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Gastrointestinal cancers represent more than 25% of all diagnosed cancers and more
than 36% of cancer-related deaths worldwide [1]. Unfortunately, screening strategies are
still limited. They are, in fact, available only for colorectal, gastric and esophageal can-
cers [2]. However, despite these early diagnostic opportunities, gastrointestinal cancers,
including pancreatic, hepatobiliary, small bowel carcinomas and other uncommon cancers,
such as anal canal cancer, neuroendocrine tumors of the gastrointestinal tract, primary
gastric and intestinal lymphomas, and gastrointestinal stromal tumors (GISTs), are fre-
quently diagnosed at an advanced stage, when treatment options are limited and cure is not
possible. Moreover, a very high percentage of patients, about 50%, diagnosed with early
potentially curable gastrointestinal cancers, will develop recurrent disease despite surgery,
radiation therapy, and pharmacological treatment during the course of the disease [3].
Taken together, these conditions are responsible for poor prognosis in these tumors. Thus,
despite current available knowledge on molecular determinants involved in the initiation
and progression of cancer [4], there is an urgent clinical need to further improve our biolog-
ical knowledge of gastrointestinal evolutionary processes toward increased dysregulation,
heterogeneity, and the escape from immunosurveillance as well as from pharmacological
treatment control [5,6].

Such complex processes substantially involve all types of molecules (e.g., nucleic acids,
proteins, metabolites) and involve several cell types, such as transformed epithelial or
mesenchymal cells, or other tumor microenvironment cells, including immune cells.

The development and availability of the newest biotechnologies that add knowledge
to the field of cancer research strongly contribute to new cancer achievements aimed at
discovering and validating novel molecular biomarkers predictive of prognosis and drug
response (efficacy/toxicity) in gastrointestinal cancers. A number of cancer biomarkers,
mainly represented by somatic alterations in tumor cells (e.g., in the RAS, RAF, MMR,
HER-2 and KIT genes), have been identified and validated as clinically useful biomarkers to
predict patient prognosis and drug response in gastrointestinal cancers such as colorectal
cancer, gastric cancer and GISTs, thus directly contributing to therapeutic decisions.

However, due to the high level of tumor heterogeneity, not only among patients
but also among tumor sites in the same patient, the possibility of employing effective
personalized medicine for all patients still represents a relevant challenge. Currently,
a plethora of potential biomarkers predictive of prognosis or drug response have been
suggested [7]. Their detection in tissue and/or in bio-fluidic samples has the potential to
improve clinical oncology practice.

In addition, a pharmacogenetic approach, represented by the analysis of germline
polymorphisms in genes that play a main role in the ADME of anticancer drugs, has also
been progressively introduced into clinical practice for the prediction of the risk of toxicity
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related to these drugs. However, few polymorphisms in pharmacogenes have been shown
to be responsible for drug toxicity. Thus, this aspect still represents a major issue in cancer
care.

This Special Issue is designed to provide information on new biomarker research
in the area of gastrointestinal tumors that could be useful for innovative personalized
management and precision medicine modalities for individualized care.

Gastrointestinal cancers are often diagnosed at advanced stages when therapeutic
options are limited. Liquid biopsy, a non-invasive procedure, widely investigated in recent
years and already applied to monitor cancer progression and drug resistance, mainly in
lung cancer, could also be successfully used to diagnose cancers at early stages. Liquid
biopsy, usually performed in blood serum, could be obtained by several different body
fluids [8]. Among gastrointestinal cancers, pancreatic cancer could greatly benefit from this
opportunity. In fact, although it is only the 12th most common cancer, it is the 6th most
common cause of cancer death [1]. Thus, it would be crucial to identify a strategy able
to diagnose pancreatic cancer in advance, before tumor development. The incidence
of pancreatic cysts is about 2% in adults and neoplastic cysts account for 10-15% of all
pancreatic cystic lesions. Although their risk to change in malignant lesions is low, if this
occurs, the patient prognosis will be very poor [9].

Hermoso-Duran et al. [10] investigated cyst liquid samples from patients, and the
proteomic differences between pancreatic benign and premalignant cysts. To perform
such an evaluation the authors used an approach previously used on serum or plasma,
named “thermal liquid biopsy” (TLB), which they adapted to cyst liquid samples. Based
on the TLB thermogrames, cyst profiles were clustered according to their clinical assessment.
The authors also elaborated a new TLB serum score based on the specific parameters
reflecting differences between cysts. Results were encouraging although the number of
analyzed samples was small. The availability of a dedicated TLB as a diagnostic tool for
serum samples from patients with pancreatic cysts of which the nature is unknown could
represent a relevant advantage in the diagnosis of premalignant lesions of pancreatic cancer.

The prognosis of patients affected by colorectal cancer, one of the most incident and
lethal cancers worldwide [1], is highly variable, mainly dependent on the stage at diagno-
sis. Through the years, many efforts have been made to identify and validate molecular
biomarkers predictive of prognosis and/or drug response in this neoplasm. In recent years,
interesting examples of predictors of prognosis concern the colorectal cancer molecular
subtypes that have been obtained by unsupervised transcriptomic approaches, i.e., con-
sensus colorectal cancer molecular subtypes (CMSs) [11] and colorectal cancer intrinsic
subtypes (CRIS) [12]. However, the clinical utility of such classifications for the single
patient has yet to be established. Potential biomarkers predictive of response to adjuvant
chemotherapy in the early colorectal cancer stages (i.e., stage II-III) have been suggested,
for instance from validated transcriptomic [13-15] or genetic [16] analyses. However, to
date, biomarkers predictive of drug response represented by actionable oncogenic drivers
(i.e., RAS wild-type and MSI-H status for anti-EGFR and anti-PD-1 monoclonal antibodies,
BRAF V600E mutations, NTRK gene fusions and more recently KRAS G12C mutations for
targeted agents) are used only in the metastatic setting [17].

In this framework, the review of Del Buono et al. [18] contextualized the role of the
DNA mismatch repair (MMR) system in colorectal cancer precision medicine. Today, the
knowledge of the MSI status provides several advantages by satisfying a number of clinical
queries. In fact, MSI, due to an impaired MMR system, plays a role in the inherited pre-
disposition to gastrointestinal cancers, and identifies a subset of colorectal cancer patients
who show a substantial better prognosis and who do not obtain an advantage from adju-
vant chemotherapy (i.e., low-risk stage II patients). More recently, MSI has become a key
biomarker for the treatment of several tumors, including colorectal cancer, with immune
checkpoint inhibitors. Thus, the evaluation of MMR/MSI is becoming part of standard care
in colorectal cancer, as recommended by major oncological international societies [17].
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Overall, therapeutic options in colorectal cancer are related to the cancer stage and, as
mentioned above, differ from metastatic and nonmetastatic settings. Stage I and low-risk
stage Il patients are treated with surgery alone. High-risk stage II, stage III and stage IV
(oligometastatic disease) patients are instead treated with pharmacological therapy in addi-
tion to surgery, with positive results. However, neoplastic progression due to additional
dysregulated molecular events occurs in a substantial percentage of patients, limiting the
efficacy of the available drugs administered as adjuvant or neoadjuvant therapies. This
occurrence stimulates the search for biomarkers able to predict colorectal cancer prognosis
in order to plan preventative pharmacological strategies for patients at high risk of dis-
ease progression as well as biomarkers predictive of drug response, in order to avoid the
administration of inactive drugs to resistant patients. Immunoscore is a further example
of tumor biomarker able to predict disease prognosis in early-stage colorectal cancer [19].
Instead, tumor mutational burden is not yet a recommended biomarker for the prediction
of pembrolizumab efficacy in colorectal cancer due to the limited data available in this
patient population [17].

The study of Rhyner Agocs et al. [20] evaluated the predictive role of the expression
of the lymphocyte-activation gene 3 (LAG-3) in the outcome of 143 stage II colon cancer.
LAG-3 is an inhibitory immune-related molecule mainly expressed on T cells, but also on
B cells and dendritic cells. LAG-3 may synergize with the PD-1/PD-L1 pathway and is
closely related to CD4. The upregulation of LAG-3 on immune cells downregulates T cell
expansion and cytokine secretion, and thus contributes to an immunosuppressive microen-
vironment. In particular, the presence of LAG-3 was evaluated by immunohistochemistry
in formalin-fixed paraffin-embedded (FFPE) tissues on tumor-infiltrating lymphocytes
(TILs) in the tumor center and tumor front to assess its impact on the survival of stage
II colon cancer patients. The authors found no correlations between LAG-3 expression
and clinical /pathological characteristics, although they observed a higher percentage of
MMR-deficient colon cancers when LAG-3-positive TILS were present. In relation to the
primary study end-point, i.e., disease-free survival, the authors found a significant associa-
tion between the presence of LAG-3 in the tumor front and prolonged disease-free survival.
This significant correlation was maintained even when only MMR-proficient colon cancer,
(i.e., the majority of the analyzed tumors), were considered. Moreover, in this case, such a
correlation was limited to TILs localized at the tumor front. Thus, this manuscript identified
LAG-3 as a biomarker potentially useful in predicting patient prognosis in stage II colon
cancer, including MMR-proficient tumors.

Similarly, Peyravian et al. [21] analyzed a panel of candidate genes (i.e., 20 genes)
whose expression was potentially involved in the development of lymph node metastases
in 100 colorectal cancer patients. The selected genes were chosen according to their role in
key cancer processes such as carcinogenesis, tumor growth, tumor invasion and metastasis.
Opverall, about 60% of patients initially diagnosed as stage I-11I, were lymph nodes negative.
Hierarchical clustering analysis showed that VANGL1, PCSK7, and ANXA3 genes were
the most expressed among the study genes at mRNA level in the majority of colorectal
cancer samples. However, only VANGL1 was shown to significantly vary between lymph
node-negative and -positive patients. The mRNA expression levels of VANGLI were also
confirmed at protein level. The study also provided associations between two other study
genes, NOTCHI and ILR2B, and overall survival. In particular, the high expression of
NOTCH]I and the low expression of ILR2B were associated with prolonged overall survival.

In metastatic colorectal cancer, Taghizadeh et al. [22] provided a molecular profile of
a real-world cohort of drug refractory patients for whom no further standard treatment
option was available. The molecular profile was performed by a precision medicine
platform developed at the author’s institution, i.e., the Comprehensive Cancer Centre of
the Medical University of Vienna. Based on the biomolecular characteristics of tumors,
this study was aimed at providing information on potential further options of targeted
therapy. Overall, by exploiting next-generation sequencing panels of mutation hotspots,
microsatellite instability testing, and immunohistochemistry, 60 metastatic colorectal cancer
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samples were characterized. The analysis revealed 166 mutations in 53 patients, the
five most frequent being TP53, KRAS, APC, PIK3CA, and PTEN. All patients had previously
received cytotoxic chemotherapy combined with anti-EGFR or anti-VEGF(R) monoclonal
antibodies. The study showed that, in 47% of patients, a molecularly targeted therapy could
be recommended whereas the remaining were not suitable for targeted therapy due to the
lack of actionable molecular targets. Overall, 20% of the study patients underwent the
recommended targeted therapy. In particular, pembrolizumab was offered to four MSI-H
patients, consequently obtaining control of disease in all patients and objective response in
75%. Stable disease was observed in two further patients treated with everolimus combined
with raltitrexed, and with trastuzumab combined with lapatinib, respectively, according
to their specific immunohistochemical and mutational characteristics (i.e., strong m-TOR
expression associated with the loss of PTEN and HER2+ overexpression, respectively).
Overall, this study highlights how at least a portion of heavily pretreated patients without
further standard treatment options may benefit from a molecular-based treatment approach.

Interestingly, by a rationale based on the role that the immune response and inflam-
mation play in tumor growth and in the metastatic process, Fiilop et al. [23] evaluated the
prognostic impact of the neutrophil-to-lymphocyte and lymphocyte-to-monocyte ratios
(i.e., NLR and LMR) in over 1000 rectal cancer patients. The overall survival was signifi-
cantly associated with increased NLR and decreased LMR, and no relationship was found
between the study ratios and tumor stage, thus potentially suggesting that these markers
are independent from cancer stage, even if this occurrence is controversial [24]. Moreover,
NLR and LMR were also found to predict response to the neoadjuvant chemoradiotherapy
to which patients underwent. In particular, the identification of a cut-off for NLR value
(i.e., >3.11) allowed the authors to discriminate between chemoradiotherapy responsive
and non-responsive rectal cancer patients, although the responsive ones had a low chance
of sphincter preservation, or to obtain a complete total mesorectal excision. Although the
study ratios may also be affected by factors independent of the neoplastic disease, these
data warrant attention due to the high number of patients included in this analysis and
deserve further investigation.

Oxaliplatin, widely used in the treatment of gastrointestinal cancers, is a highly
neurotoxic agent. Acute or chronic peripheral neuropathy develops in about 90% and 40%
of patients, respectively, and the latter form may strongly affect the quality of life of patients
and cancer survivors. Unfortunately, to date, no remedy or antidote is available to reverse
this side effect. Thus, it would be very important to identify patients susceptible to develop
peripheral neuropathy before starting the oxaliplatin treatment, even though, despite the
efforts of many researchers, no predictive biomarker has yet been identified.

The review of Velasco et al. [25] discusses the status of the art of strategies that may be
implemented pre-emptively to evaluate the risk of developing neurotoxicity. In particular,
neurological monitoring through the evaluation of neurophysiological signs of oxaliplatin-
induced neuropathy may be performed by mechanical strategies (e.g., nerve conduction
tests, electromyography). However, this procedure is not part of the common clinical
practice. Less invasive blood biomarkers have also been widely investigated. Genetic
biomarkers, mainly represented by single-nucleotide polymorphisms in genes encoding
detoxification enzymes (e.g., proteins belonging to the glutathione detoxification system),
drug transporters (e.g., ATP binding proteins), proteins involved in the mechanism of
action of oxaliplatin, as well as proteins implicated in neuronal functions, have drawn
attention. In addition, proteins released in blood when nerve damage occurs (e.g., the
protein neurofilament light chain (NfL) and nerve growth factor (NGF)) have also been
suggested as predictive biomarkers of neurotoxicity. Neuroimaging strategies have also
been studied as potential tools for the early detection of neurotoxicity onset.

Overall, the manuscripts included in this Special Issue highlight the need to identify
and validate molecular biomarkers predictive of prognosis and drug response in gastroin-
testinal cancers. To satisfy this goal, biomarkers identified in retrospective studies will
need to be validated in large-scale prospective clinical trials. Moreover, the availability of
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new and highly predictive biomarkers implies that the discovery of new anticancer drugs,
specifically inhibiting these targets, can be accomplished to effectively treat patients who
are potentially unresponsive to standard therapies.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Background: Current efforts in the identification of new biomarkers are directed towards
an accurate differentiation between benign and premalignant cysts. Thermal Liquid Biopsy (TLB)
has been previously applied to inflammatory and tumor diseases and could offer an interesting point
of view in this type of pathology. Methods: In this work, twenty patients (12 males and 8 females,
average ages 62) diagnosed with a pancreatic cyst benign (10) and premalignant (10) cyst lesions were
recruited, and biological samples were obtained during the endoscopic ultrasonography procedure.
Results: Proteomic content of cyst liquid samples was studied and several common proteins in the
different groups were identified. TLB cyst liquid profiles reflected protein content. Also, TLB serum
score was able to discriminate between healthy and cysts patients (71% sensitivity and 98% specificity)
and between benign and premalignant cysts (75% sensitivity and 67% specificity). Conclusions: TLB
analysis of plasmatic serum sample, a quick, simple and non-invasive technique that can be easily
implemented, reports valuable information on the observed pancreatic lesion. These preliminary
results set the basis for a larger study to refine TLB serum score and move closer to the clinical
application of TLB providing useful information to the gastroenterologist during patient diagnosis.

Keywords: pancreatic cysts; thermal liquid biopsy; differential scanning calorimetry; diagnosis;
generalized linear models

1. Introduction

During recent years, the detection of pancreatic cysts has become more frequent due
to improvements in abdominal imaging techniques. The incidence of this pathology is
approximately 2% in the adult population [1]. Computed tomography (CT) scans are re-
ported detection between 1.2% and 2.6%, and magnetic resonance imaging (MRI) has even
a higher detection capability, ranging between 13.5% and 19.9% [1,2]. The management of
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these incidentally detected pancreatic cysts is still a challenge, because, even though the
risk of being malignant is low, the prognosis in case of pancreatic adenocarcinoma and
intraductal papillary mucinous neoplasms- (IPMN)-related pancreatic adenocarcinoma
is very poor and has not improved recently [3]. Thus, distinguishing between benign
and malignant cysts is difficult, and very often requires surgical intervention with con-
siderable morbidity and mortality. Since 2005, some guidelines have been published and
updated: the American Society for Gastrointestinal Endoscopy [4], international consensus
guidelines by the International Association of Pancreatology (Sendai guidelines) [5], the
American College of Gastroenterology [6], and the International Association of Pancre-
atology (Fukuoka guidelines) [7,8]. More recently, The European Study Group on Cystic
Tumors of the Pancreas published an update, replacing the 2013 European Consensus
Statement Guidelines [9].

From a clinical point of view, the classification according to the prognosis of the lesion
is: (1) cysts with malignant potential (mucinous), (2) cysts without malignant potential, and
(3) malignancies. However, most studies provide a description of biomarkers for differenti-
ating the mucinous and non-mucinous type of cysts. The non-mucinous group comprises
serous cystadenomas (SCAs) (the most common type), pancreatic pseudocysts (PCs), and a
variety of rare cysts (benign epithelial, lymphoepithelial, congenital, and squamoid cysts).
Most are found incidentally and none of them represents a risk for becoming malignant [10].
On the contrary, the mucinous group, including mucinous cystic neoplasms (MCNs) and
IPMNs, constitutes the majority of neoplastic premalignant cysts identified in the pancreas,
and a precise diagnosis technique would be vital for the management of patients [11]. The
development of techniques with greater pre-surgical diagnostic precision would make
it possible to avoid the morbidity and mortality associated with a high-risk intervention
when it is not strictly necessary, as well as reduce the healthcare overload derived from
unnecessary outpatient follow-up in cystic lesions without the potential for malignancy.

Cystic fluid markers become especially relevant when transabdominal ultrasonog-
raphy, CT or MRI are inconclusive. In these cases, it is necessary to employ another risk
predictor to indicate surgery as the most appropriate treatment given the estimated risk.

