regression analysis (IL15RA-rs7910212, pooled HR: 1.55, 95% CI: 1.03–2.33, p = 0.0356; SMAD3-rs7179840, pooled HR: 0.66, 95% CI: 0.46–0.95, p = 0.0234).




3.3. Markers of Progression-Free Survival


Kaplan-Meier curves for PFS according to IL15RA-rs7910212 and SMAD3-rs7179840 in the pooled population are shown in Figure 3. With regards to the IL15RA-rs7910212 variant, the median PFS for patients carrying the minor C allele (CC or TC genotype) or the TT genotype was not statistically different (8.9 and 8.3 months, respectively; p = 0.3142, log-rank test). Conversely, for the SMAD3-rs7179840 marker, patients with the minor C allele (CC or TC genotype) had a significantly longer median PFS compared to those with the TT genotype (8.8 and 7.8 months, respectively; p = 0.0460, log-rank test). The impact of the SMAD3-rs7179840 variant on PFS was consistent with that observed on OS. The multivariable Cox regression analysis found no significant association (IL15RA-rs7910212, pooled HR: 1.09, 95% CI: 0.78–1.54, p = 0.6077; SMAD3-rs7179840, pooled HR: 1.11, 95% CI: 0.83–1.47, p = 0.4917).




3.4. Prognostic Score for Overall Survival


A genetic prognostic score of OS combining the previously identified markers (i.e., NR1I2-rs1054190, VDR-rs7299460) [12] with those selected in the present study (i.e., IL15RA-rs7910212, SMAD3-rs7179840) was developed. A total of 320 out of 335 patients (discovery and replication cohorts) were eligible for the score development as they had the genotype data for the four candidate polymorphisms. The score point for each polymorphism was assigned based on the risk of death (i.e., HR) estimated by the Cox regression analysis (Table 3), adjusting for potential polymorphism-polymorphism interaction. A significant increase in the risk of death according to the score points was observed (Table 4). Particularly, patients carrying 1 or 2 score points had about 2-fold higher risk of death with respect to those carrying zero score points (HR: 1.90, p = 0.0007); even more remarkable, patients harboring more than 3 score points had about 7-fold higher risk of death with respect to those carrying zero score points (HR: 7.37, p < 0.0001). The capability of the genetic prognostic score to stratify patients according to the different OS outcomes was further evidenced by Kaplan-Meier curves (Figure 4). This analysis showed a strongly significant trend towards a shorter OS with increasing score points (p < 0.0001, log-rank test). Patients carrying “more than 3” or “1 or 2” score points had a median OS of 18.7 and 22.8 months, respectively, compared to those with zero score points, who had a median OS of 26.0 months (p < 0.001, log-rank test).




3.5. Bioinformatic Analysis of IL15RA-rs7910212 and SMAD3-rs7179840


With regards to the rs7910212 variant, located in the intron region of the IL15RA gene, a summary of the in silico analysis of its functional impact is reported in Supplementary Table S3A. IL15RA-rs7910212 was predicted to have a minimal damaging effect on the gene functionality and/or expression by the HaploReg and VEP software (i.e., CADD score = 2.490; one motif changed for regulators of gene transcription). Similarly, analyzing IL15RA-rs7910212 by RegulomeDB, a rank score of 5 (i.e., “minimal binding evidence” supported by transcription factors binding or DNase peak data) and a probability score of 0.13454 was achieved. The use of HaploReg showed that two additional intronic variants are tagged by IL15RA-rs7910212 (r2 > 0.8): IL15RA-8177685 (r2 = 0.97) and IL15RA-rs7917197 (r2 = 0.96). Similarly to rs7910212, both tagged polymorphisms were globally predicted to have a minor regulatory function (RegulomeDB rank score of 5) (Supplementary Table S3A). Among them, the most functionally relevant seemed to be the IL15RA-8177685 variant that was supposed to alter regulatory chromatin states (i.e., one enhancer histone marks items) and motifs (two motifs changed) displaying a Regulome probability score of 0.45052. IL15RA-8177685 was also suggested by literature data to be a functional variant impacting the immune-modulatory activity of IL15RA [38].



