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Abstract

:

Bevacizumab is used to treat metastatic colorectal cancer (mCRC). However, there are still no available predictors of clinical outcomes. We investigated selected single nucleotide polymorphisms (SNPs) in the genes involved in VEGF-dependent and -independent angiogenesis pathways and other major intracellular signaling pathways involved in the pathogenesis of mCRC as an attempt to find predictors of clinical outcome. Forty-six patients treated with first-line bevacizumab-based chemotherapy were included in this study with a 5 year follow up. Genomic DNA was isolated from whole blood for the analysis of VEGF-A (rs2010963, 1570360, rs699947), ICAM-1 (rs5498, rs1799969) SNPs and from tumor tissue for the detection of genomic variants in KRAS, NRAS, BRAF genes. PCR and next generation sequencing were used for the analysis. The endpoints of the study were progression-free survival (PFS) and overall survival (OS). The VEGF-A rs699947 A/A allele was associated with increased PFS (p = 0.006) and OS (p = 0.043). The ICAM-1 rs1799969 G/A allele was associated with prolonged OS (p = 0.036). Finally, BRAF wild type was associated with increased OS (p = 0.027). We identified VEGF-A and ICAM-1 variants in angiogenesis and other major intracellular signaling pathways, such as BRAF, that can predict clinical outcome upon bevacizumab administration. These identified biomarkers could be used to select patients with mCRC who may achieve long-term responses and benefit from bevacizumab-based therapies.
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1. Introduction


In 1971, Judah Folkman first described angiogenesis and its contribution to tumor growth [1]. Since then, the angiogenesis pathway has been extensively studied. The dominant factor controlling angiogenesis is the vascular endothelial growth factor (VEGF) glycoprotein [2]. The VEGF family comprises five members (VEGFA-E), and placental growth factor (PlGF). VEGFs bind with high affinity to receptors (VEGFR-1 and VEGFR-2) and promote angiogenic signals to vascular endothelium [3]. VEGF-A is considered the major activator of angiogenesis. It acts selectively on vascular endothelial cells, stimulating both normal and abnormal angiogenesis [4]. VEGF-A binds to VEGFR-1 and VEGFR-2, although the VEGF-A/VEGFR-2 pathway is considered the major activator of angiogenesis [5]. Another molecule involved in angiogenesis is ICAM-1 (also known as CD54), a member of the immunoglobulin supergene family. It is constitutively localized on the cell surface and is abundantly expressed in a variety of cell types, including fibroblasts, leukocytes, keratinocytes, and endothelial cells. ICAM-1 contains five extracellular immunoglobulin-like domains that function in adhesive cell–cell or cell–matrix interactions by binding to two integrins belonging to the β2 subfamily: lymphocyte function-associated antigen-1 (LFA-1; also known as CD11α/CD18) and macrophage antigen-1 (Mac-1; also known as CD11b/CD18) [6]. Importantly, ICAM-1 is markedly expressed in many different types of human cancer cells, including lung, pancreatic, breast, and prostate cancer cells, as well as in glioma [7].



Several studies have reported the prognostic and predictive significance of VEGF and VEGFR in colorectal [8,9], lung [10], gastric [11] and pancreatic [12] cancers. Interestingly, in vivo experiments in mice have also shown that highly expressed ICAM-1 may mediate resistance to antiangiogenic therapy [13]. Angiogenesis and especially, VEGF-A have become attractive pharmacologic targets in colorectal cancer (CRC), which is the third most common cancer in males and the second in females; only in 2015, 1.65 million new CRC cases and almost 835,000 deaths were recorded [14]. The pathogenesis of CRC also involves the accumulation of genetic and epigenetic modifications within the pathways that regulate proliferation, apoptosis and angiogenesis. RAS and BRAF genomic variants are of prognostic and predictive value in metastatic colorectal cancer (mCRC). KRAS genomic variants involving either codon 12 or 13 can be identified in 12–75% CRCs and they have been independently associated with a worse prognosis. NRAS mutations are also associated with an inferior prognosis. Similarly, BRAF activating mutations that occur mostly in codon 600 (V600E) are present in less than 10% tumors and represent a strong negative prognostic marker [15,16].



Bevacizumab, a recombinant humanised IgG1 monoclonal antibody, is the first agent approved against VEGF-A. Bevacizumab can be used as monotherapy or in combination with chemotherapy for the treatment of mCRC, metastatic breast cancer, unresectable advanced, metastatic or recurrent non-small cell lung cancer, advanced or metastatic renal cell cancer, advanced ovarian and cervical cancers and as monotherapy for advanced, recurrent glioblastoma [17]. The mechanism of action of bevacizumab includes binding to circulating VEGF-A and blocking of VEGF-A binding to its receptors (VEGFR-1 and VEGFR-2) on the surface of endothelial cells, which results in the inhibition of tumor angiogenesis, growth, and metastases [18].



The research for biomarkers of angiogenesis and anti-angiogenesis and their successful use in the development of angiogenesis inhibition therapy is an ongoing challenge. However, no validated biomarkers are currently available to guide patient selection for treatment with bevacizumab. In the present study, we investigated the role of selected single nucleotide polymorphisms (SNPs) in the VEGF-A and intracellular adhesion molecule-1 (ICAM-1) angiogenesis genes, as well as in the KRAS, NRAS and BRAF genes, in order to predict clinical outcome in mCRC patients treated with first-line bevacizumab in combination with chemotherapy (fluoropyrimidines and oxaliplatin or irinotecan).