The presence of amylase at high concentration in cyst fluid indicates that there is a
communication between the cyst and the ductal system. This occurs in both pseudocysts
and IPMN lesions. When amylase levels are lower than 250 U/L, communication with the
conduct can be discarded, with a specificity of 98% [12]. However, amylase value alone
is not enough to differentiate between mucinous/non-mucinous or MCN/IPMN, which
is important from the point of view of patient management, in deciding whether surgical
resection or cyst time-monitoring is recommended [13]. A previous episode of pancreatitis
can be of help in distinguishing a pseudocyst from an IPMN lesion (occasionally related to
pancreatitis) [14].

Carcinoembryonic antigen (CEA) is also employed as a biomarker. This is a set of
highly related glycoproteins involved in cell adhesion, mucin being one of them. It can
be used to distinguish between cysts with (MCNs and IPMNs) and without (SCAs and
PCs) mucinous epithelium [10]. The major inconvenience of CEA is the absence of an
appropriate cutoff value [12]. The current accepted value to classify a cyst as mucinous is
CEA > 192 ng/mL [15].

In order to improve diagnosis, studies related to the identification of new biomarkers
in cystic fluid or serum have been recently reported [16-21].

In 2007 Chaires et al. [22] described the application of differential scanning calorimetry
(DSC) in diagnosis using plasma/serum samples from cancer patients. Since then, many
studies have confirmed the potential clinical use of this technique, not only applied to
plasma/serum [23-30], but also to other biological human samples such as cerebrospinal
fluid [31,32]. In 2018 our group coined the name “thermal liquid biopsy” (TLB) for DSC
applied to cancer diagnosis and cancer patient’s treatment monitoring [33,34]. The TLB
thermogram reports the global denaturation profile for all the proteins present in the
serum/plasma sample and the influence of potential interactions between blood plasma
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proteins and metabolites, therefore reflecting any alteration induced by a certain disease.
As in the case of plasma or serum, cystic fluid is also composed of a mixture of proteins
and TLB may also be applied as a clinical diagnosis tool. In this work, the potential of TLB
as a clinical biomarker for cyst classification has been pursued. In this pilot study, 20 cyst
fluid samples were analyzed and their TLB cyst profiles were obtained, with the purpose
of finding a correlation between the TLB thermogram and the type of cyst. The proteomic
analysis also allowed a description of the more abundant proteins in the cyst fluid, as well
as the post-translational modifications present in those proteins. TLB was also applied
to serum samples in some of the patients, and TLB serum profile differences between
groups was studied to try to determine whether or not differences observed in cyst fluid
TLB correlated with serum TLB. This would be extremely important because, in case cyst
features are reflected in certain serum alterations, a simple and risk-free plasma/serum
TLB analysis could be employed for cyst diagnosis/classification. Despite the low number
of samples considered in this pilot study, different patterns in cyst fluid and plasma from
patients with pathology could be observed.

2. Materials and Methods
2.1. Subjects and Samples

Cyst liquid and serum samples from patients with cystic lesions in the pancreas de-
tected by transabdominal ultrasonography or CT or MRI were referred to the Department
of Digestive Endoscopy at the Hospital Clinico Universitario Lozano Blesa (HCULB),
Zaragoza, Spain, between January 2016 and September 2018. The procedure was in accor-
dance with the recommendations of the local ethics committee and all patients gave their
informed consent. Pancreatic cystic fluids were collected by EUS-guided fine needle aspira-
tion (FNA). The EUS-FNA procedure was performed with an Olympus® 140 curvilinear
echo-endoscope. Boston Scientific™ Expect® 19 or 22-gauge needles were used depending
on the cystic endosonographic features. We noted the characteristics of the aspirated cystic
fluid: volume, color, and viscosity. The majority of the fluid was examined by the same
cytopathologist for every patient and the rest (at least 1 mL Eppendorf for each patient)
was collected for detection of biochemical markers, DSC measurements, and proteomic
studies described in this manuscript. The collected cystic fluid samples were then stored at
—80 °C until they were prepared for analysis.

Serum samples from healthy subjects as control group (HC) consisted of 85 serum sam-
ples from Spanish Caucasian subjects, apparently cancer-free, from the FISABIO (Fundacion
para el Fomento de la Investigacion Sanitaria y Biomedica de la Comunitat Valenciana)
biobank with a homogeneous distribution, including gender (53% men and 47% women),
with an average age of 45.2 + 14.2.

2.2. Thermal Liquid Biopsy (TLB) Profile Determination

DSC thermograms were measured using a high-sensitivity differential scanning VP-
DSC microcalorimeter (MicroCal, Malvern-Panalytical, Malvern, UK). Cystic liquid sam-
ples, serum samples, and reference solutions were properly degassed and carefully loaded
into the cells to avoid bubble formation. The baseline of the instrument was routinely
recorded before the experiments. Experiments were performed in cystic liquid samples
(diluted 1:10 in phosphate buffered saline, PBS) and serum samples (diluted 1:25 in PBS) at
a scanning rate of 1 °C/min. Thermograms were baseline-corrected and analyzed using
software developed in our laboratory implemented in Origin 7 (OriginLab, Northampton,
MA, USA).

2.3. Data Analysis

We have developed a phenomenological model in which the TLB serum thermogram is
deconvoluted into several individual transitions, modeling each individual transition by the
logistic peak or Hubbert function [30,33]. This model has been successfully applied in the
analysis of serum samples from melanoma and gastric and lung cancer patients [30,34,35].
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From this multiparametric analysis, a TLB serum score (between 0 and 1) can be calculated
reporting the level of alterations in plasma (TLB serum score < 0.5, absence of alterations;
TLB serum score > 0.5, presence of alterations).

The Kolmogorov-Smirnov test was performed to assess the normal distribution of the
variables. Medians between two independent groups were compared with the Wilcoxon
test, in non-normal distributions. Averages between two independent groups were com-
pared with the t-test, in normal distributions.

2.4. Protein Sample Preparation and Protein Identification and Quantification by
Mass Spectrometry

Protein concentration: Measured by Bradford protein assay (Bio-Rad, Madrid, Spain)
using purified bovine serum albumin (BSA) (10 mg/mL, New England BioLabs, EVRY
cedex, France) in PBS as standard. Absorbance at 595 nm of two dilutions from each serum
sample was measured in triplicate in a Synergy HT multimode microplate reader (BioTek
Instruments, Winooski, VT, USA).

In solution digestion: Samples were evaporated and resuspended in 10 uL of denatur-
ing buffer (6 M urea, 100 mM Tris buffer pH 7.8). Next, cysteines were reduced with 1.5 uL
DTT (200 mM) for 30 min at 37 °C and alkylated with 6 pL of iodoacetamide (200 mM) for
30 min in the dark. Unreacted iodoacetamide was consumed adding 6 uL of the reducing
agent (200 mM DTT) for 30 min at room temperature. Samples were diluted with 50 mM
ammonium bicarbonate to a urea final concentration lower than 1 M. Trypsin digestion
(Gold Trypsin, Promega, Madison, WI, USA) was carried out overnight at 37 °C at a 1:20 en-
zyme/protein ratio. Reaction was stopped adding concentrated formic acid (Merck KGaA,
Darmstadt, Germany). Samples were evaporated, resuspended in 2% acetonitrile (ACN),
0.1% formic acid, and filtered through 0.45 um filters.

Protein identification by LC-ESI-MS/MS: Protein identification was performed on a
nano-LC 2D system (LC 425, Eksigent Ekspert TM, Dublin, CA, USA) coupled to a hybrid
triple quadrupole/linear ion trap mass spectrometer (4000 QTRAP, Sciex, Foster City, CA,
USA). On-line pre-concentration and desalting of samples was performed using a C18
trap cartridge (Luna® 0.3 mm id, 20 mm, 5 pm particle size, Phenomenex, CA, USA) at
10 uL/min for 5 min. Peptide separation was performed using a C18 column (Gemini®
0.3 mm id, 150 mm, 3 pm particle size, Phenomenex, CA, USA), at 5 pL/min of flow rate.
Column was maintained at 35 °C. The elution gradient was from 5 to 35% ACN (0.1%
formic acid) in 90 min. The mass spectrometer was interfaced with an ESI source (Turbo
V™) using a 25 um ID hybrid electrode and was operated in the positive ion mode. MS
source parameters were as follows: capillary voltage 5000 V, de-clustering potential (DP)
85 V and curtain and ion source gas (Nitrogen) 15 psi. Analyses were performed using an
information dependent acquisition (IDA) method with the following steps: single enhanced
mass spectra (EMS, 400-1400 m/z) from which the 5 most intense peaks were subjected to
an enhanced product ion [EPI (MS/MS)] scan. Protein identification was carried out using
the Mascot search engine (Matrix Science; London, UK) and the non-redundant SwissProt
database (553,655 sequences; 198,177,566 residues). Search parameters were monoisotopic
mass accuracy, peptide mass tolerance +0.5 Da, fragment mass tolerance £0.3 Da; one
allowed missed cleavage; allowed fixed modification carbamido-methylation (Cys), and
variable modification oxidation (Met). Positive identification was assigned with Mascot
scores above the threshold level (p < 0.05), with at least two identified peptides with a score
above homology

Protein SDS electrophoresis: Samples mixed with NuPAGE LDS Sample buffer (In-
vitrogen), and heated at 95 °C for 4 min, were analysed by sodium dodecyl sulphate—
polyacrylamide gel electrophoresis (SDS-PAGE) using 10% acrylamide resolving gels and
4% acrylamide stacking gels (Bio-Rad). The gels were fixed with a mixture of ethanol, acetic
acid, and deionized water (40:10:50) for 1 h. After washing in water for 5 min, the gels
were stained with Coomassie Brilliant Blue R250 (0.1% in 25% methanol, 10% acetic acid)
and de-stained by incubation in 30% acetic acid and 20% methanol. Molecular weights
were estimated by comparison with the migration rates of standard proteins (Bio-Rad).
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3. Results
3.1. Clinical Sample Description

Patients who underwent endoscopic ultrasonography procedure were included in this
work. A total of 20 subjects, 60 and 40% men and women, respectively, with an average
age of 62 £ 13 years.

Based on imaging and cytopathology, the pancreatic cysts were classified into different
categories (Table 1).

Table 1. Patient Description.

Type of Cyst Non-Cyst
Benign Pre-Malignant Malignant Lesions
PC WOPN SC LYM IPMN MCN PDAC Total (1 = 20)
(n=>5) n=3) n=1) n=1 n=7 n=1) n=2) -
Age (years) * 63+10 6210 72+0 52+0 72+13 42+0 40+2 62+ 13
Male/female % 80/20 67/33 100/0 0/100 71/29 0/100 0/100 60/40

* Average + standard deviation (sd) PC = pseudocyst; WOPN = Walled-off pancreatic necrosis; IPMN = intraductal papillary mucinous
neoplasm; SC= Serous Cyst; MCN= Mucinous Cystadenoma; LYM= lymphocele; PDAC= Pancreatic Ductal Adenocarcinoma.

Clinical information of the samples is detailed in Table 2. All the cysts were between 2
and 15 cm in size and they were located in any region in the pancreas. According to clinical
data (amylase and CEA concentrations), samples were divided in two groups: benign cysts
(PC, WOPN and SC) and premalignant cysts (IPMN and MCN). There are two samples
that turned out not to be cysts, but malignant lesions (PDAC).

Table 2. Clinical Cyst Sample Description.

Group Name L:’llell,?:é:;;n Cy(sctnf)lze Aﬁlj};gse (néfn?L) Final Clinical Diagnosis
PCl Body 55 ~11,000.0 9.23 gseudocyst (In Acute Pancreatitis
ontext)
PC2 Head 4.1 >11,000.0 64.2 Pseudocyst
PC3 Head 3.5 5635.0 68.4 Pseudocyst
PC4 Body 15.0 nd nd gseudocyst (In Acute Pancreatitis
Benign Cysts ontext) . .
PC5 Head 3.0 11,000.0 28.8 Pseudocyst (In Chronic Pancreatitis
Context)
WOPN1 Tail 6.4 >11,000.0 24 Walled-off pancreatic necrosis
WOPN2 Head 10.0 >11,000.0 2.0 Walled-off pancreatic necrosis
WOPN3 Body 4.0 >11,000.0 50.0 Walled-off pancreatic necrosis
SC1 Body 5.0 41.0 0.7 Serous Cyst
LYM Head 49 24.0 0.8 Lymphocele
IPMN1 Body 2.6 >11,000.0 489.2 Branch duct IPMN
IPMN2 Head, Body, Tail 2.0 162.0 1488.0 Main duct IPMN
IPMN3 Head 23 >11,000.0 156.0 Branch duct IPMN
IPMN4 Head 2.5 >11,000.0 556.0 Branch duct IPMN
Pre-Malignant IPMN5 Isthmus 3.5 >11,000.0 225.0 Mixed Branch and Main duct IPMN
Cysts IPMN 6 Head 3.0 10.0 392.0 Main ]?uct IPMN with pancreatic
extension
IPMN7  Head, Body, Tail 35 40 >50,000.0 ~ Main Duct IPMN with pancreatic
extension
MCNI1 Body 3.3 3401.0 1617.0 Mucinous Cystadenoma
Non-Cyst PDAC1 Body, Tail 8.0 nd nd Pancreatic Ductal Adenocarcinoma
Malignant Lesions PDAC 2 Head 0.5 >11,000.0 1192.0 Pancreatic Ductal Adenocarcinoma

nd = not determined: Amylase < 250 U/L, communication with the conduct can be discarded; CEA > 192 ng/mL to classify a cyst as

mucinous.

Pancreatic pseudocysts (PC) are pockets of fluid, common sequelae of acute pancreati-
tis or chronic pancreatitis. PCs are important in terms of management and differentiation
from other cystic processes or masses in this region. According to the updated Atlanta
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classification [36], there are two main groups of mature-well defined fluid collections asso-
ciated with acute pancreatitis: A /Fluid collections in interstitial edematous pancreatitis
(PC), and B/Fluid collections in necrotizing pancreatitis (WOPN). Both PC and WOPN
were considered benign cysts. From our PC samples, PC 1 and 4 were in the context of
acute pancreatitis, and PC 5 was in the context of chronic pancreatitis. The WOPN cysts
had the biggest size, between 3 and 15 cm. Both types of pancreatic collections (PC and
WOPN) were amylase positive (above 250 U/L) and CEA negative (below 192 ng/mL).

Serous cysts (SC) are benign neoplasms composed of numerous small cysts that are
arrayed in a honeycomb-like formation and most individual cysts are typically <10 mm.

Lymphocele (LYM), also known as cystic lymphangioma, is a rare disease. There are
no typical clinical manifestations, and most patients were diagnosed incidentally during
imaging or surgery. Therefore, diagnosis is challenging. Surgical resection is still considered
as the most effective approach for lymphocele, and prognosis is favorable. In our study, SC
and Lym were 5 cm in size, and amylase and CEA negative.

Intraductal papillary mucinous neoplasms (IPMN) are epithelial pancreatic cystic
tumors of mucin-producing cells that arise from the pancreatic ducts. They are most
commonly seen in elderly patients, with sex distribution roughly balanced, a possible
slight male predominance. IPMNs are slow growing tumors that have malignant potential
and distinct variants have been described: main duct (IPMN 6 and 7), branch duct IPMN
1, 3 and 4), and mixed branch and main duct (IPMN 2 and 5). Main duct IPMNs have a
very high rate of malignancy (up to 70% in reported surgical series [8]); for this reason, the
usual recommendation is surgical removal of the affected portion of the pancreas. Branch
duct IPMNSs are cystic neoplasms of the pancreas that have malignant potential and their
management is challenging; the risk of surgery must be carefully weighed against the risk
of malignancy when deciding on surgical removal or surveillance. This is the reason why
great efforts are taken to distinguish mucinous cysts from other cyst lesions (specially, main
duct IPMNs). All IPMNs are considered as premalignant cysts. They had the smallest size,
between 2 and 3.5 cm. Four were amylase positive (above 250 U/L) and all were CEA
positive (above 192 ng/mL or very closed in case of IPMN3 with 156 ng/mL).

Mucinous Cystadenoma (MCN) is another type of mucinous cystic neoplasm of the
pancreas, traditionally considered typical of middle age females. MCN1 was 3 cm in size,
amylase and CEA positive.

3.2. Analysis of TLB from Cystic Liquid Samples

TLB thermograms of 20 cystic fluid samples were obtained. Protein concentrations
and dilutions could be considered, but in this case TLB curves were normalized according
to their area under the curve values (AUC); therefore, signals from the different samples can
be compared and uncertainties in protein concentration (inherent to colorimetric methods)
are avoided. TLB cyst profiles clustered according to their clinical assessment (benign or
premalignant nature) are represented in Figure 1.

Regarding the benign cystic group, the WOPN group exhibited a very similar cyst
thermogram profile with two peaks at 65 and 82 °C. We can easily distinguish this group
from the other benign cysts (Figure 2A). PC5 is the only PC lacking the 85 °C peak, and it
is the only PC in a chronic pancreatitis context.

In the premalignant cyst group, branch duct IPMNs (IPMN1, IPMN3 and IPMN4)
exhibited a similar profile (Figure 2C). Main duct IPMNs (IPMN6 and IPMN?) exhibited a
single peak.
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Figure 1. Individual TLB thermograms from cystic liquid samples. Samples were clustered according to their benign or

premalignant nature.

3.3. Analysis of Proteomic Signatures from Cystic Liquid Samples

Proteins identified by LC-ESI-MS/MS (detailed in Table S1) were analyzed and clus-
tered according to the benign or premalignant nature of the cyst (Figure 3). This first
classification distinguishes 52 proteins common in the cyst groups, and 12 and 11 pro-
teins present only in benign cysts and premalignant cysts, respectively. A deeper analysis
according to different groups of cysts was performed.