For the rs7179840 variant, located in the intron region of the SMAD3 gene, the results of the bioinformatic analysis are summarized in Supplementary Table S3B. SMAD3-rs7179840 could have a moderate impact on the gene functionality and/or expression since it was predicted to broadly alter regulatory chromatin states (i.e., two promoter histone marks, 15 enhancer histone marks, nine DNAse items) and motifs (three motifs changed) by the HaploReg tool. This effect was summarized by a RegulomeDB rank score equal to 4 (i.e., “minimal binding evidence” supported by transcription factors binding and DNase peak data) and a probability score equal to 0.60906. The VEP tool indicated a CADD score of 0.126 and an association of rs7179840 with some pathologic phenotypes. HaploReg identified one additional non-coding polymorphism in the SMAD3-rs7179840 haploblock (r2 > 0.8), the intronic SMAD3-rs7183244 (r2 = 0.97) (Supplementary Table S3B). Similarly to rs7179840, the linked rs7183244 could have a moderate functional impact; this genetic variant was predicted to change regulatory chromatin states (i.e., one promoter histone marks, 14 enhancer histone marks, two DNAse items) and exhibit eQTL effects (i.e., one GRASP QTL hits). The RegulomeDB rank score was equal to 4 and the probability score to 0.60906. The VEP software returned a CADD score of 1.396 and a correlation with pathological phenotypes.





4. Discussion


It is acknowledged that the host immune system plays a crucial role in modulating the CRC development, progression, and prognosis [39,40,41,42], as well as in regulating the chemotherapy effectiveness [1,8,9,10]. Recently a new paradigm has been proposed to explain the anti-tumor effect of the chemotherapy through fostering the activation of the anti-cancer immune-system by the induction of ICD on the tumor [2]. This stimulates the exploration of genetic markers in the immuno-related pathways that could optimize the stratification of patients according to their probability to benefit from chemotherapy. The effect of 5-FU and irinotecan on the immune system has been previously reported [3,5,6,7], but its clinical impact on patients’ survival has yet to be investigated.



The main finding of the present study was the identification of IL15RA-rs7910212 and SMAD3-rs7179840 as novel genetic prognostic markers of OS after the FOLFIRI treatment, with a significant effect in two independent cohorts of patients with mCRC.



Interleukin-15 (IL-15) represents a critical factor for the regulation of the immune response. It induces the activation of T, B, and natural killer cells, enhances the cytolitic capacity of CD8(+) T cells and avoids the stimulation of the immunosuppressive T regulatory cells [43]. IL-15α, encoded by IL15RA, is the high affinity receptor for IL-15 and is expressed on IL-15-producing cells (e.g., macrophages, monocytes, and dendritic cells) [43,44]. IL-15 is minimally secreted but shows the peculiarity to be predominantly trans-presented in conjunction with its receptor IL-15α for delivery to target cells. This unique mode of presentation confers the ability of IL-15 to mediate its distinctive functions [44,45]. Due to its impact on the immune system, the IL-15/IL-15α axis modulates the carcinogenesis process by inhibiting tumor growth [43,44,45]. Specifically, studies on in vitro and xenograft models demonstrated that IL-15 inhibits colon carcinogenesis and prolongs survival by enhancing the immune response [46,47]. Interestingly, only IL-15 trans-presented via its receptor IL-15α, but not soluble IL-15, could efficiently stimulate the cytotoxic function of immune effectors against colon carcinoma cells [48]. The IL-15/IL-15α complex was also shown to potentiate the antitumor activity of some chemotherapeutics, including 5-FU and irinotecan [49,50,51]. A study on the murine model of colon carcinoma reported the ability of IL-15 to improve the therapeutic index and antitumor efficacy of 5-FU [50]. Similar results were obtained for irinotecan, whose therapeutic efficacy against advanced CRC and liver metastases was shown to be enhanced by IL-15 in the rat models [49,51]. Although the mechanisms of interaction between IL-15 and chemotherapeutics need to be further clarified, it could be the result of the combined cytotoxic effect of drugs on tumor cells together with stimulation of an antitumor immune response by the IL-15/IL-15α complex. Thus, an altered IL-15α functionality, determined by the host genetic variation, could impact both the control of tumor growth by immunity and the FOLFIRI anti-cancer activity. This would finally affect the prognosis of patients with mCRC, as observed in the present study. IL15RA-rs7910212 is an intronic variant of unknown functional significance. The bioinformatic analysis was predicted for rs7910212, a damaging effect on the IL-15RA functionality and/or expression. Nonetheless, considering the limited size of this effect, it could not be excluded that the observed clinical phenotype could be related to other genetic variants located in the same haploblock (i.e., rs8177685; rs7917197), with a supposed regulatory role on the IL-15RA gene.