2. Results


A total of 46 consecutive patients with mCRC were enrolled in the study. Overall, patients had a mean age of 64.5 years (range from 31 to 86) and were predominantly male (28/46; 61%) (Table 1). The most commonly used initial treatment was BEV-FOLFOX (46%) and the most common maintenance treatment was bevacizumab monotherapy (30%) (Table 2). The mean number of metastatic sites was 2 (range from 1 to 5). Most patients had wild-type variants of VEGF-A SNPs: rs2010963 (58.7%), rs1570360 (67.4%) and rs699947 (74%). Similarly, the wild-type ICAM-1 gene rs1799969 was dominant (78.3%), but 50% of patients were heterozygous for rs5498. Fifty percent of patients had KRAS wild-type tumors and 61.2% presented with NRAS mutations. The vast majority (81.8%) of patients had wild-type BRAF tumors. Genotype frequencies are summarised in Table 1.



After a median follow up of 60 months, 88.1% of patients progressed and 58% died. For all patients, median progression-free survival (PFS) and overall survival (OS) were 9 and 18 months, respectively. In terms of the best response, complete response (CR) was achieved by one patient, partial response (PR) by 16 (34.8%) patients, stable disease by 25 (54.4%) patients, and progressive disease (PD) in 4 (8.7%) patients.



When progression-free survival was measured, patients homozygous for VEGF-A rs699947 A/A had significantly (p = 0.006) prolonged PFS of 32.6 months compared with 8.1 months for the carriers of the wild-type C/C variant (Table 3 and Figure 1). No other statistically significant associations were found between VEGF-A rs1570360 and rs2010963, ICAM-1 rs5498 and rs1799969, KRAS, NRAS, and BRAF gene variants and PFS (Table 3). Chemotherapy type (irinotecan-based vs. oxaliplatin-based) was not associated with PFS.



OS was also significantly (p = 0.043) prolonged to 59.4 months in carriers of VEGF-A rs699947 A/A compared with 16.9 months for carriers of the wild-type C/C variant (Table 3 and Figure 2). Patients heterozygous for VEGF-A rs1570360 G/A had longer OS compared with carriers of the G/G or A/A variants (43.2, 27.8 and 39.2 months, respectively), albeit that the difference did not meet statistical significance (p = 0.074). None of the variants of the VEGF-A rs2010963 were associated with OS (p = 0.811).



Interestingly, patients harbouring the ICAM-1 allele rs1799969 G/A attained a median OS of 48.7 months compared to 29.1 months in patients harbouring the G/G allele (p = 0.036) (Table 3 and Figure 3). In contrast, ICAM-1 rs5498 was not significantly associated with OS (p = 0.159).



The median OS of patients with wild-type BRAF was significantly longer compared with patients with the mutant BRAF (16.7 vs. 6.8 months, p = 0.027; Table 3). KRAS and NRAS were not significantly associated with OS (p-values 0.511 and 0.374, respectively; Table 3). Chemotherapy type (irinotecan-based vs. oxaliplatin-based) was not associated with OS.




3. Discussion


Although bevacizumab is widely used in oncology, contrary to other therapeutic classes, there remains a lack of validating predictive factors for treatment outcomes [19]. In recent years, the research for factors predictive of anti-VEGF treatment outcomes and especially for bevacizumab response has attracted great scientific interest. Several clinical studies in patients with mCRC have noted a relationship between the concentration of symptoms such as hypertension, biomarkers (e.g., lactate dehydrogenase, ICAM, E-selectin, endothelial nitric oxide synthase) and the SNPs of genes involved in the angiogenesis pathway and the response to bevacizumab [20,21,22,23,24,25,26]. It is not clear whether the genetic variants associated with clinical outcomes are due to lower angiogenesis activity or to lower in vivo affinity between bevacizumab and VEGF, as indicated in previous study [27].



Our results demonstrate the significant association between the specific polymorphisms in VEGF-dependent and non-VEGF-dependent genes and the improved clinical outcomes in patients with mCRC receiving bevacizumab in combination with chemotherapy as first-line treatment.



Patients homozygous for VEGF-A rs699947 A/A had statistically significantly prolonged PFS and OS as compared to carriers of the wild-type C/C variant (PFS: 32.6 vs. 8.1 months and OS: 59.4 vs. 16.9 months, respectively). In addition, increasing OS trends were noticed in carriers of VEGF-A rs1570360 G/A and A/A of 43.2 months and 39.2 months, respectively, vs. 27.8 months of the corresponding G/G variant. The correlation between certain VEGF-A variants and the outcome of bevacizumab treatment has been previously explored, and our results are aligned with these studies. Genotyping in 173 mCRC patients treated with bevacizumab in combination with FOLFIRI or CapIRI showed that rs1570360 G/G was significantly associated with inferior OS compared to G/A [28]. Furthermore, a phase III study of patients with metastatic breast cancer receiving bevacizumab and paclitaxel showed that the median OS was significantly longer for carriers of VEGF-A rs699947 A/A and rs1570360 A/A [29]. The correlation between VEGF-A SNPs and treatment efficacy was also examined in patients receiving bevacizumab and sorafenib for recurrent glioblastoma; mutant VEGF-A allele rs699947 was associated with a 6 month increase in PFS whilst mutant VEGF-A rs1570360 was associated with a 6 month decrease in PFS [30]. Nonetheless, there are reports where no correlation could be identified between VEGF-A polymorphisms and PFS or OS in patients with cancer and treated with bevacizumab. Ulivi et al. [24] and Etienne-Grimaldi et al. [31] tested the impact of VEGF-A gene polymorphisms (including rs2010963, rs1570360, rs699947) in patients receiving bevacizumab for mCRC and metastatic breast cancer. No correlation was reported between any SNP of VEGF-A with response rate, PFS or OS. The disparity between our results and those of Ulivi et al. may be due to the different study designs and/or the longer follow-up period in the present study (median of 60 vs. 36 months, respectively).