3.3.1. Benign Cysts

The WOPN cyst group exhibited a homogeneous proteomic profile (Table S1). 18 out
of 41 (44%) proteins were shared by all cysts in this group (Figure 4A). The similarity
in these samples was even higher, because 10 more proteins were common in WOPN1
and WOPNS3. Low protein concentration in WOPN?2 (Figure S1A) could prevent proper
identification of more proteins in that sample. The most abundant proteins found in this
group were globulins (macroglobulin and immunoglobulins), a type of protein related to
immunological response as a consequence of an inflammation process. This is consistent
with the nature of this specific type of cyst: walled-off pancreatic necrosis (WOPN) is a
well-circumscribed area of necrosis which occurs as a late complication of acute pancreatitis,
generally after four weeks from the initial episode. Singular proteins detected in WOPN1
and WOPNB3 samples were S-100 proteins. They belong to the 5100 protein family, having
important roles in inflammation and may also be useful markers for gut inflammation [37].
Once secreted in the extracellular space, SI00A9 acts as a chemo-attractant, recruiting
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further inflammatory cells and creating an inflammatory microenvironment that promotes
tumor development [38].

TLB Cysts profile clustering
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Figure 2. TLB thermograms from cystic liquid samples clustered according to their type. Average
curves (colored lines) and standard deviations of curve values (grey) are represented: WOPNSs (A),

PCs (B), IPMNs (C) and IPMN7/MCNis (D).
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Figure 3. LC-ESI-MS/MS proteomic content of cystic samples. Common proteins were analyzed via Venn diagrams online
tool (http:/ /bioinformatics.psb.ugent.be/beg/tools/venn-diagrams). 12 and 11 proteins were detected only in benign
cysts (blue) and premalignant cysts (pink), respectively, and 52 proteins appeared in both groups (intersection set). Table
comprises the detailed information of the proteins in each set.
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Figure 4. LC-ESI-MS/MS proteomic content of cystic samples according to cystic types: (A) WOPN, (B) PC, (C) IPMN, and
(D) MCN+IPMN. Common proteins were analyzed via Venn diagrams online tool. Colors code for different groups and

numbers inside each set and shared sub-sets indicate the number of identified proteins.
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Common proteins of this group detected by electrophoresis (Figure S1A) are: prote-
olytic proteins, albumin, glycoside hydrolases, metalloproteases, immunoglobulins, and
elastases. This agreed with the proteomic profile previously detailed (Table S1).

The homogeneity found in the proteomic signature of this group was reflected in the
TLB cyst profiles of the cystic liquid (Figure 2A). As could be observed, compared to the
rest of cystic groups studied in this work, these TLB cyst profiles represent a particular
signature for WOPN cysts, easily distinguishing this group from the rest. They showed two
peaks at Timax ~ 65 °C and Tomax = 81 °C, with a peak width at around 10 °C. Denatured
proteins included in these peaks are detailed in Figure 4A.

In the PC cyst group, proteomic profiles data was also collected (Table S1), except for
PC1, for which no protein was detected, except albumin. There are 5 proteins shared by all
PCs (Figure 4B) and 10 proteins are shared by at least three PCs: PC2, PC3 and PC5 had
6 common proteins and PC3, PC4 and PC5 4 proteins. These cysts were negative for globu-
lins (macroglobulin and immunoglobulins), indicating there were not any inflammatory
processes going on (except for PC4, the rest of PCs in this subgroup were not in an acute
pancreatitis context). The PC4 cyst, in acute pancreatitis context, exhibited 17 proteins not
found in any other PCs (Table S1). It also contained a small number of carboxypeptidase
or pancreatic elastase related proteins, absence of pancreatic triacylglycerol lipase and
trypsin-1 and presence of globulins (macroglobulin and immunoglobulins), serotransferrin
and lacto-transferrin, protein $100-A9, neutrophil defensin 1, and myeloperoxidase.

Common proteins of this group were detected in electrophoresis (Figure S1B) (except
for PC1, where the total amount of protein was very low): glycoside hydrolases and
metalloproteases (all PCs), proteolytic proteins (PC3 and PC4), albumin (all but PC2),
lipases (all but PC5), immunoglobulins (PC3 and PC4) and elastases (PC2 and PC3). This
was consistent with the proteomic profiles.

TLBs of PC cystic liquid (Figure 2B) were similar for PC1, PC2 and PC3, with three
peaks at T1ax = 55 °C, Tomax = 65 °C (two close peaks) and Tapax = 85 °C (peak width
around 10 °C). Common proteins were found in these samples: amylase, IgGA, car-
boxypeptidase pancreatic elastase, chymo-trypsinogen, trypsin, glycoprotein GP2 and
phospholipase A2. In PC5, Tsmax ~ 85 °C was missing, and this could be the result of
the absence of any of these proteins: IgGA, glycoprotein GP2, phospholipase A2 and
chymo-trypsinogen. In PC4 there was a shift in the transitions, from 55 to 40 °C and from
85 to 75 °C (peak width was maintained in both cases).

In this group the clinical explanation for these differences could lie in the pancreatitis
context for samples PC4 (acute) or PC5 (chronic).

3.3.2. Premalignant Cysts

The IPMN cyst group was more homogeneous from the clinical point of view. IPMN
was the cystic group in this study with a number of proteins identified in the proteomic
profile (Table S1). For example, it was not possible to identify proteins for IPMN5. One
interesting observation was that none of the IPMNs contained globulins (macroglobulin or
immunoglobulins), or they were negligible in other cyst groups, and only IPMN7 clearly
contained them. These proteins are related to immunological responses as a consequence
of inflammation and, therefore, it seemed that inflammation was not associated with this
type of cyst.

Branch duct IPMNs (IPMN1, IPMN3 and IPMN4) shared 28 proteins with main
duct IPMNs (IPMN2, IPMN6 and IPMN?) (Figure 4C). Branch duct IPMNs shared seven
common proteins, and main duct IPMNs shared only two proteins. Neither of these
proteins were unique in any of the two groups (they were included in the 28 proteins in
common).

Common proteins of this group detected in the electrophoresis gel are albumin and im-
munoglobulins (IPMN1, IPMN2 and IPMNS5); glycoside hydrolases and elastases (IPMN1,
IPMNG3, IPMN4 and IPMNG5); metalloproteases (IPMN1 and IPMN3); and lipases (IPMN3
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and IPMN4). Proteolytic proteins were not present in any of IPMNs samples (Figure S1D).
This was consistent with the proteomic profiles.

TLBs of IPMN cystic liquid (Figure 2C) were similar for IPMN1, IPMN3 and IPMN4,
all being branch duct IPMNSs. They exhibited two close peaks (around Timax = 55 °C,
Tomax = 65 °C) and a third peak at Tzmax =~ 85 °C (peak width around 10 °C). These peaks
could correspond to the common proteins found in this group (amylases, carboxypeptidase
and pancreatic elastases).

TLB of main duct type IPMN cystic liquids had a wider single peak at ~55 °C and
~75 °C for IPMNG6 or IPMNY7, respectively.

TLB of mixed type IPMN cystic liquids presented characteristics from both branch or
duct IPMN groups with a low signal peak at ~55 °C and one peak at ~80 °C for IPMNS5,
or two peaks at ~85 °C and 90 °C for IPMN2.

There was no proteomic profile available for IPMNS5, but, according to electrophoresis,
there was no protein from the amylase family, and additionally IPMN 2 and IPMN 7 lacked
amylases, carboxy-peptidase and pancreatic elastases. These three cysts did not exhibit
any peak (or it was neglectable) at ~55 °C.

The MCN 1 cyst was in the mixed cysts group, but it had a premalignant nature.

MCNI1 shared 11 proteins with IPMNSs, either branch or main duct type, (Figure 4D)
and 19 more proteins in common only with main duct IPMNs (Figure 4D) with five of
these protein shared with IPMN7. When comparing MCN1 and IPMNY profiles (Table S1),
15 common proteins were found. In fact, IPMN7 was the only IPMN cyst showing globulins
(macroglobulin and immunoglobulins). In addition, protein profile in electrophoresis for
MCNT1 was similar to IPMNs (Figure S1E). However, 17 proteins were detected in IPMNSs,
but not in MCN1. There were no proteins shared only with branch duct IPMNs.

When comparing MCN1 and IPMN?7 profiles (Table S1), 15 common proteins were
found. In fact, IPMN7 was the only IPMN cyst showing globulins (macroglobulin and
immunoglobulins).

Proteins detected in electrophoresis for MCN1 were similar to IPMNs (Figure S1E).

TLB for cystic liquid sample exhibited a wide transition (around 30 °C width) with two
peaks (around Timax = 70 °C, Tomax =~ 85 °C), very similar to the IPMN?7 profile (Figure 2D).
MCNI1 did not exhibit any peak at around 55 °C and, again, no amylases, carboxypeptidase
or pancreatic elastases were detected by proteomics.

Mixed Cyst Group was a completely heterogenous group comprising a serous cyst, a
lymphocele, and two samples of pancreatic ductal adenocarcinoma (PDCA) (which cannot
be considered as a cyst).

SC and LYM: The main difference between serous cyst and lymphocele (cystic benign
samples), compared to the rest of samples, was the presence of apolipoprotein A-I (only
MCN1 and IPMNY7 seemed to contain it) (Table S1). In addition, they were positive for
globulins (macroglobulin and immunoglobulins), as with the samples with an active
inflammatory process. Some typical pancreatic cystic proteins were missing: amylase,
metalloproteases, lipases, elastases. Some of these proteins were already employed as
clinical biomarkers for pancreatic cyst diagnosis [9], such as amylase.

Common proteins of this group detected in electrophoresis are: serotransferrin, al-
bumin, lipoproteins and immunoglobulins (Figure S1C). This agreed with the proteomic
profiles.

All TLB cyst profiles in this group showed particular features and looked different
from the other cystic profiles. They exhibited one single peak: SC at T1max = 70 °C (peak
width around 20 °C) and LYM at Ty = 75 °C (peak width around 25 °C). Common
proteins (Table S1) are albumin, lipoproteins, hemoglobins, globulins, and serotransferrin.

PDACs: Proteomic profiles of PDACs (Figure S2) showed 20 shared proteins from
hemoglobin, immune-globulins and transferrin groups. PDAC1 also contained other
proteins, and PDAC2 contained proteins we previously identified in cysts, such as amylases,
metalloproteases, lipases, elastases.
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TLB cyst profile in PDAC1 exhibited one peak (T1max = 70 °C) and PDAC2 showed
two peaks (Timax = 65 °C and Tomax = 80 °C) (Figure 1). This difference could be related to
the different proteomic profile between the two samples mentioned above. Electrophoresis
also confirmed this different pattern (Figure S1F).

3.4. Analysis of TLB from Serum Samples

TLB thermograms from serum samples were obtained. The goal was to search for any
potential reflection of the cystic pathology in plasmatic serum. TLB serum profiles were
normalized according to their area under the curve values (AUC), again avoiding protein
concentration influence. Then, they were clustered according to the clinical assessment of
the cyst (Figure 5). We focused our attention on distinguishing between premalignant and
benign cysts. Unfortunately, it was not possible to obtain serum samples at the same time
as the eco-endoscopy procedure for all the patients included in this study.

PCs are benign lesions found in the context of acute or chronic pancreatitis. It has been
previously reported that inflammatory processes can be reflected in TLB serum profile [23].
According to the PC TLB serum thermograms, they seemed to be somewhat different
(Figure 5A).

IPMNs, being premalignant lesions, could also exhibit some distinctive features
compared to healthy patients in their TLB serum profile on the basis of the previous studies
on TLB applied to cancer diagnosis [30,33,34]. Apparently, in the case of IPMNs, TLB
serum profiles, except for IPMN7, seem quite similar to healthy controls (Figure 5B).

TLB Serum profile

Benign cysts

Premalignant cysts Non-cyst malignant

— Healthy controls|
—pC2

— Healthy controls
0.08 —PDCA1
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Figure 5. Examples of serum TLB thermograms from different types of cystic patients, clustered according to cyst types:

premalignant (A), benign (B) and non-cyst malignant (C). Typical TLB thermogram for a healthy subject is represented with

black line in (A-C).

The multiparametric analysis previously developed in our group [30] was applied to
TLB serum profiles. The purpose was to help in the identification of cystic disease-related
TLB features and the quantification of the TLB serum score for patients’ serum (Table S2).
Mono-variant analysis of the individual TLB parameters obtained from the thermograms
showed that 6 out of 15 parameters were statistically different (p-value < 0.05). Only these
six parameters were used to construct the classification model and calculate the TLB serum
score for each sample, as previously described in [33].

According to the results in Figure 6, the TLB serum score comparison between
healthy subjects and cyst patients (both, benign and premalignant) indicated that the
differences were statistically significant using the Wilcoxon test (p-value < 0.001). Sim-
ilarly, TLB serum score could differentiate between healthy subjects and benign cyst
patients (p-value < 0.001), and between healthy subjects and premalignant cyst patients
(p-value < 0.001).

TLB serum score values are between 0 and 1: the closer to 0, the smaller the alterations
in plasma (healthy status), while the closer to 1, the larger the alterations in plasma
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(diseased status). TLB serum score values were mainly under 0.5 for healthy (82 out of 84,
98% true negative rate) and over 0.5 for cysts patients (10 out 14, 71% true positive rate).
This meant that this score may be useful for detecting the presence of cystic lesion. The
area under the ROC curve is 0.94 (Figure S3) with sensitivity of 71%, specificity of 98%,
a positive predictive value (PPV) of 83%, and a negative predictive value (NPV) of 98%.
Unfortunately, there was no statistical difference between both cysts” groups; that is, TLB
serum score did not discriminate between benign and premalignant cysts (p-value = 0.501).
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Figure 6. TLB serum score from serum TLB profiles from healthy controls and both types
of cysts (benign and premalignant). Median values were compared using the Wilcoxon test:

p'valuehealthy-premalignant = 0.000057; *** p'valuehealthy-cysts =
0.0000012; s p—valuebenign_premahgnant =0.501.
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TLB serum values closest to 1 in PC corresponded to those associated to the acute or
chronic pancreatitis context (inflammatory process can be reflected in serum).

TLB serum values of IPMN were around 0.5 (except in IPMN7). CEA value for IPMN7
was over 50,000 ng/mL, the highest of all premalignant cysts.

All types of cyst could be clustered differentially from healthy controls by using this
single TLB serum score. These results agreed with our previously published results on lung
cancer disease [33] in which TLB serum score was able to discriminate between diseased
and healthy subjects.

Cystic pathologies are local lesions for which a systemic reflection in blood might
not be expected. However, if cystic pathology is accompanied by inflammation, blood
alterations may be important, even for a benign lesion.

As a further development, in this study we also proposed to evaluate whether TLB
serum score could provide useful information to gastroenterologists for the diagnosis before
and besides endoscopic ultrasound procedures. Despite the small number of samples
(14 serum samples from cyst patients), a restricted TLB serum score excluding healthy
control subjects and considering benign cysts as control samples was performed. Benign
and premalignant cysts were 43% and 57% of the samples, respectively. First, we performed
amono-variant analysis of TLB parameters (Table S3) and none of the individual parameters
was statistically different (p-values > 0.05). Therefore, only parameters presenting p-value
below 0.25 were considered in constructing the classification model and calculating this
new TLB serum score (benign vs. premalignant cysts). For a TLB score threshold of 0.5,
4 out 6 (67%) benign cysts had a TLB score below 0.5, and 6 out 8 (75%) premalignant
cysts had a TLB score above 0.5. The area under the ROC curve is 0.875 (Figure 7B) with
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sensitivity of 75%, specificity of 67%, a positive predictive value (PPV) of 75% and a
negative predictive value (NPV) of 67%. When using the Youden index as a threshold
(0.75), all benign samples were well classified (TLB score below 0.75).
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Figure 7. (A)/TLB serum score parameters from serum TLB serum profiles from benign and premalignant cyst patients.
(B)/ROC curve illustrating the statistical performance of TLB serum score (benign vs. premalignant cysts). AUC = Area
Under Curve (95%CI).

4. Discussion

Pancreatic neoplasms are generally discovered incidentally and consists of IPMNSs,
predominantly [7]. The diagnosis of malignant IPMN lesions involves a certain degree of
subjectivity and variability, which is undesirable for clinical practice, due to the lack of
standardized guidelines. Thus, there is a necessity of new diagnosis tools to differentiate
between benign and premalignant pancreatic cysts to help in making decisions about
surgical intervention or periodic surveillance.

The analysis of cyst fluid may provide information regarding established biomarkers
that helps the physician in the diagnosis [13,39]. This type of biological sample includes
a diverse amount and type of proteins, representing an interesting challenge for thermal
liquid biopsy. TLB for blood serum samples has been proven useful for different types
of cancer, and premalignant pancreatic cysts will eventually evolve to pancreatic cancer.
Additionally, TLB has been applied to other body fluids (serum, plasma, urine, synovial
and cerebrospinal fluids [25,31,40,41], or even tumor digestion), provided that the TLB
thermogram is a reflection of the protein composition, interactions, and modifications in
the complex sample [32]. Similarities in protein composition of cysts (which is a known
biomarker for cyst classification) will result in similarities in TLB cyst profiles, thus, provid-
ing the basis for a diagnostic procedure based on TLB. As has been previously described,
TLB cyst profile reflects protein composition, but also protein interactions. The presence or
absence of a certain protein could promote changes in the profile for other proteins in the
sample, especially if they were interacting (interactome concept) [25]. Similar effects could
be envisaged for protein modifications as a result of metabolic or pathologic processes.

In our study, we recruited 20 patients who, after being diagnosed with a cystic lesion
by CT scan or MNR, underwent routine endoscopic ultrasonography where a sample
of cyst fluid was obtained. The final clinical diagnosis of the lesions found was based
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on the different clinical features of the patient (fluid aspect, biochemical biomarkers and
pathological anatomy results) according to current clinical guidelines [8,36].

To our knowledge, this was the first time that pancreatic cyst fluid was characterized
using a TLB technique and thermal profiles were clustered according to the clinical infor-
mation on the cysts. We confirmed that cyst liquid thermograms reflect protein content in
the samples. There was a high intra-group variability within the TLB cyst thermograms.
Only WOPN cysts could be easily differentiated from PCs, because there was a clear profile
type that could be associated with them (Figure 2A) and they also shared 18 proteins
(Figure 4A). More samples are required to clearly define a common cyst thermogram
for benign or premalignant cysts. Having the TLB thermogram available for specialist
appraisal, perhaps the diagnosis could be oriented to the MCN cyst type. As we have
already discussed, there is a considerable subjective component in the physician diagnosis,
and the more complementary tools available for a better discrimination, the better for the
gastroenterologist in producing an appropriate evaluation statement.