SMAD-3 represents a major transcription factor in transforming growth factor-β (TGF-β) downstream signaling. The TGF-β/SMAD-3 pathway plays a critical role in several biological processes including the control of cell proliferation, apoptosis, differentiation, epithelial-mesenchymal transition, and anticancer immune response [52,53]. The TGF-β/SMAD-3 signaling has been found to be implicated in CRC carcinogenesis with both tumor suppressor effects in the early development of cancer and pro-metastatic effects in late stage disease [52,53]. A high expression of TGF-β in CRC tissues has been correlated with tumor progression, neo-angiogenesis, lymph-node metastases, and immunosuppression, as well as poor prognosis and adverse clinical outcomes [53,54,55]. Genetic mutations in the TGF-β pathway genes, including SMAD3, contribute to the CRC aggressive phenotype [54,56]. Moreover, SMAD3 inherited genetic variants were reported to be strongly associated with survival after diagnosis of CRC [57,58]. The TGF-β/SMAD-3 pathway has also been found to have a pivotal role in the CRC mechanisms of resistance to drugs including 5-FU [55,59,60]. An in vitro study evidenced that SMAD-3 is crucially involved in the 5-FU-resistant pathway in CRC by modulating TGF-β downstream genes with pro-proliferative, pro-metastatic, and anti-apoptotic effects [60]. Other analyses on in vivo and in vitro models of CRC reported that 5-FU is able to stimulate the activation of SMAD-3 and the related TGF-β pathway in chemoresistant cells inducing changes in the surrounding tumor microenvironment (i.e., increased vascularization) and cell mechanisms of death and proliferation [55]. On the other hand, the repression of the TGF-β signaling was shown to inhibit the transcription of 5-FU-induced genes and to restore the sensitivity of chemoresistant cells to 5-FU [55]. Therefore, similarly to IL-15, an altered SMAD-3 activity associated with specific genetic variants could modify the TGF-β-related transcriptional response impacting on both the tumor development and the antitumor FOLFIRI efficacy, finally affecting the patients’ prognosis. According to this hypothesis, in the present study, SMAD3-rs7179840 emerged as a prognostic marker, being associated with better OS and PFS. The functional meaning of this intronic polymorphism has not been described yet. SMAD3-rs7179840 as well as its linked variant rs7183244 (r2 = 0.97) were predicted to have a moderate impact on the gene functionality and/or expression by the in silico analysis. Thus, even if the exact functional consequences of SMAD3-rs7179840 variant remain to be finally elucidated, it could likely impact on SMAD3 functions.



In the present study, the novel prognostic immune-related markers IL15RA-rs7910212 and SMAD3-rs7179840 were integrated with those previously identified in the same study population in the inflammation-related response (i.e., NR1I2-rs1054190, VDR-rs7299460) [12]. This generated a genetic risk model that significantly stratified patients with mCRC according to OS. PXR and VDR are transcriptional factors belonging to the nuclear receptor super-family. These proteins have been reported to mediate the impact of inflammation on the expression of metabolic genes and finally on therapy outcome after 5-FU and irinotecan administration [8,9,10,12]. IL15RA and SMAD-3 have been suggested to modulate the antitumor immune response and to interact with the mechanism of action of 5-FU and irinotecan. All these proteins (PXR, VDR, IL15RA, SMAD-3) have also been indicated to modulate the CRC development and aggressiveness. Thus, the risk score, combining the four independent genetic variants linked to the inflammation and immune response, could optimally integrate the impact of these markers and related pathways on both tumor biology and FOLFIRI efficacy and finally predict the patients’ prognosis.