In our study, OS was favourably associated with the ICAM-1 rs1799969 G/A variant as compared with the G/G variant (48.7 vs 29.1 months, respectively; p = 0.036). Our results show that mCRC carriers of the ICAM-1 rs1799969 G/A allele have a benefit of 19.6 months of survival compared to carriers of the wild-type G/G allele when treated with bevacizumab. To our knowledge, this is the first time that a clear, significant association has been observed between the ICAM-1 gene and OS in cancer patients treated with bevacizumab. There are reports in the literature which describe the association between ICAM-1 blood concentrations and clinical outcomes. In 99 mCRC patients treated with first-line bevacizumab in combination with mFOLFOX-6 or XELOX, high plasma ICAM blood levels (>190.0 ng/mL) were strongly associated with shorter OS (p = 0.003) [32]. Furthermore, in a phase II/III study (E4599) where patients with advanced non-small cell lung cancer were randomised to receive carboplatin and paclitaxel with or without bevacizumab, it was found that regardless of treatment arm, low ICAM-1 levels (≤260.5 ng/mL) were prognostic for survival and predictive of response to treatment (32% vs. 14%, p = 0.02) and 1 year survival (65% vs. 25%). [21]. In addition, a trend toward a higher risk of death and high ICAM-1 levels (p = 0.06) was revealed by correlative studies of a phase II trial assessing the efficacy and safety of a bevacizumab and cisplatin, etoposide combination in 63 patients with extensive stage small-cell lung cancer [33]. Nonetheless, in the ABIGAIL study [34], baseline and dynamic changes in plasma levels of ICAM-1 did not correlate with response to bevacizumab in 303 chemotherapy-naïve patients with non-small cell lung cancer who were treated with bevacizumab in combination with chemotherapy (carboplatin and gemcitabine or carboplatin and paclitaxel).



Several clinical studies have demonstrated a strong association between BRAF mutations and inferior survival in patients with CRC [35]. We also confirmed that BRAF mutation status was an important predictor for clinical outcomes, as patients with wild type BRAF had a significant survival benefit of 9.9 months. In line with our results, Bruera et al. [36] reported an increased OS of 28 months in wild-type BRAF tumors compared to 11 months in patients with mutant-BRAF tumors. Tol et al. [37] reported that the BRAF mutation is a negative prognostic marker for patients receiving treatment with bevacizumab and CapOX; OS was significantly longer in patients with wild-type BRAF compared with patients with mutant BRAF (24.6 and 15 months, respectively). Ince et al. reported similar results in patients treated with bevacizumab and FOLFIRI, with OS of 26.3 and 15.9 months in wild type and mutant tumors, respectively, although their results did not reach statistical significance [38].



Our results show that KRAS and NRAS were not predictive, neither for PFS nor for OS in patients with mCRC who were treated with bevacizumab-containing first-line treatment. The poor survival and the prognostic impact of the KRAS mutation in CRC has been previously reported [39]. Prince et al. also reported that KRAS gene mutation status was neither prognostic nor predictive for PFS, OS and outcomes in patients with mCRC receiving capecitabine and bevacizumab [40]. Similar results were also presented by Hurwitz et al. [41], who reported that the clinical benefit of bevacizumab in mCRC was independent of KRAS mutation status.



In conclusion, we identified major angiogenesis and intracellular signaling pathway polymorphisms as predictors of response to first-line bevacizumab-based treatment in metastatic colorectal cancer. In a pragmatic and real-world study, we showed that certain genetic variants of VEGF-A, ICAM-1 and BRAF are associated with longer responses and higher benefit during treatment with bevacizumab. It would be reasonable to suggest that these biomarkers could be incorporated in decision-making processes when bevacizumab, whether reference or biosimilar, is administered in patients with mCRC, such as patient selection, randomization, stratification in clinical development programs, and optimal treatment selection during standard care and reimbursement. It cannot be excluded that the non-highlighted polymorphisms may also play a role in the recorded PFS and OS but with a smaller effect size or potentially in combination. In the future, moving from conventional treatment to precision medicine, the verification and validation of existing SNPs as well as the identification of newer ones is anticipated to greatly impact on the management of not only mCRC but also patients with other types of cancer.




4. Materials and Methods


4.1. Design


In total, 46 patients with histologically confirmed mCRC who started first-line bevacizumab-based treatment between April 2013 and April 2014 were studied. The data cut-off was July 2018. Patients were 18 years of age or older and had an ECOG performance status of 0–2. All patients received first-line treatment with bevacizumab (Avastin®, Roche, Basel, Switzerland) in combination with oxaliplatin or irinotecan and fluoropyrimidine-based chemotherapy in accordance with the bevacizumab Summary of Product Characteristics and standard care. Bevacizumab was administered as an intravenous infusion at a dose of 5 mg/kg once every 2 weeks in combination with 5-fluorouracil/leucovorin/irinotecan or oxaliplatin (BEV-FOLFIRI or BEV-FOLFOX, respectively) or at a dose of 7.5 mg/kg once every 3 weeks in combination with capecitabine/irinotecan or oxaliplatin (BEV-CapIRI or BEV-CapOX, respectively) in 3 week cycles. Treatment was initially administered for six (BEV-FOLFIRI, BEV-FOLFOX) or four (BEV-CapIRI, BEV-CapOX) cycles; patients who responded to treatment continued with bevacizumab-based maintenance treatment. Radiographic evaluation was performed every 8–12 weeks or when clinically indicated. The response was evaluated according to RECIST criteria version 1.1. The treating physicians decided the maintenance treatment. The endpoints of the study were progression-free survival (PFS), and overall survival (OS).