Another goal of this study was linking cyst thermograms to proteomic signatures
of cyst samples, bearing in mind that, as we said before, TLB cyst profile reflects sample
composition and also potential interactions and modifications in proteins. Each protein
unfolds in a certain manner and the calorimetric cyst profile obtained is characteristic for
that unfolding process. When two or more proteins are together in the same sample, the
resulting profile will be the sum of the signal of the independent profiles when proteins are
not interacting; or, in case the proteins interact, the resulting profile could change [42].

A deeper analysis of the proteomic profile of pancreatic intra-cyst sample can be found
in the literature [43]. We used proteomic identification to assess the correlation between the
TLB thermograms and the protein content. The TLB methodology is based on apparently
simple curves, but they contain relevant information for diagnosis.

This is clear when looking at WOPN samples (as we already described above): TLB
thermograms were quite similar and overlapped, and proteomic profiles also confirmed
this similarity. Nevertheless, results are not so clear for the rest of the cyst groups and
further studies to increase the number of intra-cyst samples are needed.

This pilot study reveals some interesting aspects. In IPMN, less inflammatory process
indicators have been detected, specifically less immunoglobulins in comparison to benign
cysts. There were also less proteins related to iron metabolism (serotransferrin, lacto-
transferrin, ferritin, hemopexin and haptoglobin) which has been referenced as an indicator
of health alteration [44,45].

The information obtained through the cyst TLB thermogram is not focused on the
detection of a specific biomarker but comprises information about a large amount of
proteins and their relations (interactions and modifications), which could be interesting
when doubts about the diagnosis of a cyst are cast. This study represents a proof of concept
to confirm that TLB cyst thermograms contain valuable information. According to these
preliminary results, a further, larger study can lead to the establishment of certain specific
profiles for different type of cysts and can help during diagnosis.

The analysis of a cyst fluid sample implies that the patient has undergone an endo-
scopic ultrasonography procedure, a risky, invasive test that nowadays is the only way
to achieve a reasonably accurate diagnosis of the benign or premalignant nature of cysts.
Here we wondered if alterations due to the cyst could have a systemic reflection in blood
serum, and whether or not they could be detected through TLB. If metabolic alterations
in cyst fluid are translated into blood serum alterations, a quick, low-risk, minimally in-
vasive tool to obtain information on the cyst would be available to differentiate between
healthy/cystic patients and /or benign/premalignant cystic patients. TLB has been previ-
ously applied in our lab to study different type of tumor disease such as gastric, lung cancer
or melanoma [30,33,34]. In the present study, we also obtained 15 serum samples from the
20 patients and their TLB serum profiles were obtained (Figure 5). As normally occurs
with TLB serum thermograms, it is difficult to visually discriminate and distinguish among
patients’ profiles. In previous studies from our group, we contributed to develop, first, a
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multiparametric analysis [30] and, later, a TLB serum score [33] to manage and assess TLB
thermograms according to a simple interpretation index (TLB serum score from 0 to 1) that
could be implemented in diagnosis, easily allowing the stratification of the patients.

We first compared the TLB serum thermograms from patients to thermograms from
healthy subjects that were not suffering from the disease. We applied a general TLB serum
score previously reported [33] and the results were statistically different when comparing
healthy subjects with benign or malignant cyst patients, individually or together as a pooled
group of patients (p-values lower than 0.05) (Figure 6). Specificity and sensitivity values
(98% and 71%, respectively), as well as PPV and NPV values (83% and 98%, respectively),
were quite high.

TLB serum scores (from benign or premalignant cyst groups) were not statistically
different when using the TLB general formula when comparing to healthy subjects. There-
fore, on that basis it was not possible to distinguish between both types of cyst. Therefore,
we focused our attention on specifically comparing both patients’ groups and obtaining a
cyst-specific TLB serum score that could be applied to evaluate intra-group cyst patient
variability. This new TLB serum score would strengthen the discrimination power, based on
the specific parameters reflecting differences between cysts. The challenge is considerable,
because a mono-variant analysis of cyst TLB parameters (Table S3) showed that none of the
individual parameters was statistically different between the benign and premalignant cyst
group. As we previously confirmed in our studies, the combination of all the parameters
in a multiparametric-based single TLB serum score increased the discrimination ability.
Despite the small patient sample cohort, it was possible to distinguish between benign
and premalignant cysts. This specific TLB serum score (values from 0 to 1) were over
0.75 (according to Youden) in 6 out of 8 (75%) premalignant samples, while TLB serum
scores were below 0.75 in 6 out of 6 (100%) benign samples. The diagnosis accuracy based
in the area under the curve (AUC) was 0.875, a promising starting point for extending
the study. Therefore, more serum samples from patients with pancreatic cysts should be
included in a larger future study, but these preliminary results are promising and allow us
to foresee that the TLB serum score could be applied routinely in the clinic as an additional
complementary tool helping physicians in making better diagnostic decisions.

5. Conclusions

TLB analysis can be applied to both plasmatic serum and cyst fluid as a sort of
high information content tool. Despite the small number of samples in this pilot study,
it represents a proof of concept for developing a useful technique for classifying and
evaluating risk in pancreatic cysts based on liquid biopsy in both body fluids. A future,
larger study, with a larger number of samples for each cyst category, could confirm whether
TLB of plasma or cyst fluid could be a new diagnosis tool to differentiate between benign
and premalignant pancreatic cysts to help clinician gastroenterologists in making decisions
about disease management. In case of serum, TLB would represent a quick, low-risk,
minimally invasive tool easily translated to clinical practice for diagnosis and patient
monitoring. In addition, TLB is reasonably cheap for serum tests (an estimated cost of
100-200 €/$ per test, although with a higher cost for cyst fluid test), and could be performed
with predefined frequency for patient surveillance.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2075-442
6/11/1/25/s1, Figure S1: Electrophoresis analysis of proteomic profiles, Figure S2: LC-ESI-MS/MS
proteomic content of cyst samples types identification, Figure S3: ROC curve illustrating the statistical
performance of TLB serum score (healthy vs. cysts); Table S1: Detailed information of cyst proteomic
profiles, Table S2: Mono-variant analysis of TLB parameters of healthy controls and cysts patients,
Table S3: Mono-variant analysis of TLB parameters of benign and premalignant cysts patients.
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Abstract: Microsatellite instability (MSI) is the landmark feature of DNA mismatch repair deficiency,
which can be found in 15-20% of all colorectal cancers (CRC). This specific set of tumors has been
initially perceived as a niche for geneticists or gastroenterologists focused on inherited predispositions.
However, over the years, MSI has established itself as a key biomarker for the diagnosis, then
extending to forecasting the disease behavior and prognostication, including the prediction of
responsiveness to immunotherapy and eventually to kinase inhibitors, and possibly even to specific
biological drugs. Thanks to the contribution of the characterization of MSI tumors, researchers
have first acknowledged that a strong lymphocytic reaction is associated with a good prognosis.
This understanding supported the prognostic implications in terms of the low metastatic potential
of MSI-CRC and has led to modifications in the indications for adjuvant treatment. Furthermore,
with the emergence of immunotherapy, this strong biomarker of responsiveness has exemplified the
capability of re-activating an effective immune control by removing the brakes of immune evasion.
Lately, a subset of MSI-CRC emerged as the ideal target for kinase inhibitors. This therapeutic
scenario implies a paradox in which appropriate treatments for advanced disease are effective in a
set of tumors that seldom evolve towards metastases.

Keywords: microsatellite instability; colorectal cancer; immunotherapy; targeted therapy

1. Introduction

Colorectal cancer (CRC) is the third most common malignancy and cause of cancer
mortality in Europe and the United States, accounting for nearly 900.000 deaths every year
worldwide [1]. Among the newly diagnosed CRC, approximately 20% of patients still
present with a metastatic disease, and a further 25% of those with an initially localized
disease will eventually develop distant metastases [2,3]. Despite the fact that staging has
traditionally represented the backbone of the prognostic factors in oncology, the growing
knowledge of the molecular mechanisms of CRC has revolutionized the traditional or “old
school” methods of managing tumor conditions. Indeed, CRC is a highly heterogeneous
disease in regard to molecular expression and genetic abnormalities. It is known that a small
subset of CRCs, approximately 15% of the cases, demonstrate microsatellite instability (MSI)
due to an impaired DNA mismatch repair (MMR) system, though the vast majority of CRCs
belong to the microsatellite stable (MSS) biomarker list [4]. MSI-CRCs are mostly sporadic,
while approximately 3% of all CRCs harbor a germline mutation of mismatch repair genes
(i.e., MLH1, MSH2, MSH6, PMS2, and EpCAM) identifying the Lynch syndrome [5]. The
understanding of the carcinogenesis of MMR deficient tumors and subsequent clinical
research has had an enormous therapeutic impact in the field of gastrointestinal oncology.
In particular, the MSI status defines the largest group of inherited predispositions to
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gastrointestinal cancers and impacts the prognosis of CRC, giving better stage-adjusted
survival rates compared to MSS tumors [6,7]. Moreover, MSI colorectal tumors are more
frequently seen at early stages (i.e., stage II-III), and only 3.5% of the cases present with a
metastatic disease [8], in accordance with a reduced distant metastasis, which is intrinsic to
MSI status. MMR/MSI testing is increasingly being incorporated as a standard of care for
all CRC patients and is collectively recommended by the most important scientific societies
involved in the field, such as AGA, ASGE, ASCRS, ASCO, and ESMO [9]. This review
summarizes the evidence demonstrating the value of MSI as a diagnostic and prognostic
tool and eventually also a predictive biomarker in the personalized approach to CRC.

2. Discovery of MS], Its Relevance in Lynch Syndrome and Understanding the
Different Molecular Pathogenesis of CRC

2.1. Parallel Discovery

The discovery of DNA mismatch repair (MMR) defects is an interesting outcome,
which testifies how the contemporary efforts of different teams have helped to elucidate
the molecular basis of Lynch syndrome (LS) in a relatively short period of time. However,
in addition to contributing to the development of a new era in molecular medicine, it has
also raised other lessons in LS management that are worth recalling. The reason for this
is chiefly that different methodological approaches were used by the groups involved in
the research. To be precise, finding the mechanism behind LS was not the shared aim of
these teams. The study led by Perucho was involved in identifying a particular mechanism
of carcinogenesis through an unbiased molecular approach, defined as an “arbitrarily
primed polymerase chain reaction” (PCR) [10,11]. In doing so, his group found that a
fraction of CRCs harbored un-corrected frame-shifted DNA tracts, and they referred to such
changes as ubiquitous somatic mutations. The team led by Thibodeau [12] was looking for
allelic losses (and gains) by PCR and noted that there was “instability” at the amplified
microsatellite sequences (hence microsatellite instability or MSI), in some proportion of the
CRCs. Neither study was familiar with or looking for familial cancer or Lynch syndrome
genes. Meanwhile, an international consortium with a strong membership from Finland,
including Aaltonen, was trying to identify the loci associated with Lynch syndrome by
employing an allelotyping approach to search for loss of heterozygosity [13,14]. With the
exploration of dinucleotide repeats in tumor DNA compared to normal subjects, CRC
patients were found to have frame-shifted sequences, which they described as replication
errors (RER). Subsequently, the term MSI was used to describe the same phenomenon
that these groups identified and described, although the degree of competition was very
high. Perucho’s reference to a probable inherited syndrome was incorporated within the
manuscript after Aaltonen and Vogelstein’s group had mapped and reported a Lynch
syndrome locus on 2p, a finding already detected by Perucho. In a timely editorial, it was
noted that “the cancers whose cells carry shortened repeats are differently distributed in
the colon from others and metastasize less frequently. If Perucho is right in believing that
the underlying fault may be a mutation of a DNA repair gene, the ramifications of that
may be exceedingly important” [15]. These words summarized the relevant biological and
clinical implications of the discovery of DNA MMR defects.

These inherent differences led to a dual development of research efforts in the field.
On one side, the genes involved in DNA mismatch repair in humans were targeted, being
first identified by Kolodner [16] and subsequently largely addressed in their relevance by
various teams, including that led by Bert Vogelstein [17], as part of his landmark work
unravelling the molecular bases of CRC, before and after the discovery of MMR defects.

On the other side, the research focused on the molecular pathogenesis of MMR
deficient CRC and addressed the role of these types of mutations in the peculiar behavior
of MSI tumors. It soon became evident that these cancers remain in a class of their own
among tumors [18], as compared to other known genetic pathways to CRC, mainly driven
by APC gene damage both in inherited (i.e., Familial Adenomatous Polyposis) and sporadic
carcinogenesis. In this respect, MMR-deficient tumors appear mainly a disease marked
by accelerated tumor progression rather than by an accelerated tumor initiation. It was
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appreciated that the burden of unrepaired mutations in these tumors contributes to their
indolent behavior [19,20] and to the amount of immune response that they elicit [21,22].
Surprisingly, these areas of investigation took years to generate translational research aimed
at systematically identifying prognostic markers for CRC and then influencing clinical
practice. It should be mentioned that for the first time since the discovery of MMR defects
and MSI, a molecular phenotype has recently been proposed for the molecular screening of
a specific disease subtype [23]. This long journey led to the exclusion from adjuvant therapy
of patients with stage IIA MSI CRC, even though they displayed high-risk hallmarks and
contributed to defining the role of tumor-infiltrating lymphocytes (TILs) as a prognostic
marker in CRC staging (see below).

2.2. Unraveling the Pool of Genes Involved in DNA MMR and Deranged in Lynch Syndrome

MMR is a mechanism whereby proteins identify and repair mismatched bases oc-
curring mostly by statistical chance during DNA replication or genetic recombination,
a mechanism that is present among many species. DNA mismatching, however, is also
enhanced by chemical or physical damage. The high conservation rate among species
accounts for its importance, as does the discovery of its involvement in human disease by a
basic scientist [16]. He was able to cross its defects with the by-then emerging phenotype of
MSI in human CRC, thus developing a strategy to identify one of its components (namely,
MSH?) as the culprit for a fraction of the cases of Lynch syndrome, moving from the
similarities of molecular signatures in yeasts. That is why the human genes were initially
labelled as homologues of their counterpart in yeasts.

As the result of a plurality of efforts, we now know that this system is constituted
by multiple proteins, including MLH1 (MutL homologue), PMS2 (post-meiotic segrega-
tion protein), MSH2 (MutS homologue), MSH6, MLH3, MSH3, and PMS1, which form
heterodimers with different roles: MSH2/MSH6 and MSH2/MSH3 heterodimers rec-
ognize and bind base-base mismatches and insertion/deletion loops, and subsequently,
they recruit MLH1/PMS2 heterodimers to excise and allow the resynthesis of corrected
strands [4,24,25]. Later, deletions of the 3 distal portion of the EPCAM gene, containing
the termination codon, have been demonstrated to influence the MMR system by leading
to the methylation of the promoter of the downstream neighbor MSH2 and therein to its
silencing [26]. Genetic or epigenetic events leading to the silencing of one of the genes of
the MMR system ensues in the appearance of the mutator phenotype. Irrespective of the
underlying molecular mechanisms, the inactivation of any of the members of the MMR
genes leads to the disappearance of the encoded protein. However, the loss of MSH2 or
MLH1 also leads to the loss of expression of that protein itself and its heterodimer partner,
whereas the loss of MSH6 or PMS2 results in the loss of expression only of the specific
protein. Accordingly, germline inactivating mutations of the genes encoding for one among
the MMR proteins stay at the basis of MSI as the first pathogenetic damage of the Lynch
syndrome and should be followed by a second somatic inactivation hit according to the
Knudson hypothesis turning off the second allele [24,27].

In the seminal phase of the late 1990s, addressing MSI in clinical practice was mostly
based on clinical criteria, namely the Bethesda ones [28,29]. In other words, the clinical
criteria used to define Lynch syndrome (by then referred to as Hereditary Non-Polyposis
CRC, HNPCC) or Amsterdam criteria [30,31] were loosened and expanded to identify
those patients suitable for the analysis of the MS-status of their CRC and then to germline
sequencing if the results of the somatic analysis revealed MSI. Initially, the characterizations
of tumor samples based on MS-status comprised the classification into microsatellite
instability high (MSI-H) if two or more of the microsatellite markers show instability
(or >30% of unstable markers if a larger panel is used) and microsatellite instability low
(MSI-L) if only one marker shows instability, as opposed to MSS cancers [24,32]. However,
such a classification has been variably criticized, and the distinction in MSI-H and MSI-L
progressively lost relevance, and the latter group is cumulated with MSS tumors [33,34].
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The systematization of the characterization of the MS status in CRC has confirmed the
initial findings by Perucho et al. that most MSI tumors are not the epiphenomenon of LS
but are instead sporadic. In fact, considering that MSI cancers account for 15% of all CRCs,
only 3% of the total (or 20% among MSI cases) are attributable to Lynch syndrome [35]. It
is also now clear that hereditary MSI cancers differ from sporadic ones by means of the
type of underlying alteration causing the impairment of the MMR system (as well as in
their clinical behavior).

2.3. Sporadic MSI Cancers and Hypermethylation

Patients with sporadic MSI CRC are significantly older than those affected by Lynch
syndrome, and most of them lack any significant familial clustering, nevertheless maintain-
ing a better prognosis than those with MSS tumors [36]. The molecular features of sporadic
MSI tumors, instead of germline pathogenic variants of MMR genes plus second hit on the
other allele, are the methylation of MLH1 promoter frequently coupled with the mutation
BRAF(V600E) [4,37].

Understanding the molecular pathogenesis of sporadic MSI CRC was the sequel of
the discovery of germline MMR defects, which has helped clarify the mechanism for a
portion of otherwise unexplained cases, as well as introducing one additional cancer phe-
notype [38—40]. In fact, the main mechanism for a sporadic MSI CRC going through the
inactivation of the promoter region of the DNA mismatch repair gene MLH1 by hyper-
methylation [41] mostly occurs in the context of the CpG island methylator phenotype
(CIMP) [42]. CpG islands are genomic regions rich in cytosine and guanine repeats present
in about 40-50% of human genes, usually located at the promoter region and crucial for
the epigenetic inactivation of gene transcription by hypermethylation [42].