It should be noticed that, although FOLFIRI still represents the cornerstone of first-line treatment for patients with mCRC, it is no longer administered alone but in association with targeted agents, particularly antiangiogenics or anti-epidermal growth factor receptor (EGFR) agents. Nevertheless, the results of the present study highlighted a better chemo-responsiveness in some patients depending on their inhered genetic features, and this effect could be regardless of the combination with a targeted drug. Interestingly, recent literature data, obtained in solid tumors including colorectal carcinoma, have suggested that both IL-15/IL-15α axis and TGF-β/SMAD-3 pathway are also involved in determining the effectiveness of the anti-EGFR agent, cetuximab. Particularly, the IL-15/IL-15α axis has been reported to enhance the efficacy of cetuximab by promoting activation of both natural killer and dendritic cells [61,62,63]. Conversely, the activation of TGF-β/SMAD-3 signaling has been indicated to limit the cetuximab efficacy [64]. These preliminary results call for additional studies aiming to define the effect of IL15RA and SMAD3 genetic markers in a clinical context in which FOLFIRI is used in association with anti-angiogenic or anti-EGFR agents.



The present work has some limitations that need to be considered. First, because of the retrospective nature of the analysis, the genetic markers identified in the current study require an independent validation by further biomarkers-driven prospective clinical trials prior to entering clinical practice. Second, due to the retrospective nature of the study, we have no data on the microsatellite instability/mismatch repair status and somatic alterations (i.e., KRAS, NRAS, and BRAF mutations) of tumors, which are important markers to discriminate colorectal cancer patients with a different response to therapy and prognosis [14,15,16]. The lack of this information could have affected the interpretation of the results. Third, another limitation is the lack of phenotypic characterization of IL15RA-rs7910212 and SMAD3-rs7179840 polymorphisms by the functional assay that would have supported our findings. To fill this gap, a bioinformatic analysis was performed. However, if preliminary in silico data and literature evidences support a potential functional impact, the exact phenotypic consequences of IL15RA-rs7910212 and SMAD3-rs7179840 variants are still unknown, and further formal functional analyses are required to better understand the molecular mechanism underlying the observed associations.




5. Conclusions


In conclusion, the present study identified novel genetic prognostic markers, the IL15RA-rs7910212 and SMAD3-rs7179840 polymorphisms, which resulted in being significantly associated with OS in mCRC patients treated with the first-line FOLFIRI regimen. A prognostic score integrating four independent genetic variants (IL15RA-rs7910212, SMAD3-rs7179840, NR1I2-rs1054190, VDR-rs7299460) related to inflammation and immune response was also developed and demonstrated to stratify patients according to the different risks of death. These findings highlighted the relevance of genetic markers in the immune system and correlated pathways in predicting the effectiveness of chemotherapy and in identifying patients who are most likely to benefit from FOLFIRI administration. New insights into the role of inherited immune-related variants in modulating the interaction between chemotherapy and the immune system could also be of great interest considering the recent recognition of the therapeutic potential of chemotherapy and immunotherapy combination [65].