This study was conducted at the Department of Oncology, University Hospital of Patras, Greece in accordance with the Declaration of Helsinki and the International Conference on Harmonisation (ICH) Good Clinical Practice. Approval was obtained by the Hospital’s Ethics Committee (3221/7, 12.02.2013). Prior to study enrolment, all patients provided signed informed consent.




4.2. Pharmacogenetic Analyses


Whole-blood samples were collected at baseline in order to analyse the VEGF-A (rs2010963, rs1570360, rs699947) and ICAM-1 (rs5498, rs1799969) SNPs. Blood samples were collected in serum separator tubes and could clot for 30 min. After centrifugation at 1000× g for 20 min, the serum was removed and stored in aliquots at ≤−20 °C until analysis. Genomic DNA was extracted from peripheral blood leukocytes from patients using the Gentra Puregene Blood kit (QIAGEN) [42]. DNA concentrations were determined by measuring the optical density at 260 nm with a UV–Vis spectrophotometer (NanoDrop 2000, Thermo Fisher Scientific, Waltham, MA, USA). DNA purity, which is indicated by the ratio of optical density at 260 and 280 nm, was 1.7–1.9. VEGF-A (rs699947, rs1570360, and rs2010963) and ICAM-1 (rs1799969, rs5498) genomic variants were analysed by polymerase chain reaction (PCR) according to the KAPA2G Fast HotStart protocol (Kapa Biosystems, Wilmington, MA, USA); detailed information per genomic variant amplification conditions is available upon request. PCR products were separated on 1% w/v agarose gels stained with Midori Green and were purified using the PCR and DNA Fragment Purification kit (Dongsheng Biotech, Guangzhou, China, DNA purity 1.7–1.9). Following purification, samples were subjected to direct DNA sequence analysis on an ABI Prim 3130xl DNA Analyser (Applied Biosystems, Foster City, CA, USA) using the Big Dye® Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems), according to the manufacturer’s instructions.



KRAS, NRAS (exons 2, 3, 4) and BRAF (exons 11 and 15) mutation status was determined in genomic DNA extracted from formalin-fixed, paraffin-embedded tissue samples from the patients with a QIAmp DNA FFPE tissue kit (Qiagen/MagCore Genomic DNA FFPE One-Step Kit, RBCBioscience, New Taipei City, Taiwan). Mutations in exons 2, 3, 4 of the KRAS and NRAS genes, and in exons 11 and 15 of BRAF gene were detected with the method of targeted realignment (Ion AmpliSeqPanel, Thermo Fisher Scientific). Next generation sequencing platform Ion proton (Thermo Fisher Scientific) was used for sequencing. The method’s detection limit was 2–5% (mutant/wild-type alleles) [43,44].




4.3. Statistics and Data Analysis


All categorical data, including therapy methods and polymorphisms, were tabulated and presented as frequencies and counts. Statistical significance was set at p < 0.05. For the time-to-event analyses, we used the Kaplan–Meier estimate, and all lost to follow-up cases were censored up to the most recent available time-point. The OS and PFS median estimates are presented with 95% confidence intervals. The log-rank test was used for the comparison of the OS and PFS distributions for different polymorphisms, while the effects of age and sex were investigated with multiple analyses using Cox regression. In terms of the sample size calculation, there were feasibility limitations in recruitment and therefore, the investigators calculated the effect size that this study could capture for the pre-determined number of patients. At a power level of 80% and alpha set as 0.05, for 46 patients with 60 months of follow up and 1 year of recruitment, we can detect at least 1.5 years of difference in the median of PFS and OS between different polymorphisms. The Kaplan–Meier graphs were generated using GraphPad Prism version 7 for Windows, GraphPad Software, La Jolla, California, USA. The analyses were performed using SAS version 9.4, SAS Institute Inc. 2015. SAS/IML® 14.1 User’s Guide. Cary, NC: SAS Institute Inc.








Author Contributions


Conceptualization, A.P. and G.B.S.; Methodology, A.P., P.K., T.K., G.P.P., H.K., E.P. and G.B.S.; Software, A.P. and P.K.; Validation, A.P., P.K., H.K. and G.B.S.; Formal Analysis, A.P., P.K. and G.B.S.; Investigation, A.P., H.K. and G.B.S.; Resources, A.P., H.K. and G.B.S.; Data Curation, A.P., T.K., G.P.P., H.K., E.P. and G.B.S.; Writing—Original Draft Preparation, A.P.; Writing—Review & Editing, A.P., P.K., T.K., G.P.P., H.K., E.P. and G.B.S.; Visualization, A.P. and P.K.; Supervision, G.B.S.; Project Administration, A.P.; Funding Acquisition, G.B.S.