Although the methylator phenotype can be intended as the main molecular biomarker
of sporadic MSI tumors, CIMP can also be found in a group of patients who present no
anomalies of the MMR system. Further studies by Ogino et al. [43] and Samowitz et al. [44]
demonstrated that not all sporadic MSI tumors with MLH1 hypermethylation have a
methylator phenotype. The scenario of CRC molecular characterization has become more
and more complex over the years, adding the CIMP status as a separate parameter of
classification [41,45]. CIMP+ (or CIMP-high) CRCs are reported to be more frequent in the
elderly and in women, are often located in the proximal location, show poor differentiation,
and have a high frequency of MSI and BRAF mutation [41,46,47], largely overlapping with
sporadic MSI cases. CIMP was originally described as the de novo methylation of the 5’
CpG island of p16 (now CDNK2A) detectable in approximately 1/5 of different tumor types
and acting as an alternative mechanism for the silencing of tumor suppressor genes [48].

Although the value of CIMP is not well known, CIMP+ CRC seems to have a better
outcome than CIMP-low (particularly if showing wild-type BRAF) and appears to respond
more efficiently to adjuvant treatments [41].

2.4. Lynch Syndrome versus Lynch-Like Syndrome

The seminal report on what will be later referred to as HNPCC and Lynch syndrome
dates to the end of the XIX century by Aldred S. Warthin, who reported the pedigree of
“family G” with a cluster of uterine, gastric, and abdominal cancer, which led him to suspect
the existence of a form of predisposition [49]. Years later, Henry Lynch reported similar
familial clusters of cancer and reviewed the history of family G, with a predominance
of cancers of the colon, uterus and stomach [50]. Notably, Lynch concluded the culprit
was an autosomal dominant inheritance of this otherwise unrecognized syndromic cluster,
referred to as “Cancer Family Syndrome” (for an exhaustive perspective on the historical
development of the medical perspective on the topic, see Boland, 2013) [50]. Later, the term
HNPCC was used to refer to the lack of a phenotypic hallmark compared to polyposis
syndromes [51]. However, once a molecular phenotype had been identified and its basis
clarified, the term Lynch syndrome was encouraged and adopted for those cases with a
defined MMR defect and a germline mutation in the MMR genes. Alternately, the lack of a
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pathogenic germline mutation in a patient with an MSI CRC and features suggestive of an
underlying predisposition is called “Lynch-like” syndrome [52,53]. The two syndromes
have the development of MSI CRCs at a young age and the presence of extracolonic cancers
in common. However, although in patients affected by Lynch-like syndrome, the onset of
cancer is in the fifth decade (mean age, 54.9 years) [53], the standardized incidence ratios
of CRC and extracolonic cancers is lower (2.12 vs. 6.04 and 1.69 vs. 2.81, respectively) [54].

Although Lynch-like syndrome patients lack germline mutations of the MMR system,
they exhibit in almost half of all cases the biallelic somatic inactivation of DNA MMR
genes within the tumor [54,55]; moreover, they might harbor germline mutations of un-
known genes other than MMR ones. Nevertheless, due to the increased cancer risk for
the proband and his or her relatives, a careful follow-up remains advisable from a clinical
perspective [54,55].

3. Prognostic Value of MSI in CRC
3.1. Lower Metastatic Potential and Better Survival of MSI CRC

MSI is undoubtedly a positive prognostic factor in CRC patients, which is promptly
explained by the low prevalence of MSI tumors among metastatic CRCs, corresponding to
2-4% of stage IV cases [4,25], as compared to their prevalence in earlier stages [56,57]. MSI
CRCs typically present a dense immune cell infiltration, particularly rich in TILs, which
has been associated with a better prognosis and a reduced tendency to metastasize [8].
Substantial evidence supports that MSI is a strong prognostic marker in early-stage CRCs
with a favorable impact on survival, beyond the TNM staging system also from pooled
retrospective analyses [58]. With respect to stage II CRC patients, in the ACCENT database
analysis, the MSI profile significantly improved the disease-free survival and the overall
survival [59].

Compared to stage II, the prognostic value of MSI in stage III CRC is less defined,
and contradictory data have emerged from randomized clinical trials (RCTs) and meta-
analysis [60-62] (see below).

Summarizing the available data, MSI confers a favorable prognosis in stage I CRC, and
this effect seems to be progressively reduced with advancing stage (i.e., stage III) [60-62].
A speculative explanation of this phenomenon lies in the evasion of immune surveillance
that is possibly acquired in more advanced stages of the disease. In accordance with
the above statement, in stage IV CRCs, MSI no longer provides an advantage in terms
of prognosis [63,64], though interactions with chemotherapy, as the standard adjuvant
treatment for stage III CRC, should not be disregarded despite being difficult to disentangle.

3.2. Adaptive Immune Response and the Relevance of Immune Parameters

MSI-CRC:s attract a dense lymphocytic infiltrate [21,22], parallelly driving the infiltra-
tion of specific subsets of immune cells (i.e., cytotoxic and helper T-lymphocytes) that are
associated with an improved prognosis and reduced recurrence rates after surgery [63],
especially in patients with early, node-negative CRC, largely contributing to the prognostic
advantage of high densities of infiltrating lymphocytes [65].

Among the immune subpopulations recruited by MSI-CRC, dendritic cells and T cells
activate the immune antitumoral response, which is downstream accomplished by ac-
tivated memory CD4 + T cells, NK cells, M1 macrophages, and neutrophils [66]. The
attempt to measure the immune infiltrate in the primary tumor and to assess its prognostic
value has been pursued by trying to build a reliable “immuno-score” that quantifies the
amount of infiltrating T-lymphocytes and allows inferences on CRC outcomes [67]. The
immuno-score has been suggested to be superior to the conventional TNM classification in
CRC, given its ability to differentiate patients with a better or worse prognosis in MSS and
MSI disease, as across the various stages according to AJCC/UICC [68]. The measure of
CD8+ cells and CD45RO+ memory cells in specific tumor regions (i.e., at the invasive front)
has been, in fact, linked to longer overall survival in MSI-CRC patients [69]. This parameter
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is likely to be included in the TNM staging, similarly to its use for MSI, although some
refinement is necessary in order to better define its reliability in stage III disease [36,44].

4. Predictive Value of MSI
4.1. Implication for the Adjuvant Treatment: Stage 2 vs. Stage 3

In stage II CRC, MSI has been endorsed as a reliable predictive indicator associated
with a lack of benefit from adjuvant chemotherapy (5-fluorouracil-based (5FU)). This
clinical endorsement first moved from the better prognosis and lower metastatic potential
of MSI CRCs [56,57].

The initial report on non-responsiveness came from a study by Ribic et al. in which
patients with MSI CRC were found to have a better overall 5-year survival, especially when
not receiving adjuvant chemotherapy [70]. Subsequently, Sargent, in a collaborative study,
confirmed this finding by showing that MSI interacted significantly with chemotherapy
and that there was no improvement in patients with stage II MSI CRC who had received
5-FU [71]. Sinicrope et al. shortly after confirmed that patients with MSI CRC have lower
rates of tumor recurrence, delayed time to relapse, and improved survival rates, with
respect to MSS CRC patients [72]. Adjuvant treatment also reduced the rate of distant
recurrences in patients with stage III CRC, which could be significant in patients with
germline pathogenic variants compared to those with sporadic tumors [73].

A milestone in modern oncology was placed in the phase III Quick and Simple and
Reliable (QUASAR) trial that randomized more than 2000 patients affected by stage II
CRC to either receive adjuvant chemotherapy with 5-FU or for observation [74]. The study
showed a significantly reduced risk of recurrence for MMR-deficient CRC (risk ratio, 0.53,
95% C.1., 0.40-0.70; p < 0.001) as compared to proficient ones, and the subanalysis for MMR
status demonstrated no benefit from adjuvant chemotherapy [74]. This evidence has been
confirmed by several meta-analyses that established MSI status as a predictive factor for
both therapy response and relapse rates as concerns in stage II CRC [75-77]. Overall, data
support MSI as the leading molecular marker with clinical value in early-stage CRC; no
further molecular stigma has been incorporated in the management algorithms of CRC yet.

The situation in stage III appears more complex. In a study on patients included in
a randomized trial on adjuvant 5-FU plus Oxaliplatin and folinic acid (FOLFOX) after
resection of stage III CRC, Sinicrope et al. found that KRAS and BRAF mutations had a
negative prognostic effect on disease-free survival, while MSI was not prognostic in all
patients but significantly interacted with the tumor site and nodal status [78]. Accordingly,
only patients with right-sided MSI CRC had a better outcome, and such an advantage was
lost in those with N2 tumors [78].

In an interesting study assessing the value of lymphocyte infiltration in patients
included in the PETACCS phase III study [79], the authors found that MSI was not a
predictive factor for overall survival in treated patients [79]. However, a larger study
adding patients from the NCCTG N0147 trial [80] found that patients with MMR-deficient
CRCs had significantly longer disease-free survival than those with proficient tumors at
multivariate analyses (HR, 0.73; 95% CI, 0.54-0.97; p = 0.03), although such advantage may
become evident only after 18 months at Kaplan-Meier survival curves. One issue involves
the benefit of oxaliplatin added to 5-flurouracil [80]. Interestingly, it had been shown earlier
that in an MSH2-deficient mouse model developing CRC, FOLFOX treatment led to a
reduction in tumor volume, and MMR status was found not to modify responsiveness to
oxaliplatin in previous studies [81,82].

Other studies further clarified that KRAS and BRAF mutations act as negative prognos-
tic factors in MSS CRC patients treated with adjuvant FOLFOX, but not in MSI patients [83].

4.2. Removing the Breaks from the Immune Response: Immunotherapy

In the last decade, translational research in oncology has been focusing on the molecu-
lar mechanisms driving the interaction between MSI CRC and the immune system. The
MSI status influences the tumoral microenvironment and the interactions with the immune
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system through multiple aspects, therefore impacting the efficacy of immunotherapy. A de-
fective MMR leads to a high tumor mutational burden (TMB) [11,19,20], which means that
tumoral cells profusely generate highly immunogenic soluble and surface neoantigens able
to attract cytotoxic and helper T-lymphocytes [22,84]. The higher somatic mutational load
that increases the presentation of neoepitopes has been epitomized as one of the mediators
of the observed augmented response to immunotherapy as well in MSI tumors [85,86].
The immunogenicity of these neoantigens, structurally frame-shifted peptides, lies in
their ability to bind with major histocompatibility complex class I (MHC-I) alleles [87].
Moreover, the neo-antigen load was directly associated with the T-cell memory tumoral
infiltration [87].

Secondly, as demonstrated by Llosa et al., neoplastic cells with MMR defect overex-
press several immune checkpoint proteins (e.g., PD-1, PD-L1, CTLA-4, LAG-3, and IDO),
compared to MSS cancers [88].

These findings, together with evidence stemming from clinical trials, initially led
immune checkpoint inhibitors (i.e., anti-PD1) to be approved by the regulatory authorities
exclusively according to the MSI status, regardless of cancer type [8].

Recent studies investigating anti-programmed death-1 (PD-1) checkpoint inhibitors
have identified and demonstrated MS status as a biomarker predictive of therapy re-
sponse [89,90]. MMR-deficient cancers are now acknowledged to be sensitive to anti-PD1
(nivolumab, pembrolizumab) with or without anti-cytotoxic T-lymphocyte-associated
protein 4 (CTLA-4) antibodies [89,90].

4.3. Silencing Map Kinases in Sporadic MSI

In the current landscape, it has become clear that BRAF-mutant CRC represents a
distinct biologic entity, typically refractory to the traditional chemotherapy regimens [91].
BRAF is a serine/threonine kinase that acts downstream of KRAS in the mitogen-activated
protein kinase (MAPK) cellular signaling pathway. BRAF-mutant CRC commonly exhibits
a valine to glutamic-acid variation, specifically at codon 600 (V600E; or 1799T>A). The effect
of this change is a constitutively activated protein. The BRAF V600E mutation overlaps
with sporadic MSI-CRC in up to 33% of the cases [92].

Historically, BRAF-mutated CRCs have been associated with a significantly worse
prognosis [93]. The therapeutic implications of targeting this mutation came as a lesson
from the management of BRAF-mutated melanomas, and currently, several ongoing clinical
trials are investigating the efficacy of BRAF-inhibitors (i.e., dabrafenib, vemurafenib, or
encorafenib) alone or in combination in patients with metastatic BRAF (V600E)-mutated
CRC [94].

In terms of personalized medicine, the inhibition of MAPK signaling in sporadic
MSI-CRCs has been explored with promising results. In a pivotal, single-arm study that
included 43 patients with BRAF-V600E metastatic CRC treated with the adjunct of a MEK
inhibitor (Trametinib), the results showed improved response rates compared with BRAF
inhibition alone [95]. A further phase II study, comparing dabrafenib, trametinib, and
panitumumab triple therapy with double therapies (either dabrafenib plus panitumumab
or trametinib plus panitumumab), assessed a disease control rate (response and stable
disease together) in 86% of patients [96]. The median progression-free survival (PFS) and
the duration of response were 4.2 and 7.6 months, respectively [96].

Based on these preliminary data, the combination therapies of BRAF/MEK have not
been approved by the Food and Drug Administration (FDA) for the treatment of metastatic
BRAF V600E CRC yet. Lastly, clinical trials examining immunotherapy in combination
with inhibitors of the MAPK pathway are expected.

5. Discussion and Concluding Remarks

This review illustrates the current evidence on the prognostic and predictive value of
MSI as a trail maker of the personalized medicine approach to CRC. Compared to MSS
CRC, MSI status is associated with a more favorable prognosis in early-stage CRCs [58].
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Furthermore, based on the evidence that adjuvant chemotherapy does not add any ad-
vantage for the prognosis in stage II, knowledge of MSI status drives clinical decisions
for these patients [59]. Conversely, the prognostic value of MSI with respect to stage III
disease appears attenuated, and these patients are, so far, recommended to receive standard
adjuvant chemotherapy.

Regarding the predictive value of MSI status, it has been extensively demonstrated to
be a robust biomarker for a good response to immune checkpoint inhibitors in patients with
metastatic disease [89,90]. However, the precise role of immunotherapy in earlier-stage
CRCs needs to be clarified by ongoing randomized studies. The studies on the molecular
heterogeneity and tumoral microenvironment surrounding MSI tumors have led to an
increased understanding of possible innovative therapeutic targets.

Figure 1 summarizes the timeline of the gradual achievement of a progressively wider
clinical usefulness of MSI status in the field of CRC.

| MSIUMMR-defects, first example of biomarker for personalized medicine |

@ ‘ 1990s’ | | Discovery and application as molecular biomarker of an inherited tumor predisposition

| Lynch Syndrome (LS)

hd |
l Late 90’s | | First biomarker proposed for molecular screening aimed to identify patients with LS |
| Early 2000s’ | | biomarker for CRCs with different disease behavior = lower metastatic potential |
| high lymphocyte infiltration/strong immune response and better survival |
=
l 2010s’ | | no adjuvant chemotherapy for patients with T3NOMO CRCs |
| 2015s’ | | improved outcome with adjuvant FOLFOX therapy |
v | nowadays | | unsurpassed marker of immunotherapy responsiveness |

Figure 1. MMR story: lessons from a long-lasting biomarker. Timeline of its gradual achievement of
wider clinical usefulness.

Finally, research has recently been focusing on the relationship between gut microbiota
and CRC tumorigenesis, with a particular interest in the induced molecular profile, such as
MSI. What is emerging is that, among the different microbiological species, Fusobacterium
nucleatum is linked to the development of MSI tumors [97,98]. Indeed, tumors with high
levels of Fusobacterium nucleatum tend to occur in the proximal colon and have a higher
incidence of MSI with rather poor survival, as reported in a prospective cohort study [98].
This seems somehow counterintuitive, and it has been associated with the capability of
Fusobacterium nucleatum to suppress the adaptive immune response in MSI-CRCs [99].

In the foreseeable future, gut bacterial modulation or a fecal microbiota transplant
could stimulate the immune response in patients with MSI-CRCs that have developed
a secondary resistance to immunotherapy. Thus, the modulation of the microbiota and
increased antigen presentation appear to be two possible therapeutic targets for new and
personalized strategies aimed, for example, at restoring a competent immune response
and immunotherapy efficacy in MSI tumors. As we have gleaned much more than we
would have expected from the MSI tumor subtype, we should be confident there is yet
more to learn.

T3NOMO CRCs, or stage IIA, invade through the muscolaris propria into the subserosa
but have not reached nearby organs and lymph nodes and have not spread to distant
organs [100]. FOLFOX, comprising of 5-FU, Oxaliplatin, and Folinic acid, is administered
after surgery as adjuvant treatment.
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Abstract: Introduction: LAG-3 is an inhibitory immune checkpoint molecule that suppresses T cell
activation and inflammatory cytokine secretion. T cell density in the tumor microenvironment of
colon cancer plays an important role in the host’s immunosurveillance. We therefore hypothesized
that LAG-3 expression on tumor-infiltrating lymphocytes (TILs) predicts outcome in patients with
stage II colon cancer. Patients and Methods: Immunohistochemical staining for LAG-3 was performed
on tissue microarrays (TMAs) of formalin-fixed paraffin-embedded tissue from 142 stage II colon
cancer patients. LAG-3 expression was assessed in TILs within both the tumor front and tumor
center and scored as either positive or negative. The primary endpoint was disease-free survival
(DFS). Results: In patients diagnosed with stage II colon cancer, the presence of LAG-3 expression on
TILs was significantly associated with better 5-year DFS (HR 0.34, 95% CI 0.14-0.80, p = 0.009). The
effect on DFS was mainly due to LAG-3-positive TILs in the tumor front (HR 0.33, 95% CI 0.13-0.82,
p = 0.012). Conclusion: Assessment of LAG-3 might help to predict outcomes in patients with stage II
colon cancer and potentially identify those patients who might benefit from adjuvant chemotherapy.
Therefore, LAG-3 may serve as a prognostic biomarker in stage II colon cancer.