Systemic therapy for mCRC patients typically includes a chemotherapy backbone (i.e., 5-FU, irinotecan or oxaliplatin) paired with a targeted agent (antiangiogenics or anti-EGFR agents) into a two-drug or three-drug regimen. A three-drug regimen could represent a good choice to treat tumors at high risk of progression, but the cost in terms of the patients’ toxicity is sometimes very high. Hence, the selection of the more appropriate first-line therapeutic options becomes a complex issue influencing not only the course of therapy and patient survival but also safety and quality of life [14]. The selection of the type and sequence of treatments is currently based mainly on practice guidelines, patients’ status (e.g., age, performance status, comorbidities), disease features (e.g., respectability, tumor biology, tumor burden, clinical evolution) and therapy characteristics (e.g., toxicities, availability, costs). The contribution of additional selection criteria, as the host genetic profile, could improve the clinical decision-making and therapeutic planning. As an example, mCRC patients predicted to not benefit from FOLFIRI administration, based on their molecular profile, could be a candidate to receive an alternative regimen (i.e., FOLFOX) or an intensified treatment (FOLFOXIRI, 5-FU, irinotecan, oxaliplatin, leucovorin), thus increasing the chance of treatment efficacy. The capacity to select the most effective anti-cancer treatment has the potential to improve the management of patients with mCRC, not only with an increase in survival and quality of life but also with a concomitant reduction in medical costs.
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Figure 1. Study design. 
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Figure 2. Kaplan-Meier estimates of overall survival according to the selected IL15RA-rs7910212 and SMAD3-rs7179840 polymorphisms in the combined discovery and replication cohorts (pooled population, n = 335). 
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Figure 3. Kaplan-Meier estimates of progression-free survival according to the selected IL15RA-rs7910212 and SMAD3-rs7179840 polymorphisms in the combined discovery and replication cohorts (pooled population, n = 335). 
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Figure 4. Kaplan-Meier estimates of overall survival according to the genetic score in the combined case series (n = 320). 
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Table 1. Demographic and clinical characteristics of study populations (discovery cohort, n = 243 a; replication cohort, n = 92).
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Discovery

	
Replication

	




	

	
N

	
(%)

	
N

	
(%)

	






	
Gender

	

	

	

	

	




	
Male

	
158

	
(65.0)

	
61

	
(66.3)

	




	
Female

	
85

	
(35.0)

	
31

	
(33.7)

	
p = 0.8255




	
Age (years)

	

	

	

	

	




	
<55

	
61

	
(25.1)

	
23

	
(25.0)

	




	
55–59

	
32

	
(13.2)

	
18

	
(19.6)

	




	
60–64

	
52

	
(21.4)

	
17

	
(18.5)

	




	
≥65

	
98

	
(40.3)

	
34

	
(37.0)

	
p = 0.5128




	
Cancer site

	

	

	

	

	




	
Right colon

	
76

	
(31.3)

	
23

	
(25.0)

	




	
Left colon/Rectum

	
167

	
(68.7)

	
61

	
(66.3)

	




	
Colon, NOS

	
0

	
(0.0)

	
8

	
(8.7)

	
p = 0.5030 b




	
Stage at cancer diagnosis

	

	

	

	

	




	
I–II

	
24

	
(9.9)

	

	

	




	
III

	
64

	
(26.3)

	

	

	




	
IV

	
155

	
(63.8)

	

	

	




	
Radical surgery

	

	

	

	

	




	
No

	
50

	
(20.6)

	

	

	




	
Yes

	
193

	
(79.4)

	

	

	




	
Adjuvant therapy

	

	

	

	

	




	
No

	
163

	
(67.1)

	

	

	




	
Yes

	
80

	
(32.9)

	

	

	




	
Overall survival (95% CI)

	

	

	

	

	




	
1 year

	
74.5% (68.5–80.0%)

	
72.1% (61.3–80.3%)

	




	
2 years

	
41.6% (34.0–48.9%)

	
41.9% (31.4–52.0%)

	




	
3 years

	
26.5% (18.4–35.4%)

	
20.1% (13.1–30.0%)

	




	
5 years

	
9.2% (1.1–28.6%)

	
8.1% (3.6–15.1%)

	
p = 0.4867








a Seven patients with polymorphisms frequency < 90% were excluded. b Excluding colon NOS. Abbreviation: NOS: Not Otherwise Specified.
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Table 2. Genetic markers and overall survival in the discovery (n = 243) and replication (n = 92) cohorts. Only the associations with p-value < 0.05 and Bootstrap p-value < 0.05 are reported for the discovery cohort. Replicated markers are in bold.
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Discovery Cohort