Funding


This research received no external funding.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Folkman, J. Tumor angiogenesis: Therapeutic implications. N. Engl. J. Med. 1971, 285, 1182–1186. [Google Scholar]

	



Hicklin, D.J.; Ellis, L.M. Role of the vascular endothelial growth factor pathway in tumor growth and angiogenesis. J. Clin. Oncol. 2005, 23, 1011–1027. [Google Scholar] [CrossRef] [PubMed]

	



Ellis, L.M.; Hicklin, D.J. VEGF-targeted therapy: Mechanisms of anti-tumor activity. Nat. Rev. Cancer 2008, 8, 579–591. [Google Scholar] [CrossRef] [PubMed]

	



Nagy, J.A.; Vasile, E.; Feng, D.; Sundberg, C.; Brown, L.F.; Detmar, M.J.; Lawitts, J.A.; Benjamin, L.; Tan, X.; Manseau, E.J.; et al. Vascular permeability factor/vascular endothelial growth factor induces lymphangiogenesis as well as angiogenesis. J. Exp. Med. 2002, 196, 1497–1506. [Google Scholar] [CrossRef] [PubMed]

	



Kerbel, R.S. Tumor angiogenesis. N. Engl. J. Med. 2008, 358, 2039–2049. [Google Scholar] [CrossRef] [PubMed]

	



Hubbard, A.K.; Rothlein, R. Intercellular adhesion molecule-1 (ICAM-1) expression and cell signaling cascades. Free Radic. Biol. Med. 2000, 28, 1379–1386. [Google Scholar] [CrossRef]

	



Brooks, K.J.; Coleman, E.J.; Vitetta, E.S. The antitumor activity of an anti-CD54 antibody in SCID mice xenografted with human breast, prostate, non-small cell lung, and pancreatic tumor cell lines. Int. J. Cancer 2008, 123, 2438–2445. [Google Scholar] [CrossRef] [PubMed]

	



Werther, K.; Christensen, I.J.; Brünner, N.; Nielsen, H.J. Soluble vascular endothelial growth factor levels in patients with primary colorectal carcinoma. The Danish RANX05 Colorectal Cancer Study Group. Eur. J. Surg. Oncol. 2000, 26, 657–662. [Google Scholar] [CrossRef] [PubMed]

	



Broll, R.; Erdmann, H.; Duchrow, M.; Oevermann, E.; Schwandner, O.; Markert, U.; Bruch, H.; Windhövel, U. Vascular endothelial growth factor (VEGF)-a valuable serum tumour marker in patients with colorectal cancer? Eur. J. Surg. Oncol. 2001, 27, 37–42. [Google Scholar] [CrossRef]

	



Salgia, R. Prognostic significance of angiogenesis and angiogenic growth factors in nonsmall cell lung cancer. Cancer 2011, 117, 3889–3899. [Google Scholar] [CrossRef]

	



Karayiannakis, A.J.; Syrigos, K.N.; Polychronidis, A.; Zbar, A.; Kouraklis, G.; Simopoulos, C.; Karatzas, G. Circulating VEGF levels in the serum of gastric cancer patients: Correlation with pathological variables, patient survival, and tumor surgery. Ann. Surg. 2002, 236, 37–42. [Google Scholar] [CrossRef] [PubMed]

	



Karayiannakis, A.J.; Bolanaki, H.; Syrigos, K.N.; Asimakopoulos, B.; Polychronidis, A.; Anagnostoulis, S.; Simopoulos, C. Serum vascular endothelial growth factor levels in pancreatic cancer patients correlate with advanced and metastatic disease and poor prognosis. Cancer Lett. 2002, 194, 119–124. [Google Scholar] [CrossRef]

	



Piao, Y.; Henry, V.; Tiao, N.; Park, S.Y.; Martinez-Ledesma, J.; Dong, J.W.; Balasubramaniyan, V.; De Groot, J.F. Targeting intercellular adhesion molecule-1 prolongs survival in mice bearing bevacizumab-resistant glioblastoma. Oncotarget 2017, 8, 96970–96983. [Google Scholar] [CrossRef] [PubMed]

	



Global Burden of Disease Cancer Collaboration; Fitzmaurice, C.; Allen, C.; Barber, R.M.; Barregard, L.; Bhutta, Z.A.; Brenner, H.; Dicker, D.J.; Chimed-Orchir, O.; Dandona, R.; et al. Global, Regional, and National Cancer Incidence, Mortality, Years of Life Lost, Years Lived with Disability, and Disability-Adjusted Life-years for 32 Cancer Groups, 1990 to 2015: A Systematic Analysis for the Global Burden of Disease Study. JAMA Oncol. 2017, 3, 524–548. [Google Scholar] [PubMed]

	



Yoon, H.H.; Tougeron, D.; Shi, Q.; Alberts, S.R.; Mahoney, M.R.; Nelson, G.D.; Nair, S.G.; Thibodeau, S.N.; Goldberg, R.M.; Sargent, D.J.; et al. KRAS codon 12 and 13 mutations in relation to disease-free survival in BRAF-wild-type stage III colon cancers from an adjuvant chemotherapy trial (N0147 alliance). Clin. Cancer Res. 2014, 20, 3033–3043. [Google Scholar] [CrossRef]

	



Modest, D.P.; Ricard, I.; Heinemann, V.; Hegewisch-Becker, S.; Schmiegel, W.; Porschen, R.; Stintzing, S.; Graeven, U.; Arnold, D.; Von Weikersthal, L.F.; et al. Outcome according to KRAS-, NRAS- and BRAF-mutation as well as KRAS mutation variants: Pooled analysis of five randomized trials in metastatic colorectal cancer by the AIO colorectal cancer study group. Ann. Oncol. 2016, 27, 1746–1753. [Google Scholar] [CrossRef]

	



Avastin SmPC, EMC. Available online: https://www.medicines.org.uk/emc/product/3885/smpc (accessed on 10 July 2018).