Keywords: biomarker; LAG-3; immune checkpoint; colon cancer; survival

1. Introduction

Colon cancer is a major cause of cancer-associated death worldwide and its global
incidence is continuously increasing [1,2]. The prognosis of patients with colon cancer
is mainly dependent on the stage according to the TNM classification system [3]. While
patients diagnosed with stage I colon cancer have an excellent outcome, those with stage
IV disease have a low chance of cure and a significantly worse survival [4,5]. Interestingly,
some patients with stage II colon cancer, especially the ones with a pT4b tumor (stage
IIC), have a worse outcome compared with those with a pT1 or pT2 N+ tumor (stage
IIIA and IIIB). In fact, one might assume that a node-positive disease indicates a more
aggressive tumor biology translating into a poorer clinical outcome [4]. According to
current guidelines, adjuvant chemotherapy is indicated for stage III colon cancer and
for stage II disease with additional clinicopathological risk factors [6]. Despite curative
surgery and adjuvant chemotherapy, relapses occur and pose significant challenges for our
health care system. However, some patients will not benefit from adjuvant chemotherapy
because they have already been cured by surgery alone [7]. Therefore, new prognostic and
predictive biomarkers have to be developed to define subgroups of patients, especially
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those with low- or standard risk stage II cancer who have a high chance of relapse and may
derive the most benefit from chemotherapy [8].

Recently, substantial progress has been made in understanding the role of immune cell
infiltration in colon cancer, which has led to the development of the Immunoscore in stage
I-II colon cancer, based on the quantification of CD3+ and CD8+ lymphocytes in the tumor
and its invasive margin [9]. Remarkably, this scoring system predicts disease-free and
overall survival even more precisely than the TNM classification and might therefore guide
our treatment decisions in the future [9]. Moreover, the identification of immune-related
biomarkers on tumor-infiltrating lymphocytes (TILs) might help to predict prognosis and
direct clinical decisions. Recent trials demonstrated that the presence of immune-related
biomarkers such as PD-1/PD-L1 on tumor-infiltrating cells might serve as prognostic
biomarkers in colorectal cancer [8,10]. The lymphocyte-activation gene 3 (LAG-3 or CD223)
is another inhibitory immune-related molecule that is expressed on T cells, especially
on activated CD8+ and CD4+ T cells, but also on B cells and dendritic cells, which may
act in synergy with the PD-1/PD-L1 pathway [11,12]. LAG-3 mainly binds to the major
histocompatibility complex II (MHC II), and thus prevents the interaction of the MHC
I with the T cell receptor (TCR) on CD4+ T cells, resulting in decreased CD4+ activity.
Another ligand of LAG-3 is Galectin-3, which is mainly expressed on epithelial and immune
cells and preferentially binds to LAG-3 on CD8 cells [13]. The protein liver sinusoidal
endothelial cell lectin (LSECtin) is a further potential ligand that binds to LAG-3 [14,15].
Upregulation of LAG-3 on immune cells downregulates T cell expansion and cytokine
secretion, and thus contributes to an immunosuppressive microenvironment [16,17].

Given the growing interest in the role of LAG-3 in cancer, we sought to evaluate the
presence of LAG-3 on tumor-infiltrating lymphocytes (TILs) in the tumor center and tumor
front and to assess its impact on outcomes in stage II colon cancer.

2. Patients and Methods
2.1. Patient Cohort

Between 1992 and 2010, patients at the Mount Sinai University Hospital in Toronto,
Canada with curatively resected stage II colon cancer in which archival material was
available were consecutively included in this retrospective study. Patients with rectal
cancers were excluded from our analysis.

A histopathological review was performed according to the 6th edition of the TNM
classification system. Clinical data were obtained from patient records. The baseline char-
acteristics comprised age at diagnosis, gender, tumor location, pT stage, tumor grade
and lymphatic and venous vessel invasion. In addition, tumor budding, considered as a
supplementary prognostic factor, was scored according to the International Tumor Bud-
ding Consensus Conference 2016 [18]. Moreover, the mismatch repair (MMR) status was
determined by immunohistochemistry. The study was approved by the research ethics
board of the Mount Sinai Hospital (nr 13-0136).

2.2. Next-Generation Tissue Microarray (ngTMA®) Construction

H&E-stained (hematoxylin and eosin-stained) whole slides of each case were digitized
using a slide scanner (3DHistech, P250, Hungary). Each scan was annotated twice using a
0.6 mm tool in four different regions of interest: tumor center (encompassing mostly tumor
epithelium), tumor front (targeting 50% tumor and 50% stromal areas at the invasion front),
and tumor stroma (including largely stromal areas at the invasion front with only little, if
any tumor). This produced 11 ngTMA® blocks with six cores per tumor.

2.3. Immunohistochemistry

2.5 um ngTMA® sections were mounted onto glass slides, dried and baked at 60 °C
for 30 min prior to use. All immunostainings were performed by automated staining using
Bond RX (Leica Biosystems, Muttenz, Switzerland). All slides were dewaxed in Bond de-
wax solution (product code AR9222, Leica Biosystems). Heat-induced epitope retrieval at
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pH 9 in Tris buffer base (code AR9640, Leica Biosystems) followed for 30 min at 95 °C. LAG-
3 rabbit monoclonal antibody (Cell Signaling, clone D2G40O Ref 15372) was diluted 1:200
and incubated for 30 min at room temperature. Then, the samples underwent incubation
with HRP (Horseradish Peroxidase)-polymer for 15 min and were subsequently visualized
using 3,3-Diaminobenzidine (DAB) as brown chromogen (Bond polymer refine detection,
Leica Biosystems, Ref DS9800) for 10 min. Finally, the samples were counterstained with
hematoxylin, dehydrated and mounted with Tissue-Tek® Glas™ Mounting Media (Sakura).
Slides were scanned and photographed using Pannoramic 250 (3DHistech). The immunos-
tainings for the mismatch repair proteins were performed using the VENTANA MMR
IHC Panel and the VENTANA BenchMark automated staining system (Roche Diagnos-
tics, Mannheim, Germany) according to the manufacturer’s instructions. The following
antibodies were used: anti-MLH1 (mouse, clone M1, Roche Diagnostics, Ref 8504946001),
anti-MSH?2 (mouse, clone G219, Roche Diagnostics, Ref 8504946001), anti-MSH6 (rabbit,
clone SP93, Roche Diagnostics, Ref 8504946001) and anti-PMS2 (mouse A16-4, Roche
Diagnostics, Ref 8504946001).

2.4. Evaluation of Immunohistochemistry

All TMA cores for each individual case were evaluated for the presence or absence
of LAG-3 immunohistochemical staining (G.R). Consistent with Sobottka et al., LAG-3
expression on TILs within both the tumor front and tumor center was dichotomously scored
as either positive or negative [19]. Representative images are outlined in Figure 1A-D.
LAG-3 positivity on TILs was defined as membranous staining of any intensity regardless
of the number of LAG-3 positive immune cells (>1), whereas the absence of any staining
was determined as LAG-3 negative. We reported the scores for LAG-3 positive TILs as
absolute numbers and used the maximum score of all analyzed tissue cores from each
patient. The tumor front was defined as the area where the most advancing cancer cells
reached the edge of the tumor. In a control set of normal, non-neoplastic colon tissues, no
LAG-3 positivity could be observed. Mismatch repair deficiency (AMMR) was defined
as the loss of nuclear expression of at least one of the four MMR proteins (MLH1, MSH2,
MSH6 and PMS2) in the tumor cells in the presence of an internal positive control such
as lymphocytes, normal epithelium or fibroblasts in the close vicinity of the tumor. Focal
weak and dotted nuclear staining were considered negative. Retained nuclear expression
of all MMR proteins was determined as mismatch repair proficiency (pMMR) [20].

2.5. Statistical Analysis

Correlations between LAG-3 expression in TILs within the tumor center/front and
categorical variables were tested using the chi-square test. Continuous or ordinal variables
were analyzed with the Kruskal-Wallis or Wilcoxon rank sum test. Disease-free survival
(DEFS) analysis was performed with Kaplan-Meier survival curves and log-rank test. Hazard
ratios and 95% confidence intervals (CIs) were used to determine the effect of each variable
on outcome, using Cox regression analysis. DFS was calculated from the time of surgery to
local or distant recurrence or death. A p-value < 0.05 was considered statistically significant.
Statistical analysis was carried out by SPSS version 26 (United States).
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Figure 1. (A,B): Absence of immunohistochemical staining for LAG-3 on TILs (magnification: A 5x
and B 40x). (C,D): TILs expressing LAG-3 (magnification C 5x and D 40x). Scale bar (A,C): 100 pm.
Scale bar (B,D): 50 um. All images (A-D) represent the tumor center.

3. Results
3.1. Patients Characteristics

Our study population comprised 142 patients with curatively resected stage II colon
cancer. The median age of the patients was 70 years (range, 24-98 years). 42.2% (n = 60) of
the patients were female and 57.8% (n = 82) male. 85.8% (n = 121) of the study cohort had a
pT3 tumor, whereas 14.2% (1 = 20) of the patients presented with a pT4 tumor. 91% of the
tumors (1 = 122) were well (G1) or moderately (G2) differentiated and 9% (n = 12) presented
with a G3 grading. 87.4% (n = 118) of the tumor specimens displayed no extramural venous
invasion (V0), while vascular invasion could be observed in 12.6% (n = 17). There was
a slight predominance of left- as compared to right-sided tumors (52.5%, n = 73 versus
47.5%, n = 66). In total, 124 patients (87.3%) had more than 12 lymph nodes examined,
whereas the lymph node yield was less than 12 in 12.7% of the patients (n = 18). From
134 evaluable tumor tissue samples, 75.4% (n = 101) were MMR-proficient, whereas 24.6%
(n = 33) were MMR-deficient (Supplementary Table S1). The median tumor budding count
was 10 (0-74 buds). The 5-year DFS rate of the cohort was 85%.

3.2. LAG-3 Expression on TILs and Its Correlation with Clinicopathological Characteristics

69% (n = 98) of all patients exhibited LAG-3 expression on tumor-infiltrating lymphocytes.
No significant correlation could be observed between LAG-3 expression on TILs
and age, gender, pT stage, grade, vascular invasion, tumor location or tumor budding.
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Interestingly, the percentage of MMR-deficient colon cancers was higher if LAG-3 positive
TILs were present in the tumor front or center. Conversely, a lower ratio of MMR-deficient
colon cancers was observed in the absence of LAG-3 positive TILs (p = 0.034). Additionally,
LAG-3 expression on TILs in the tumor center was associated with better differentiation
(grade 1, p = 0.021) (Tables 1 and 2).

3.3. LAG-3 Expression on TILs and Its Association with DFS

The presence of LAG-3 expression on TILs either in the tumor front or tumor center
was associated with better DFS (5-year DFS 89.9% (LAG-3 positive TILs) versus 74.7%
(LAG-3 negative TILs), HR 0.34, 95% CI 0.14-0.80, p = 0.009; Figure 2A). Further analysis
demonstrated that the favorable association of LAG-3 positive TILs with DFS was restricted
to those that were localized at the tumor front (5-year DFS 91.2% versus 75.2%, HR 0.33, 95%
CI0.13-0.82, p = 0.012; Figure 2B). Although statistically not significant, there was a trend
towards a longer DFS among LAG-3 positive versus LAG-3 negative TILs in the tumor
center (5-year DFS 91.3% versus 81.1%, HR 0.42, 95% CI 0.41-1.24, p = 0.106; Figure 2C).

Table 1. Association of LAG-3 (combined tumor front and center) with clinicopathological features on the stage II colon

cancer cohort.

Feature Combined p-Value
Front and Center Front or Center
negative positive
Age, years (n = 141) Mean + SD 69.5 +£13.8 67.5+15.7 0.493
Gender (n = 142) Male 24 (52.2) 58 (60.4) 0.352
Female 22 (47.8) 38 (39.6)
pT (n =141) pT3 40 (88.9) 81 (84.4) 0.474
pT4 5(11.1) 15 (15.6)
Tumor grade (n = 134) G1/G2 43 (97.8) 79 (87.8) 0.058
G3 1(2.2) 11 (12.2)
EMVI (n = 135) Vo 37 (88.1) 81(87.1) 0.871
Vi 5(11.9) 12 (12.9)
Tumor location (n = 139) Left 26 (59.1) 47 (49.5) 0.291
Right 18 (40.9) 48 (50.5)
Tumor budding (ITBCC) Mean + SD 11+114 119 +10.8 0.408
(n=142)
MMR status (n = 134) Proficient 35 (87.5) 66 (70.2) 0.034
Deficient 5(12.5) 28 (29.8)

Data are presented as 1 (%), unless otherwise stated. Abbreviations: SD = standard deviation; pT = pathological T stage (TNM classification
system); EMVI = extramural vascular invasion; ITBCC = International Tumor Budding Consensus Conference. Bold indicates statistical

significant p-values

The favorable association of LAG-3 expression on TILs either in the tumor front
or tumor center with the outcome remained significant, even when we considered only
MMR-proficient colon cancers (5-year DFS 90.2% versus 67.9%, HR 0.30, 95% CI 0.11-0.83,
p = 0.014; Figure 3A). Again, the favorable correlation between LAG-3 positive TILs and
outcome among MMR-proficient tumors was limited to those localized at the tumor front
(Figure 3B), whereas no association with outcome could be observed among LAG-3 positive
versus LAG-3 negative TILs in the tumor center (5-year DFS 90.6% versus 75.7%, HR 0.35,
95% CI1 0.12-0.99, p = 0.039 and 90.4% versus 80.6%, HR 0.44, 95% CI 0.13-1.56, p = 0.192,
respectively; Figure 3C).

Due to the low number of events in our cohort of stage II colon cancer, we were not
able to conduct a multivariate analysis. However, after adjustment for the pT stage in a
bivariate analysis, the favorable effect of LAG-3 expression on DFS remained significant
(HR 0.35,95% CI10.15-0.83, p = 0.017).
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Table 2. Association of LAG-3 (front/tumor center) with clinicopathological features on the stage II colon cancer cohort.

Feature Front Center
Negative Positive p-value Negative Positive p-value
Age, years (n=141)  Mean + SD 69.8 = 13.9 67.1+ 146 0.316 68.4 & 14.0 67.7 £ 149 0.784
Gender (n = 142) Male 31 (54.4) 51 (60.0) 0.507 52 (56.5) 28 (58.3) 0.837
Female 26 (45.6) 34 (40.0) 40 (43.5) 20 (41.7)
pT (n = 141) pT3 48 (85.7) 73 (85.9) 0.978 78 (85.7) 41 (85.4) 0.962
pT4 8 (14.3) 12 (14.1) 13 (4.3) 7 (14.6)
T“(I;Zr%%de G1/G2 52 (96.3) 70 (87.5) 0.08 86 (95.6) 36 (83.7) 0.021
G3 2(3.7) 10 (12.5) 4(4.4) 7 (16.3)
EMVI (1 = 135) 0 46 (88.5) 72 (86.8) 1.0 75 (86.2) 42 (91.3) 0.39
V1 6 (11.5) 11 (13.3) 12 (13.8) 4(87)
Tu?;f;’;g)“‘m Left 33 (60.0) 40 (47.6) 0.168 51 (57.3) 21 (43.8) 0.123
Right 22 (40.0) 44 (52.4) 38 (42.7) 27 (56.3)
Tumor budding
(ITBCC) (1 = 143) Mean + SD 112+ 11.6 11.9 + 10.5 0.227 125+ 11.7 10.0£9.3 0.142
M(li\ff %Zt)us Proficient 45 (86.5) 56 (68.3) 0.017 66 (75.0) 35 (76.1) 0.89
Deficient 7 (13.5) 26 (31.7) 22 (25.0) 11 (23.9)

Data are presented as 1 (%), unless otherwise stated. SD = standard deviation; pT = pathological T stage (TNM classification system); EMVI
= extramural vascular invasion; ITBCC = International Tumor Budding Consensus Conference. Bold indicates statistical significant p-values.
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Figure 2. (A): The impact of LAG-3 expression on TILs on DFS in patients with stage II colon cancer

(tumor center and tumor front). (B): LAG-3 expression on TILs at tumor front and its effect on DFS in

stage II colon cancer. (C): LAG-3 expression on TILs in the tumor center and its impact on DFS in

stage II colon cancer.
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Figure 3. (A): The impact of LAG-3 expression on TILs on DFS in patients with stage II MMR-
proficient colon cancer (tumor center and tumor front). (B): LAG-3 expression on TILs at tumor front
and its effect on DFS in stage Il MMR-proficient colon cancer. (C): LAG-3 expression on TILs in the
tumor center and its impact on DFS in stage I MMR-proficient colon cancer.

4. Discussion

To the best of our knowledge, this is the first study evaluating the impact of LAG-3
expression on disease-free survival in stage II colon cancer patients. We demonstrated that
LAG-3 expression on TILs was associated with a favorable DFS, especially when LAG-3
positive TILs were identified at the tumor front.

Our results are consistent with previous findings from other studies. Lee et al. found
that patients with stage I-1IIl MMR-deficient colon cancer exhibiting LAG-3 positive TILs
had a longer DFS compared to those whose MSI tumors did not contain LAG-3 positive
TILs [21]. However, in contrast to our study, Lee et al. included only patients with MSI-high
tumors ranging from stage I to stage III, whereas our cohort comprised a homogenous
series of patients with stage II colon cancer. Additionally, we did not restrict our analysis to
patients with MSI stage II colon cancers alone, but also included patients with MSS tumors,
representing the majority of stage II cancer patients.

This is particularly important, as we know from previous studies that not only MSI
but also MSS tumors may be enriched by immune infiltrates, representing an immunogenic
tumor microenvironment (TME) [22]. In a recently published landmark study comprising
tumor tissue samples from 2681 patients with stage I-III colon cancer, Pages et al. could
demonstrate that the numbers of CD3+ and cytotoxic CD8+ T cells in the tumor directly
correlated with time to recurrence in both the training and validation cohorts, independent
of MSI, T and N stages and other clinicopathological factors. A high Immunoscore was
not only associated with a longer time to recurrence (TTR) but also translated into better
disease-free survival (DFS) and overall survival (OS). Remarkably, patients with a MSI
tumor and a high Immunoscore had a similar outcome compared with those who presented
with a MSS tumor and a high Immunoscore. Conversely, patients with MSI tumors
and a low Immunoscore exhibited a shorter DFS than those with MSS tumors and a
high Immunoscore. In the subgroup of stage II colon cancer patients, these associations
remained significant [9].

Thus, further characterization of the TME in both MSI and MSS colon cancers is of
utmost importance to gain insight into the complex interplay between immune stimulatory
and inhibitory effects within the TME to improve our treatment strategies and to better
identify patients who benefit most from systemic treatment.