	
Replication Cohort




	
Genes

	
SNP

	
Base Change

	
Model

	
HR (95% CI) a

	
p-Value

	
Bootstrap

	
HR (95% CI) b

	
p-Value c




	
HR

	
p-Value






	
FAS

	
rs983751

	
G > T

	
Dominant

	
1.60 (1.03–2.47)

	
0.0366

	
1.65

	
0.0319

	
1.82 (0.52–6.40)

	
0.1760




	
FAS

	
rs9658706

	
A > G

	
Dominant

	
1.84 (1.18–2.87)

	
0.0075

	
1.88

	
0.0094

	
0.88 (0.42–1.85)

	




	
FOXO3

	
rs9384683

	
T > G

	
Recessive

	
4.39 (1.31–14.67)

	
0.0163

	
4.53

	
0.0185

	
---

	
---




	
MIF

	
rs738806

	
G > A

	
Dominant

	
1.55 (1.08–2.22)

	
0.0184

	
1.56

	
0.0217

	
1.06 (0.65–1.72)

	
0.4044




	
IFNGR2

	
rs1532

	
C > T

	
Dominant

	
0.53 (0.37–0.75)

	
0.0005

	
0.51

	
0.0005

	
1.05 (0.66–1.67)

	




	
IFNGR2

	
rs9808753

	
A > G

	
Additive

	
1.57 (1.06–2.33)

	
0.0249

	
1.66

	
0.0165

	
1.13 (0.69–1.83)

	
0.3159




	
IL15RA

	
rs1998521

	
G > A

	
Additive

	
0.72 (0.54–0.95)

	
0.0211

	
0.71

	
0.0215

	
1.03 (0.73–1.46)

	




	
IL15RA

	
rs2228059

	
A > C

	
Additive

	
1.45 (1.12–1.88)

	
0.0051

	
1.49

	
0.0042

	
0.99 (0.71–1.39)

	




	
IL15RA

	
rs3136626

	
T > C

	
Dominant

	
1.56 (1.07–2.26)

	
0.0196

	
1.60

	
0.0169

	
1.02 (0.64–1.63)

	
0.4639




	
IL15RA

	
rs7910212

	
T > C

	
Dominant

	
1.57 (1.04–2.39)

	
0.0327

	
1.62

	
0.0280

	
1.71 (0.93–3.12)

	
0.0411




	
SMAD3

	
rs11636161

	
G > A

	
Additive

	
1.32 (1.03–1.70)

	
0.0282

	
1.34

	
0.0297

	
1.27 (0.89–1.80)

	
0.0963




	
SMAD3

	
rs1545161

	
T > C

	
Dominant

	
0.57 (0.40–0.83)

	
0.0029

	
0.56

	
0.0036

	
0.79 (0.48–1.31)

	
0.1809




	
SMAD3

	
rs3743343

	
T > C

	
Recessive

	
3.72 (1.10–12.55)

	
0.0345

	
3.79

	
0.0479

	
0.42 (0.08–2.23)

	




	
SMAD3

	
rs7179840

	
T > C

	
Dominant

	
0.65 (0.45–0.93)

	
0.0202

	
0.64

	
0.0203

	
0.61 (0.37–0.99)

	
0.0216




	
SMAD3

	
rs718663

	
A > G

	
Dominant

	
1.75 (1.03–2.97)

	
0.0391

	
1.76

	
0.0502

	
1.43 (0.77–2.64)

	
0.1280




	
STAT3

	
rs17405722

	
G > A

	
Recessive

	
35.31 (4.14–300.87)

	
0.0011

	
39.62

	
0.0015

	
0.78 (0.10–6.09)

	




	
STAT3

	
rs3744483

	
T > C

	
Dominant

	
0.61 (0.41–0.90)

	
0.0125

	
0.60

	
0.0144

	
1.23 (0.74–2.05)

	