	



Gerber, H.P.; Ferrara, N. Pharmacology and pharmacodynamics of bevacizumab as monotherapy or in combination with cytotoxic therapy in preclinical studies. Cancer Res. 2005, 65, 671–680. [Google Scholar]

	



Hayes, D.F. Bevacizumab treatment for solid tumors: Boon or bust? JAMA 2011, 305, 506–508. [Google Scholar] [CrossRef]

	



De Stefano, A.; Carlomagno, C.; Pepe, S.; Bianco, R.; De Placido, S. Bevacizumab-related arterial hypertension as a predictive marker in metastatic colorectal cancer patients. Cancer Chemother. Pharmacol. 2011, 68, 1207–1213. [Google Scholar] [CrossRef]

	



Dowlati, A.; Gray, R.; Sandler, A.B.; Schiller, J.H.; Johnson, D.H. Cell Adhesion Molecules, Vascular Endothelial Growth Factor, and Basic Fibroblast Growth Factor in Patients with Non-Small Cell Lung Cancer Treated with Chemotherapy with or without Bevacizumab an Eastern Cooperative Oncology Group Study. Clin. Cancer Res. 2008, 14, 1407–1412. [Google Scholar] [CrossRef]

	



Sathornsumetee, S.; Cao, Y.; Marcello, J.E.; Herndon, J.E.; McLendon, R.E.; Desjardins, A.; Friedman, H.S.; Dewhirst, M.W.; Vredenburgh, J.J.; Rich, J.N. Tumor Angiogenic and Hypoxic Profiles Predict Radiographic Response and Survival in Malignant Astrocytoma Patients Treated with Bevacizumab and Irinotecan. J. Clin. Oncol. 2008, 26, 271–278. [Google Scholar] [CrossRef] [PubMed]

	



Loupakis, F.; Cremolini, C.; Yang, D.; Salvatore, L.; Zhang, W.; Wakatsuki, T.; Bohanes, P.; Schirripa, M.; Benhaim, L.; Lonardi, S.; et al. Prospective validation of candidate SNPs of VEGF/VEGFR pathway in metastatic colorectal cancer patients treated with first-line FOLFIRI plus bevacizumab. PLoS ONE 2013, 8, e66774. [Google Scholar] [CrossRef] [PubMed]

	



Ulivi, P.; Scarpi, E.; Passardi, A.; Marisi, G.; Calistri, D.; Zoli, W.; Del Re, M.; Frassineti, G.L.; Tassinari, D.; Tamberi, S.; et al. eNOS polymorphisms as predictors of efficacy of bevacizumab-based chemotherapy in metastatic colorectal cancer: Data from a randomized clinical trial. J. Transl. Med. 2015, 13, 258–268. [Google Scholar] [CrossRef] [PubMed]

	



Di Salvatore, M.; Giudice, L.L.; Rossi, E.; Santonocito, C.; Nazzicone, G.; Rodriquenz, M.G.; Cappuccio, S.; Inno, A.; Fuso, P.; Orlandi, A.; et al. Association of IL-8 and eNOS polymorphisms with clinical outcomes in bevacizumab-treated breast cancer patients: An exploratory analysis. Clin. Transl. Oncol. 2016, 18, 40–46. [Google Scholar] [CrossRef]

	



Gerger, A.; El-Khoueiry, A.; Zhang, W.; Yang, D.; Singh, H.; Bohanes, P.; Ning, Y.; Winder, T.; LaBonte, M.J.; Wilson, P.M.; et al. Pharmacogenetic angiogenesis profiling for first-line Bevacizumab plus oxaliplatin-based chemotherapy in patients with metastatic colorectal cancer. Clin. Cancer Res. 2011, 17, 5783–5792. [Google Scholar] [CrossRef]

	



Panoilia, E.; Schindler, E.; Samantas, E.; Aravantinos, G.; Kalofonos, H.P.; Christodoulou, C.; Patrinos, G.P.; Friberg, L.E.; Sivolapenko, G. A pharmacokinetic binding model for bevacizumab and VEGF165 in colorectal cancer patients. Cancer Chemother. Pharm. 2015, 75, 791–803. [Google Scholar] [CrossRef]

	



Koutras, A.K.; Antonacopoulou, A.G.; Eleftheraki, A.G.; Dimitrakopoulos, F.I.; Koumarianou, A.; Varthalitis, I.; Fostira, F.; Sgouros, J.; Briasoulis, E.; Bournakis, E.; et al. Vascular endothelial growth factor polymorphisms and clinical outcome in colorectal cancer patients treated with irinotecan-based chemotherapy and bevacizumab. Pharm. J. 2012, 12, 468–475. [Google Scholar] [CrossRef]

	



Schneider, B.P.; Wang, M.; Radovich, M.; Sledge, G.W.; Badve, S.; Thor, A.; Flockhart, D.A.; Hancock, B.; Davidson, N.; Gralow, J.; et al. Association of vascular endothelial growth factor and vascular endothelial growth factor receptor-2 genetic polymorphisms with outcome in a trial of paclitaxel compared with paclitaxel plus bevacizumab in advanced breast cancer: ECOG 2100. J. Clin. Oncol. 2008, 26, 4672–4678. [Google Scholar] [CrossRef]

	



Galanis, E.; Anderson, S.K.; Lafky, J.M.; Uhm, J.H.; Giannini, C.; Kumar, S.K.; Kimlinger, T.K.; Northfelt, D.W.; Flynn, P.J.; Jaeckle, K.A.; et al. Phase II study of bevacizumab in combination with sorafenib in recurrent glioblastoma (N0776): A north central cancer treatment group trial. Clin. Cancer Res. 2013, 19, 4816–4823. [Google Scholar] [CrossRef]