Similarly, Zhang et al. could demonstrate that LAG-3 expression in a mixed cohort
of patients with esophageal squamous cell carcinoma encompassing all stages (I-IV) was
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associated with improved survival, whereas the favorable effect of high versus low LAG-3
expression on outcome was restricted to stage I-1I cancers [23]. In an unselected cohort of
patients with stage I -IIIB non-small cell lung cancer, including mainly squamous cell carci-
noma and adenocarcinoma but also other histological types such as adenosquamous and
large cell carcinoma, LAG-3 expression on TILs was correlated with improved survival [24].

Likewise, another study demonstrated that the presence of LAG-3 positive intraepithe-
lial TILs was associated with a longer disease-specific survival among estrogen receptor-
negative breast cancer patients [25].

At first glance, it may not seem obvious that the expression of an inhibitory immune-
checkpoint molecule such as LAG-3 correlates with a favorable outcome in various solid
tumors. Rather, one may assume that the presence of LAG-3 results in increased inhibition
of both T cell activation and proliferation and thus contributes to an immune-suppressive
tumor microenvironment facilitating tumor growth and metastasis. However, the increased
expression of LAG-3 on TILs may not be seen as an independent and ‘isolated” immune-
inhibiting effect but rather be interpreted as an indicator of an enhanced inflammatory
immune response, where TILs are stimulated to exert their antitumor response.

Contrary to our results, Chen et al. reported that patients with stage I-IV colorectal
cancer exhibiting a high percentage of LAG-3+ cells in the tumor tissue had a shorter sur-
vival compared with those with a low percentage of LAG-3+ cells [26]. However, there are
several reasons for these opposite findings. First, the study cohort of Chen et al. comprised
108 patients with a mixture of stage I to stage IV colon and rectal cancers, whereas our
cohort consisted of stage II patients with colon cancer alone. Interestingly, Chen et al.
found that the percentage of LAG-3+ cells in tumor tissues was significantly higher in
stage III and IV colorectal cancers compared to that observed in stage I and II cancers.
Given that two-thirds of the patients included in the cohort of Chen et al. had stage III and
IV colorectal cancers, it might not be surprising that high versus low LAG-3+ expression
in the mixed stage I-IV cohort was associated with shorter survival. Additionally, they
could demonstrate that a higher percentage of LAG-3+ cells was associated with poor
differentiation, lymph node metastasis and invasion [26], whereas no correlation of LAG-3
expression with any of the clinicopathological characteristics such as tumor grade, vascular
invasion or tumor budding could be observed in our study cohort of stage II colon cancer.
However, we could demonstrate an association between LAG-3 counts and MMR status.
Whereas high LAG-3 expression at the tumor front correlated with microsatellite instability
(MSI), this association could not be observed in the tumor center. Second, there is no
established scoring method for LAG-3. While Chen et al. divided the cohort into tumors
with high and low LAG-3-expressing cells [26], we classified our study cohort according to
Sobottka et al. [19], into those tumors exhibiting either LAG+ or LAG- TILs at the tumor
front or center. Third, there is a significant diversity of antibodies used for immunohis-
tochemistry across several studies. While we used a rabbit monoclonal antibody (Cell
Signaling, clone D2G40O Ref 15372), Chen et al. utilized a different LAG-3 antibody from
Abcam (Cambridge, MA, USA) without providing any further information [26].

All these different points mentioned above may partly explain the contradictory find-
ings among our studies. Therefore, it is crucial to develop a standard protocol regarding
LAG-3 scoring enabling us to better interpret findings from various studies. Saleh et al.
could demonstrate that LAG-3 mRNA expression levels in tumor tissues versus paired
normal tissues of colorectal cancer patients were approximately similar [27]. Addition-
ally, Toor et al. could demonstrate in a small and mixed cohort of stage I-IV colorectal
cancer patients using a flow cytometry assay that LAG-3 expression on peripheral mononu-
clear leukocytes was significantly lower compared to the levels observed on both tumor-
infiltrating lymphocytes (TILs) and lymphocytes from adjacent normal colon tissue (NILs).
Again, no significant difference in LAG-3 expression could be detected between TILs
and NILs [28].

With the introduction of immune checkpoint therapies such as PD1 and PD-L1 in-
hibitors, the prognosis of cancer patients with various malignancies such as melanoma [29],
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non-small cell lung cancer [30], renal carcinoma [31], urothelial carcinoma [32], head and
neck carcinoma [33] and Hodgkin lymphoma has significantly improved [34]. Currently,
there are several clinical trials evaluating the effect of LAG-3 inhibitors in different tumor
types [35,36]. Therefore, both the diagnostic and therapeutic value of LAG-3 might be
evolving in the near future. Whereas immune checkpoint therapy is associated with im-
proved tumor control and longer survival in patients with MSI metastatic colorectal cancer
(mCRC), and thus represents the standard of care treatment [37,38], its effect on outcome
in patients with microsatellite stable (MSS) mCRC, who represent 95% of all patients with
mCRC, is so far disappointing [39]. Additionally, the role of immune checkpoint therapy
as part of the adjuvant treatment strategy in both MSS and MSI stage II and stage I1I still
remains elusive, with several studies ongoing [40,41].

The limitations of this study are its monocentric retrospective design, the small sample
size and the lack of an independent clinical validation cohort. Moreover, we restricted our
analysis to the immunohistochemical assessment of LAG-3 without using further assays
such as in situ hybridization or assessment of ELISA serum LAG-3 concentrations. The
latter could not be done due to the lack of blood samples. Additionally, the lack of a
consensus guideline regarding immunohistochemical LAG-3 scoring makes it challenging
to draw any cross-comparisons between studies. However, our strengths are that we
restricted our analysis to a well-defined homogenous cohort of patients with stage II colon
cancer. In accordance with Sobottka et al., we performed a binary scoring algorithm for
LAG-3 expression. By using a dichotomous scoring method rather than a quantitative
scoring method with different thresholds, we may minimize the interobserver variability,
increase the reproducibility and facilitate further clinical validation studies in other patient
cohorts. Given the lack of a general scoring guideline, this simple binary assessment of
LAG-3 allows for efficient, cost-effective and easily reproducible scoring that might be
implemented in the diagnostic algorithm of stage II colon cancer, enabling clinicians to
decide whether a patient should undergo adjuvant chemotherapy.

5. Conclusions

In conclusion, we were able to demonstrate that LAG-3 expression on TILs at the
tumor front of stage II colon cancers was associated with better outcomes in both the
overall stage II cohort and within the subgroup of stage II MSS tumors. Therefore, LAG-3
might serve as a potential prognostic biomarker. However, further studies are needed to
explore whether the assessment of LAG-3 in stage II colon cancer may help us to identify
those patients who derive the most benefit from adjuvant chemotherapy.
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Abstract: This study aimed at building a prognostic signature based on a candidate gene panel
whose expression may be associated with lymph node metastasis (LNM), thus potentially able to
predict colorectal cancer (CRC) progression and patient survival. The mRNA expression levels
of 20 candidate genes were evaluated by RT-qPCR in cancer and normal mucosa formalin-fixed
paraffin-embedded (FFPE) tissues of CRC patients. Receiver operating characteristic curves were
used to evaluate the prognosis performance of our model by calculating the area under the curve
(AUC) values corresponding to stage and metastasis. A total of 100 FFPE primary tumor tissues from
stage I-IV CRC patients were collected and analyzed. Among the 20 candidate genes we studied,
only the expression levels of VANGLI significantly varied between patients with and without LNMs
(p = 0.02). Additionally, the AUC value of the 20-gene panel was found to have the highest predictive
performance (i.e., AUC = 79.84%) for LNMs compared with that of two subpanels including 5 and
10 genes. According to our results, VANGLI gene expression levels are able to estimate LNMs in
different stages of CRC. After a proper validation in a wider case series, the evaluation of VANGL1
gene expression and that of the 20-gene panel signature could help in the future in the prediction of
CRC progression.

Keywords: colorectal cancer; gene signature; mRNA expression; VANGLI; FFPE

1. Introduction

Radical surgery and adjuvant chemotherapy improve the clinical outcome of stage III
and high-risk stage II colorectal cancer (CRC) patients. However, it is known that 5-year
overall survival (OS) highly varies according to important prognostic factors, such the pTs
stage (stages II and III) and the involvement of lymph nodes (pN1 and pN2 stage III) [1-3].
Overall, lymph node metastasis (LNM) is a key prognostic factor for the determination of
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CRC outcomes and significantly relates to poorer prognosis, disease-free survival (DFS),
and OS [4,5].

Available clinical data suggest that the accurate diagnosis of LNM is not only im-
portant for the prediction of the prognosis of patients but also useful for further thera-
peutic management, such as for the selection of patients who would benefit from adju-
vant/neoadjuvant chemotherapy or chemo-radiotherapy [2,6,7]. In fact, the number and
sites of lymph nodes involved have a direct impact on the stage of disease as established
by the AJCC tumor-node-metastasis (TNM) staging classification for colon cancer [8].

However, it should be noted that pathological methods are not able to diagnose occult
LNMs (micrometastases). Thus, the use of advanced methodologies (e.g., gene expression
profiling (GEP)), the investigation of specific biomarkers (e.g., microsatellite instability
(MSI)), CpG island methylator phenotype (CIMP), the application of the immune score
recommended for increasing the detection power of disease recurrence, and in this regard
the use of genes associated with lymph node involvement are very useful to enhance this
evaluation [9-12]. In this regard, GEP has been used to discover biomarkers associated
with lymph nodes in epithelial neoplasms, such as pancreatic cancer [13], oral squamous
cell carcinoma [14], invasive breast cancer [15], and CRC [16]. However, the power of
diagnosis may vary based on gene selection.

High-throughput studies in which biomarkers of tumor suppressor genes and onco-
genes are potentially able to predict the prognosis of CRC patients at different stages of
disease and according to the lymph node involvement are available [4,8,17].

In order to find a suitable biomarker to predict LNM involvement, we evaluated
gene expression profiling studies and selected 20 genes (VANGL1, SMAD?2, BUB1, EGFR,
HES1, MAP2K1, NOTCH1, ANXA3, SMAD4, MTA1, LEF1, RHOA, TGF-f3, CD44, CD133,
IL2RA, IL2RB, PITX2, PCSK7, and FOLH1) that play a key role in carcinogenesis, tumor
growth, LNM development tumor invasion, and metastasis by regulating a variety of
cellular processes (Table 1) [4,16-20].

Table 1. Information * on the biological functions of 20 candidate genes and on the primer sequences used for RT-qPCR

Gene Symbol

Gene Name and Functions Primer Sequence

VANGL planar cell polarity protein 1 (located on chromosome 1)
1. It encodes a member of the tetraspanin family.
2. It may be involved in mediating intestinal trefoil factor-induced

VANGL1
(KITENIN)

F: 5-GACACAAGTCACCCCGGAATA-3’
R: 5 -TCCTCTGTCCGAGTAGAATCATT—B/
wound healing in the intestinal mucosa. Amplicon length: 109 bp

Interleukin 2 receptor subunit alpha (located on chromosome 10)

IL2RA
(CD25)

1. Mutations in this gene are associated with interleukin 2 receptor
alpha deficiency.
2. Serum IL-2R levels are found to be elevated in patients with
different types of carcinomas.

F: 5-GAACACAACGAAACAAGTGACAC-3/
R: 5-GGCTGCATTGGACTTTGCATT-3’
Amplicon length: 81 bp

IL2RB
(CD122)

Interleukin 2 receptor subunit beta (located on chromosome 22)
1. It is involved in receptor-mediated endocytosis and transduction
of mitogenic signals from IL2.

F: 5'-CAGCGGTGAATGGCACTTC-3'
R: 5-GGCATGGACTTGGCAGGAA-3’
Amplicon length: 113 bp

TGFB1

Transforming growth factor £ (located on chromosome 19)

1. It encodes a secreted ligand of the TGFf superfamily of proteins.

The encoded protein regulates cell proliferation, differentiation,
and growth.
2. It is frequently upregulated in tumor cells.

F: 5'-CAATTCCTGGCGATACCTCAG-3'
R: 5-GCACAACTCCGGTGACATCAA-3'
Amplicon length: 86 bp

SMAD?2

SMAD2 family member 2 (located on chromosome 18)
1. The protein encoded mediates the signal of the transforming
growth factor (TGF)-beta, thus regulating multiple cellular
processes (i.e., cell proliferation, apoptosis, and differentiation).

F: 5-CCGACACACCGAGATCCTAAC-3'
R: 5-GAGGTGGCGTTTCTGGAATATAA-3’
Amplicon length: 125 bp

SMAD4

SMAD4 family member 4 (Located on chromosome 18)

1. The encoded protein forms homomeric complexes and
heteromeric complexes with other activated Smad proteins that
accumulate in the nucleus and regulate the transcription of target
genes.

2. The encoded protein acts as a tumor suppressor and inhibits
epithelial cell proliferation.

F: 5-CCACCAAGTAATCGTGCATCG-3’
R: 5-TGGTAGCATTAGACTCAGATGGG-3
Amplicon length: 76 bp
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Table 1. Cont.

Gene Symbol Gene Name and Functions

Primer Sequence

CD44 antigen (located on chromosome 11)
1. It is a cell-surface glycoprotein involved in cell-cell interactions,
CD44 cell adhesion, and migration.
(CSPG8) 2. The encoded protein participates in several cellular functions
(e.g., lymphocyte activation, recirculation and homing,
hematopoiesis, and tumor metastasis).

F: 5-CTGCCGCTTTGCAGGTGTA-3'
R: 5'-CATTGTGGGCAAGGTGCTATT-3
Amplicon length: 109 bp

CD133 (located on chromosome 4)
1. It encodes a pentaspan transmembrane glycoprotein.
2. The encoded protein is often expressed on adult stem cells,
(D133 where it has b ted to maintain stem cell ties b
(PROM1) ere it has been suggested to maintain stem cell properties by
suppressing differentiation.
3. It is the marker most commonly used for the isolation of cancer
stem cell population from different tumors.

F: 5-GGCCCAGTACAACACTACCAA-3
R: 5-ATTCCGCCTCCTAGCACTGAA-3'
Amplicon length: 75 bp

HES family basic helix-loop-helix (bHLH) transcription factor 1
(chromosome 3)
1. It is a transcriptional repressor of genes that require a bHLH
protein for their transcription.
2. It plays an important role in the Notch signaling pathway.
3. The absence of Hesl in the developing intestine promotes the
increase of Math1 (the production of intestinal cell types).

HESI1

F: 5-ACGTGCGAGGGCGTTAATAC-3'
R: 5-GGGGTAGGTCATGGCATTGA-3'
Amplicon length: 90 bp

NOTCH receptor 1 (located on chromosome 9)
1. The Notch signaling pathway regulates interactions between
physically adjacent cells through the binding of Notch family
NOTCH1 receptors to their cognate ligands.
2. It plays a role in the development of numerous cell and tissue
types.
3. Mutations in NOTCH1 a};g associated with syndromes,
hematological and solid tumors.

F: 5-TGGACCAGATTGGGGAGTTC-3'
R: 5-GCACACTCGTCTGTGTTGAC-3’
Amplicon length: 82 bp

Lymphoid enhancer-binding factor 1 (located on chromosome 4)
1. It encodes a transcription factor belonging to a family of proteins
that share homology with the high mobility group protein-1.
LEF1 2. It binds to a functionally important site in the T-cell
(TCF10) receptor-alpha (TCRA) enhancer, thus conferring maximal
enhancer activity.
3. Itis involved in the Wnt signaling pathway, and mutations in
this gene have been found in some tumors.

F: 5-ATGTCAACTCCAAACAAGGCA-3
R: 5-CCCGGAGACAAGGGATAAAAAGT-3
Amplicon length: 76 bp

Metastasis-associated 1 (located on chromosome 14)

1. MTA1 expression has been correlated with the metastatic
potential of some carcinomas, but it is expressed also in many
normal tissues.

2. The profile and activity of the encoded protein suggest that it is
involved in regulating transcription and that this may be
accomplished by chromatin remodeling.

MTA1

F: 5-~ACGCAACCCTGTCAGTCTG-3
R: 5-GGGCAGGTCCACCATTTCC-3
Amplicon length: 104 bp

Epidermal growth factor receptor (located on chromosome 7)
1. It encodes a transmembrane glycoprotein that is a member of
EGFR the protein kinase (PK) superfamily.
(ErBb-1) 2. EGFR binds to EGEF, thus inducing receptor dimerization and
tyrosine autophosphorylation, leading to cell proliferation.
3. Mutations in EGFR are associated with lung cancer.

F: 5-TGCGTCTCTTGCCGGAAT-3'
R: 5-GGCTCACCCTCCAGAAGGTT-3’
Amplicon length: 71 bp

Mitogen-activated protein kinase kinase 1 (located on chromosome
15)

1. The encoded protein is a member of the dual specificity PK
family that acts as a mitogen-activated protein (MAP) kinase
kinase.

2. The encoded protein stimulates the enzymatic activity of MAP
kinases upon a wide variety of extra- and intracellular signals.

3. As a component of the MAP kinase signal transduction pathway,
the encoded protein is involved in many cellular processes (e.g.,
proliferation, differentiation, and transcription regulation).

MAP2K1
(MEK1)

F: 5-CAATGGCGGTGTGGTGTTC-3'
R: 5-GATTGCGGGTTTGATCTCCAG-3'
Amplicon length: 91 bp

Folate hydrolase 1 (located on chromosome 11)
1. It encodes a type II transmembrane glycoprotein belonging to
the M28 peptidase family.
FOLH1 2. Also known as prostate-specific membrane antigen (PSMA), it is
(PSMA) expressed in many tissues, including the prostate.
3. In the prostate, the FOLH1/PSMA protein is upregulated in
cancer cells and is used as an effective diagnostic and prognostic
indicator of prostate cancer.

F: 5-AGAGGGCGATCTAGTGTATGTT-3'
R: 5-TGATTTTCATGTCCCGTTCCAAT-3’
Amplicon length: 74 bp
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Table 1. Cont.

Gene Symbol

Gene Name and Functions

Primer Sequence

BUBI1

BUBI1 mitotic checkpoint serine/threonine kinase (located on
chromosome 2)
1. It encodes a protein that plays a central role in mitosis.
2. This protein may also function in the DNA damage response.
3. Mutations in this gene have been associated with aneuploidy
and several forms of cancer.