	
STAT5A

	
rs7217728

	
T > C

	
Dominant

	
0.69 (0.48–0.99)

	
0.0463

	
0.67

	
0.0404

	
0.95 (0.61–1.49)

	
0.4129




	
STAT6

	
rs167769

	
C > T

	
Dominant

	
1.81 (1.25–2.64)

	
0.0019

	
1.87

	
0.0019

	
0.97 (0.59–1.60)

	




	
TGFBR2

	
rs12487185

	
A > G

	
Dominant

	
0.63 (0.44–0.92)

	
0.0152

	
0.64

	
0.0226

	
1.03 (0.64–1.65)

	




	
TGFBR2

	
rs4583693

	
T > C

	
Recessive

	
3.14 (1.47–6.71)

	
0.0031

	
3.33

	
0.0027

	
1.36 (0.40–4.56)

	
0.3115




	
TGFBR2

	
rs5020833

	
C > G

	
Dominant

	
0.62 (0.43–0.90)

	
0.0125

	
0.62

	
0.0154

	
1.16 (0.72–1.85)

	




	
TLR10

	
rs11466657

	
T > C

	
Additive

	
0.51 (0.30–0.88)

	
0.0206

	
0.50

	
0.0159

	
0.97 (0.28–3.41)

	
0.4822








Abbreviations: CI: Confidence interval; HR: Hazard ratios; SNP: Polymorphism. a Estimated from the Cox model, adjusted for age, sex, tumor stage at diagnosis, cancer site, radical surgery, and adjuvant chemotherapy. b Estimated from the Cox model, adjusted for age, sex, and cancer site. c Estimated from the one-tailed Wald χ2 test. Some clinical data available for the discovery cohort (i.e., radical surgery, adjuvant chemotherapy, tumor stage at diagnosis), were not available for the replication cohort.
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Table 3. Construction of a prognostic score for overall survival using selected polymorphisms (SNPs) in the combined case series of 320 patients with available SNPs.
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	Gene-SNP
	HR (95% CI) a
	HR (95% CI) b
	Score Points





	IL15RA-rs7910212 (TC/CC vs. TT)
	1.55 (1.12–2.15)
	1.66 (1.19–2.31)
	1



	SMAD3-rs7179840 (TT vs. TC/CC)
	1.53 (1.15–2.04)
	1.54 (1.15–2.06)
	1



	VDR-rs7299460 (CC vs. CT/TT)
	1.53 (1.15–2.03)
	1.48 (1.10–1.99)
	1



	NR1I2-rs1054190 (TT vs. CC/CT)
	4.61 (1.97–10.81)
	4.31 (1.82–10.20)
	4







a Estimated from the Cox proportional hazard model, conditioned on cohort, and adjusted for gender, age, cancer site, and radical surgery (when available). b Further adjusted for potential SNP-SNP interaction.
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Table 4. Hazard ratios (HR) and 95% confidence interval (CI) for overall survival in the 320 patients with mCRC according to the genetic score.
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Genetic Score

	
Genetic Score (Combined Categories)




	
Score Points

	
Patients

	
HR (95% CI) a

	
Score Points

	
Patients

	
HR (95% CI) a

	
p-Value




	
n

	
(%)

	
n

	
(%)






	
0

	
77

	
(24.1)

	
Reference

	
0

	
77

	
(24.1)

	
Reference

	




	
1

	
129

	
(40.3)

	
1.72 (1.15–2.57)

	
1–2

	
223

	
(69.7)

	
1.90 (1.31–2.76)

	
0.0007




	
2

	
94

	
(29.4)

	
2.21 (1.45–3.38)




	
3

	
12

	
(3.8)

	
6.93 (3.34–14.39)

	
≥3

	
20

	
(6.3)

	
7.37 (3.93–13.84)

	
<0.0001




	
≥4

	
8

	
(2.5)

	
8.57 (3.43–21.36)








a Estimated from the Cox proportional hazard model, conditioned on cohort, and adjusted for gender, age, cancer site, and radical surgery (when available).
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