	



Etienne-Grimaldi, M.; Formento, P.; Degeorges, A.; Pierga, J.-Y.; Delva, R.; Pivot, X.; Dalenc, F.; Espié, M.; Veyret, C.; Formento, J.-L.; et al. Prospective analysis of the impact of VEGF-A gene polymorphisms on the pharmacodynamics of bevacizumab-based therapy in metastatic breast cancer patients. Br. J. Clin. Pharmacol. 2011, 71, 921–928. [Google Scholar] [CrossRef]

	



Yamamoto, Y.; Okamoto, W.; Makiyama, A.; Shitara, K.; Denda, T.; Ogura, T.; Nakano, Y.; Nishina, T.; Komoda, M.; Hara, H.; et al. Plasma ICAM-1 (pICAM-1) and plasma IL-8 (pIL-8) level as biomarker of metastatic colorectal cancer patients (mCRC) treated with mFOLFOX6/XELOX plus bevacizumab (BV) (WJOG7612GTR). J. Clin. Oncol. 2018, 36, 670. [Google Scholar] [CrossRef]

	



Horn, L.; Dahlberg, S.E.; Sandler, A.B.; Dowlati, A.; Moore, D.F.; Murren, J.R.; Schiller, J.H. Phase II Study of Cisplatin Plus Etoposide and Bevacizumab for Previously Untreated, Extensive-Stage Small-Cell Lung Cancer: Eastern Cooperative Oncology Group Study E3501. J. Clin. Oncol. 2009, 27, 6006–6011. [Google Scholar] [CrossRef] [PubMed]

	



Mok, T.; Gorbunova, V.; Juhász, E.; Szima, B.; Burdaeva, O.; Orlov, S.; Yu, C.-J.; Archer, V.; Hilton, M.; Delmar, P.; et al. A correlative biomarker analysis of the combination of bevacizumab and carboplatin-based chemotherapy for advanced nonsquamous non-small-cell lung cancer: Results of the phase II randomized ABIGAIL study (BO21015). J. Thorac. Oncol. 2014, 9, 848–855. [Google Scholar] [CrossRef] [PubMed]

	



Morris, V.K.; Overman, M.J.; Jiang, Z.-Q.; Garrett, C.; Agarwal, S.; Eng, C.; Kee, B.; Fogelman, D.; Dasari, A.; Wolff, R.; et al. Progression-free survival remains poor over sequential lines of systemic therapy in patients with BRAF-mutated colorectal cancer. Clin. Colorectal Cancer 2014, 13, 164–171. [Google Scholar] [CrossRef] [PubMed]

	



Bruera, G.; Pepe, F.; Malapelle, U.; Pisapia, P.; Mas, A.D.; Di Giacomo, D.; Calvisi, G.; Troncone, G.; Ricevuto, E. KRAS, NRAS and BRAF mutations detected by next generation sequencing, and differential clinical outcome in metastatic colorectal cancer (MCRC) patients treated with first line FIr-B/FOx adding bevacizumab (BEV) to triplet chemotherapy. Oncotarget 2018, 9, 26279–26290. [Google Scholar] [CrossRef] [PubMed]

	



Tol, J.; Nagtegaal, I.D.; Punt, C.J. BRAF mutation in metastatic colorectal cancer. N. Engl. J. Med. 2009, 361, 98–99. [Google Scholar] [CrossRef]

	



Ince, W.L.; Jubb, A.M.; Holden, S.N.; Holmgren, E.B.; Tobin, P.; Sridhar, M.; Hurwitz, H.I.; Kabbinavar, F.; Novotny, W.F.; Hillan, K.J.; et al. Association of k-ras, b-raf, and p53 status with the treatment effect of bevacizumab. J. Natl. Cancer Inst. 2005, 97, 981–989. [Google Scholar] [CrossRef]

	



Price, T.J.; Hardingham, J.E.; Lee, C.K.; Weickhardt, A.; Townsend, A.R.; Wrin, J.W.; Chua, A.; Shivasami, A.; Cummins, M.M.; Murone, C.; et al. Impact of KRAS and BRAF gene mutation status on outcomes from the phase III AGITG MAX trial of capecitabine alone or in combination with bevacizumab and mitomycin in advanced colorectal cancer. J. Clin. Oncol. 2011, 29, 2675–2682. [Google Scholar] [CrossRef]

	



Price, T.J.; A Bruhn, M.; Lee, C.K.; E Hardingham, J.; Townsend, A.R.; Mann, K.P.; Simes, J.; Weickhardt, A.; Wrin, J.W.; Wilson, K.; et al. Correlation of extended RAS and PIK3CA gene mutation status with outcomes from the phase III AGITG MAX STUDY involving capecitabine alone or in combination with bevacizumab plus or minus mitomycin C in advanced colorectal cancer. Br. J. Cancer 2015, 112, 963–970. [Google Scholar] [CrossRef]

	



Hurwitz, H.I.; Yi, J.; Ince, W.; Novotny, W.F.; Rosen, O. The clinical benefit of bevacizumab in metastatic colorectal cancer is independent of K-ras mutation status: Analysis of a phase III study of bevacizumab with chemotherapy in previously untreated metastatic colorectal cancer. Oncologist 2009, 14, 22–28. [Google Scholar] [CrossRef]

	



DNA Sequencing by Capillary Electrophoresis. Applied Biosystems Chemistry Guide, 2nd Edition. Available online: https://tools.thermofisher.com/content/sfs/manuals/cms_041003.pdf (accessed on 9 May 2015).

	



Simen, B.B.; Yin, L.; Goswami, C.P.; Davis, K.O.; Bajaj, R.; Gong, J.Z.; Peiper, S.C.; Johnson, E.S.; Wang, Z.-X. Validation of a next-generation-sequencing cancer panel for use in the clinical laboratory. Arch. Pathol. Lab. Med. 2015, 139, 508–517. [Google Scholar] [CrossRef] [PubMed]

	



Tops, B.B.J.; Normanno, N.; Kurth, H.; Amato, E.; Mafficini, A.; Rieber, N.; Le Corre, D.; Rachiglio, A.M.; Reiman, A.; Sheils, O.; et al. Development of a semi-conductor sequencing-based panel for genotyping of colon and lung cancer by the Onconetwork consortium. BMC Cancer 2015, 31, 15–26. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 20 05791 g001 550] 





Figure 1. Progression-free survival (PFS) from the treatment initiation of patients with VEGF-A rs699947 A/A vs. C/C (31.1 vs. 10.1 months, p = 0.006). 
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Figure 2. OS from treatment initiation of patients with VEGF-A rs699947 A/A vs. C/C (52 vs. 18.1 months, p = 0.043). 






Figure 2. OS from treatment initiation of patients with VEGF-A rs699947 A/A vs. C/C (52 vs. 18.1 months, p = 0.043).



[image: Ijms 20 05791 g002]







[image: Ijms 20 05791 g003 550] 





Figure 3. OS from treatment initiation of patients with ICAM-1 rs1799969 G/A vs. G/G (48.7 vs. 29.1 months, p = 0.036). 
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Table 1. Baseline patient characteristics and genotype frequencies.
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	Characteristics
	All Treated Patients (n = 46)





	Sex, n (%)
	



	Female
	18 (39%)



	Male
	28 (61%)



	Age (years), n (%)
	



	<55
	14 (30%)



	55–65
	12 (26%)



	>65
	20 (44%)



	Metastatic site, n (%)
	



	1
	15 (33%)



	2
	12 (26%)



	>2
	19 (41%)



	VEGF rs2010963, n (%)
	



	G/G
	27 (58.7%)



	G/C
	13 (28.3%)



	C/C
	6 (13%)



	VEGF rs1570360, n (%)
	



	G/G
	31 (67.4%)



	G/A
	10 (21.7%)



	A/A
	5 (10.9%)



	VEGF rs699947, n (%)
	



	C/C
	34 (74%)



	C/A
	-



	A/A
	12 (26%)



	ICAM rs5498, n (%)
	



	A/A
	13 (28.3%)



	A/G
	23 (50%)



	G/G
	10 (21.7%)



	ICAM rs1799969, n (%)
	



	G/G
	36 (78.3%)



	G/A
	10 (21.7%)



	A/A
	-



	KRAS rs61764370, n (%)
	



	Wild type
	12 (50%)



	Mutant
	12 (50%)



	NRAS rs11554290, n (%)
	



	Wild type
	9 (38.8%)



	Mutant
	15 (61.2%)



	BRAF rs113488022, n (%)
	



	Wild type
	20 (81.8%)



	Mutant
	4 (18.2%)
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Table 2. Initial and maintenance therapeutic regimens.






Table 2. Initial and maintenance therapeutic regimens.









	Treatment Regimens
	





	Initial, n (%)
	



	Bevacizumab-mFOLFOX6
	22 (48%)



	Bevacizumab-FOLFIRI
	13 (28%)



	Bevacizumab-CapOX
	2 (4%)



	Bevacizumab-CapIRI
	9 (20%)



	Maintenance, n (%)
	



	Bevacizumab-mFOLFOX6
	4 (9%)



	Bevacizumab-FOLFIRI
	5 (10%)



	Bevacizumab-CapIRI
	9 (20%)



	Bevacizumab-De Gramont
	11 (24%)



	Bevacizumab-Capecitabine
	3 (7%)



	Bevacizumab monotherapy
	14 (30%)







Bevacizumab-mFOLFOX6 (bevacizumab 5 mg/kg, oxaliplatin 85 mg/m2, folinic acid 400 mg/m2, fluorouracil 400 mg/m2 bolus, fluorouracil 2400 mg/m2 over 46 h every 2 weeks), Bevacizumab-FOLFIRI (bevacizumab 5 mg/kg, irinotecan 180 mg/m2, folinic acid 400 mg/m2, fluorouracil 400 mg/m2 bolus, fluorouracil 2400 mg/m2 over 46 h every 2 weeks), Bevacizumab-CapOX (bevacizumab 7.5 mg/kg on Day 1, oxaliplatin 130 mg/m2 on d1, capecitabine 1000 mg/m2/12 h Days 1–14 every 3 weeks), Bevacizumab-CapIRI (bevacizumab 7.5 mg/kg on Day 1, irenotecan 250 mg/m2 on d1, capecitabine 1000 mg/m2/12 h Days 1–14 every 3 weeks), Bevacizumab-De Gramont (bevacizumab 5 mg/kg, folinic acid 200 mg/m2 on Days 1,2, fluorouracil 400 mg/m2 bolus on Days 1,2, fluorouracil 2400 mg/m2 over 22 h on Days 1,2 every 2 weeks), Bevacizumab-Capecitabine (bevacizumab 7.5 mg/kg on Day 1, capecitabine 1000 mg/m2/12 h Days 1–14 every 3 weeks), Bevacizumab monotherapy (5 mg/kg every 2 weeks or 7.5 mg/kg every 3 weeks).
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