F: 5-AGCCCAGACAGTAACAGACTC-3
R: 5-GTTGGCAACCTTATGTGTTTCAC-3
Amplicon length: 136 bp

RHOA

Ras homolog family member A (located on chromosome 3)
1. It encodes a member of the Rho family of small GTPases that
function as molecular switches in signal transduction cascades.
2. Overexpression of this gene is associated with tumor cell
proliferation and metastasis.

F: 5-GGAAAGCAGGTAGAGTTGGCT-3'
R: 5-GGCTGTCGATGGAAAAACACAT-3
Amplicon length: 118 bp

PCSK7

Proprotein convertase subtilisin/kexin type 7 (located on
chromosome 11)

1. It encodes a type 1 membrane-bound protease that is expressed
in many tissues, including the neuroendocrine, liver, gut, and
brain.

2. It has been implicated in the transcriptional regulation of
housekeeping genes.

3. A chromosomal translocation associated with B-cell lymphoma
occurs between this gene and its inverted counterpart.

F: 5-GCAGCGTCCACTTCAACGA-3'
R: 5-GCCCAGTCACATTGCGTTC-3
Amplicon length: 117 bp

PITX2
(ARP1)

Paired-like homeodomain 2 (located on chromosome 4)
1. It encodes a member of the RIEG/PITX homeobox family, which
is in the bicoid class of homeodomain proteins.
3. The encoded protein acts as a transcription factor and regulates
procollagen lysyl hydroxylase gene expression.

F: 5-GCCAAGGGCCTTACATCCG-3
R: 5-GGTGGGGAAAACATGCTCTG-3
Amplicon length: 101 bp

ANXA3
(annexin) A3

Annexin A3 (located on chromosome 4)
1. It encodes a member of the annexin family.

1. Members of this calcium-dependent phospholipid-binding
protein family play a role in the regulation of cellular growth and
in signal transduction pathways.

2. The encoded protein functions in the inhibition of
phospholipase A2 and cleavage of inositol 1,2-cyclic phosphate to
form inositol 1-phosphate.

F: 5'-TTAGCCCATCAGTGGATGCTG-3’
R: 5'-CTGTGCATTTGACCTCTCAGT-3'
Amplicon length: 104 bp

B2M

32-microglobulin (located on chromosome 15) - Housekeeping
gene

F: 5'-TGCTGTCTCCATGTTTGATGTATCT-3'
R: 5-TCTCTGCTCCCCACCTCTAAGT-3'
Amplicon length: 86 bp

ACTB

(-actin (located on chromosome 7) — Housekeeping gene

F: 5'- GCCGGGACCTGACTGACTAC-3/
R: 5'- TTCTCCTTAATGTCACGCACGAT-3'
Amplicon length: 100 bp

* Information available at https:/ /www.ncbi.nlm.nih.gov/ (accessed on 10 February 2021).

Thus, the aim of this study was to identify at the mRNA level and to validate at the
protein level the potential prognostic role of these candidate genes in relation to the LNM

of CRC patients.

2. Materials and Methods
2.1. Patients and Sample Collection

This retrospective study was performed in 100 formalin-fixed paraffin-embedded
(FFPE) tumor tissues of CRC patients at stage I or II (1 = 52) and at stage Il or IV (n = 48)
and 10 FFPE samples of normal tissues (colonic mucosa) as calibrators in RT-qPCR, as
well as paired samples of normal colonic tissues from the same CRC patients. All samples
were anonymized. Patients underwent surgical resection for CRC from February 1998 to
December 2018 at Taleghani Hospital, Shahid Beheshti University of Medical Sciences,
Tehran, Iran. They were chemo- and radiotherapy naive, and none of them experienced
previous neoplastic disease. Clinical information, such as colonoscopy/pathology report,
follow-up data, and cause of death, was collected from medical records. All patients were
carefully followed up to confirm their clinical outcomes.

This study was approved by the ethical committee (IR.SBMU.RIGLD.REC.1396.947) of
the Research Institute for Gastroenterology and Liver Disease, Shahid Beheshti University
of Medical Sciences, Tehran, Iran. Written informed consent was obtained from all patients.
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The inclusion criteria for the patients were the following: (1) signed informed consent; (2)
availability of the pathology report to confirm the tumor histology; (3) nonresident in an
institution, such as a prison, nursing home, or shelter; (4) no severe illness in the intensive
care unit; and (5) no preoperative chemotherapy and radiotherapy. The exclusion criteria
were the following: patients affected by familial adenomatous polyposis (FAP), hereditary
nonpolyposis CRC (HNPCC), cancer at any site at the time of selection, and patients who
received neoadjuvant chemotherapy or radiotherapy. The FFPE tissue blocks were cut
10-15 um and 4-7 pm in thickness for mRNA extraction and immunohistochemistry (IHC),
respectively.

To ensure the quality of the presence of tumor and normal cells in FFPE tissue blocks,
before performing the laboratory process, each section was evaluated for tumor and normal
cells (>80% representative) by the pathologist using hematoxylin and eosin (H&E) staining.

2.2. RNA Isolation

Ten—fifteen micrometer thick sections were cut from the FFPE blocks, and each section
was transferred into a microcentrifuge tube. Deparaffinization was performed with 1 mL
xylene, incubating twice for 10 min, and 1 mL absolute ethanol, also incubating twice for
10 min.

2.3. Quantitative and Qualitative Analysis of the Isolated RNA Samples

Total RNA was extracted from the target tissues using the Rneasy Kit (Qiagen,
Chatsworth, CA) according to the company’s protocol. To avoid genomic DNA con-
tamination, RNA samples were treated with Dnase I according to the manufacturer’s
protocol (Invitrogen, Carlsbad, CA, USA). RNA concentration was measured by a Nan-
oDrop ND-1000 spectrophotometer (NanoDrop Technologies Inc., Rockland, DE, USA). An
A260/A280 ratio was used to evaluate the RNA purity, and values in the range of 1.8-2.0
were accepted.

2.4. Real-Time PCR Analysis

cDNAs were generated with a PrimeScript RT Reagent kit (Takara, Shiga, Japan)
according to the manufacturer’s protocol.

The mRNA levels of 20 candidate genes (i.e., VANGLI, IL2RA, IL2RB, TGF-f5, SMAD?2,
SMAD4, CD44,CD133, HES1, NOTCH1, LEF1, MTA1, EGFR, MAP2K1, FOLH1, BUB1, RHOAL,
PCSK7, PITX2, and ANXA3) (Table 1) and of the housekeeping gene 32-microglobulin
(B2M) were analyzed by RT-qPCR using the SYBR Fast qPCR Mix Kit (Takara). The cDNA
samples were amplified by the 7500 Real-Time PCR System (Applied Biosystems, Foster
City, CA, USA) with an initial denaturation at 95 °C for 30 s, followed by 40 cycles each
at 95 °C for 5 s and 60 °C for 34 s. Relative expression abundances of the target genes
were determined by normalizing to B2M and B-actin using the 2-22Ct method. Each
measurement was performed in triplicate. B2M was utilized to calculate the relative
quantitation (RQ) of mRNA transcripts using the 2-24¢t method.

2.5. Unsupervised Hierarchical Clustering

An unsupervised hierarchical clustering was used to graphically display the expres-
sion levels of 20 candidate genes in CRC samples. Dendrograms and clustering were
generated by using the Gene Cluster version 3.0 software and visualized with the Java
TreeView version 3.0, available at http:/ /rana.lbl.gov/EisenSoftware.htm (accessed on
1 February 2021) and http:/ /jtreeview.sourceforge.net (accessed on 1 February 2021), re-
spectively. The color of each square box represents the ratio of gene expression. Green
boxes indicate upregulated genes, while red boxes represent downregulated genes.

2.6. Immunohistochemistry and Evaluation of Staining

To investigate the expression levels of candidate proteins, an IHC analysis was per-
formed on slices of FFPE tissues ranging from 4 to 7 um in thickness. For deparaffinization,
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the slides were incubated at 37 °C for 24 h and then washed with xylene (100%), ethanol
(100%, 85%, and 75%), and distilled water, respectively. After deparaffinization, slides
were incubated in a solution of 10% H;O, and methanol at a ratio of 1:9 for 15 min and
subsequently washed with the distilled water. Next, the slides were treated in the 10 mM
citrate buffer solution (pH = 6) and microwaved with 800 W for 24 min and washed with
the Tris-buffered saline (TBS). After treating with the blocking serum for 15 min, the slides
were immunostained with mouse anti-human MoAbs for 45 min and later washed with
TBS. Later, by treating with the EnVision + visualization system (Dako) for 30 min, followed
by DAB (Master Diagnosis, LOT. No 090517C1-01) as the chromogen substrate for 10 min,
the bound primary antibody was visualized. Finally, the slides were washed with distilled
water, dehydrated with ethanol, and stained in hematoxylin. All the slides were indepen-
dently checked by investigators who had no knowledge of the patients’ characteristics and
clinical outcome using a microscope (Nikon, Tokyo, Japan).

The analysis of immunostaining intensity was performed using a qualitative scale
and ocular observation. Sections were first scanned at low-power magnification (10x) and
were quantitatively assessed as follows: under a light microscope at 400x magnifications,
five high-power fields (HPFs) were randomly selected, and the immunostaining intensity
was determined.

Mean values were estimated through the scanning of the entire tissue sections of
all samples using two graded scales: negative, <10%, and positive, >10%. The positive
controls were the following: (a) a normal colonic tissue was taken as an internal control for
-catenin IHC, and (b) a histologically diagnosed section of colon carcinoma tissues for
nuclear positivity by f3-catenin IHC. Negative control was achieved by omitting the primary
antibody. The MoAbs used in this study were VANGL1 (Abcam, Anti-VANGL1 antibody
ab69227), SMAD4 (Abcam, Phospho-SMAD4 antibody T277), EGFR (Master Diagnosis,
Anti-EGFR antibody Lot No. 0664000), and LEF1 (Master Diagnosis, Anti-EGFR antibody
Lot No. 07430003).

2.7. Statistical Analysis

Tumors were divided into lymph node metastases (LNMs) and non-lymph node
metastases (non-LNMs) based on the histopathological results. The mRNA expression
levels of tumor tissues were represented as the mean =+ standard deviation (S5D). The Mann-—
Whitney U and Kruskal-Wallis tests were used to assess the differences of the mRNA
expressions of 20 genes between the established groups (i.e., presence/absence of LNMs;
stage (I-1I vs. III-1V), tumor differentiation grade (well vs. poor differentiated), sex (male
vs. female), and age (<50 vs. >50)). All statistical analyses were performed by the IBM
SPSS Statistics software version 22 (IBM, SPSS, Chicago, IL, USA) and Stata analyzer.

For receiver operating characteristic (ROC) curve analysis, the R 3.6.1 software was
used to evaluate the sensitivity and specificity of the prognosis prediction (evaluated
by OS) according to the mRNA gene expression by analyzing the area under the curve
(AUCQ). Stratification of patients in high and low tumor gene expression was established
according to the cutoff obtained for each gene by ROC analysis. OS analysis was per-
formed by plotting Kaplan-Meier (log-rank test) curves. p-Values < 0.05 were considered
statistically significant.

3. Results
3.1. Clinical and Pathological Characteristics of Patients

The population study consisted of 100 FFPE tissues from CRC patients (59 men and
41 women with an average age of 52.17 years, 20-78 range). The clinical features of the
study population are shown in Table 2. Information on age, sex, stage, tumor differentiation,
and tumor location is available for all patients. Among patients, 52% had stage I or Il CRC,
while 48% of the cases had stage III or IV. Of 100 patients, 37 were positive and 63 were
negative for LNM.
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Table 2. Clinical and pathological characteristics of patients.

Characteristics Number of Patients, 100 (%)
Gender
Male 59 (59%)
Female 41 (41%)
Age
<50 years 59 (59%)
>50 years 41 (41%)
Tumor localization
Left (descending colon) 49 (49%)
Right (ascending colon) 51 (51%)
Tumor stage

I 9 (9%)
11 43 (43%)
111 41 (41%)

v 7 (7%)

Differentiation grade
Well differentiated 82 (82%)
Poorly differentiated 18 (18%)
Lymph node metastasis

Yes 37 (37%)
No 63 (63%)

Median overall survival, range 10.8 years, 0.019-21 years

3.2. Gene Expression Analysis

To identify molecular determinants of LNMs, gene expression profiles from patients
with or without LNMs and at different stages of disease were compared. Based on literature
data, we selected 20 genes that relate to the lymphatic metastatic process and evaluated
their expression levels in 100 FFPE blocks.

Relationships of tumor gene expression with demographic (sex, age), clinical (tumor
location), and pathological (stage, LNM, grade) features are reported in Tables 3 and 4.

Table 3. Relationships between the expression of 20 CRC study genes and age and sex.

Fold Change of Age Fold Change of Sex
Gene Symbol
<50 >50 p-Value Male Female p-Value
VANGL1 4910 £7.56 7.155 £ 10.54 0.44 5.706 £ 9.02 6.972 £ 10.08 0.36
IL2RA 0.603 £ 0.640 1.509 £ 1.83 0.02 1.148 £ 1.61 1.098 £ 1.37 0.93
IL2RB 0.699 £1.10 0.635 +1.24 0.88 0.870 +£1.37 0.351 £0.71 0.02
TGEpB 1.056 + 1.61 1.285 +2.02 0.79 1.308 +2.14 1.010 +1.34 0.90
SMAD?2 1.313 £2.20 0.855 +1.45 0.74 0.942 + 1.64 1.205 £ 2.06 0.30
SMAD4 2.157 £2.36 2425 £2.21 0.41 2417 £2.20 2.157 £2.37 0.34
CD44 0.596 + 0.814 0.537 £ 0.87 0.44 0.478 £ 0.85 0.687 + 0.82 0.10
CD133 0.832 £1.77 1.329 £2.83 0.62 0.870 +2.43 1.495 £ 2.44 0.07
HES1 2.830 £ 3.52 2134 +£3.28 0.36 2.685 £ 3.39 0.955 £ 3.38 0.44
NOTCH1 1.088 +2.18 0.953 £2.22 0.58 0.795 £ 2.36 1.332 +1.89 0.02
LEF1 1.178 £1.80 1.038 £1.19 0.58 0.988 +1.14 1.260 £ 1.86 0.86
MTA1 1.045 £ 1.01 1.012 £ 0.98 0.85 0.947 +0.93 1.144 £ 1.06 0.37
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Table 3. Cont.

Gene Symbol Fold Change of Age Fold Change of Sex
<50 >50 p-Value Male Female p-Value
EGFR 2.272 £ 2.60 2.937 + 4.65 0.75 2439 +3.43 2.986 + 4.58 0.87
MAP2K1 1.722 £2.47 1.235 £2.23 0.02 1.495 + 2.65 1.355 £ 1.78 0.49
FOLH1 0.797 £+ 0.70 0.814 £ 0.91 0.65 0.809 + 0.85 0.804 + 0.81 0.78
BUBI1 0.656 + 1.65 0.610 + 1.46 0.18 0.731 £1.53 0.476 + 1.56 0.27
RHOA 0.510 £ 0.621 0.562 +£1.19 0.11 0.625 £ 1.11 0.414 £0.75 0.50
PCSK7 6.590 + 7.74 3.069 + 4.48 0.19 4196 £ 5.12 5.076 £ 6.02 0.42
PITX2 0.976 + 2.00 0.663 +1.13 0.57 0720 £ 1.13 0.906 + 2.05 0.58
ANXA3 3.533 £ 4.70 4.399 + 6.65 0.60 4.298 + 6.06 3.641 £ 5.71 0.12

Table 4. Relationships between the expression of 20 CRC study genes and clinical and pathological characteristics of patients.

Gene Fold Change of Stage Fd&gggﬁ:&;‘g’g ph Fold Change of Tumor Site Di ffgl}gntcigtaigﬁeéjrfa de
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In particular, the gene expression levels of VANGL1 varied significantly between
patients with and without LNMs. The tumors of patients with LNMs displayed twofold
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higher levels of VANGL1 mRNA expression compared with those of patients without LNMs
(p = 0.02) (Table 4 and Figure 1). Additionally, the expression levels of this gene varied
between patients with stages I-II and III-IV, showing the highest mean level (i.e., 8.831) for
stages IIl and IV. This difference reached a good level of significance, although not fully
significant (p = 0.05) (Table 4 and Figure 1).
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Figure 1. VANGL1 mRNA relative quantification (RQ) established by RT-qPCR analysis according to
lymph node metastasis (LNMs) involvement or stage. Gene expression levels of VANGL1 differed
significantly between patients with and without LNMs.

The mRNA expression levels of three genes (i.e., IL2ZRB, SMAD, and ANXA3) were
significantly (p < 0.05) different between well-differentiated (i.e., G1 and G2) and poorly
differentiated (i.e., G3 and G4) tumors (Table 4 and Figure 2).
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Figure 2. ANXA3 and SMAD2 mRNA relative quantification (RQ) established by RT-qPCR analysis
according to histological grade. Gene expression levels of these genes differed significantly between
well- and poorly differentiated cancers.

We found significant associations between tumor mRNA expression of IL2RB and
NOTCH]1 genes and gender and between tumor mRNA expression of IL2RA and MAP2K1
genes and age. In particular, the IL2RA gene was significantly downregulated in patients
younger than 50 years old compared with patients older than 50 years (Figure 3). Addi-
tionally, an increased expression of the MAP2K1 gene was observed in patients older than
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50 years in comparison with patients younger than 50 years old (p = 0.02). IL2RB exhibited
lower expression in females compared with males (p = 0.02) (Table 3 and Figure 4). Con-
versely, the NOTCH1 gene was significantly upregulated in female patients as compared
with male CRC cases (p = 0.02).
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Figure 3. IL2RA and MAP2K1 mRNA relative quantification established by RT-qPCR analysis
according to age. Gene expression levels of these genes differed significantly between patients
younger than 50 years and patients older than or equal to 50 years.
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Figure 4. [L2RB and NOTCH1 mRNA relative quantification (RQ) established by RT-qPCR analysis
according to gender. Gene expression levels of these genes differed significantly between males
and females.

3.3. Heat Maps of Real-Time PCR Data

Hierarchical clustering of 100 CRC samples is reported in Figure 5. According to the
diagram, the VANGL1, PCSK7, and ANXA3 genes showed the highest expression levels in
most CRC samples.
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Figure 5. Heat maps of real-time RT-qPCR data representing gene expression variations of
the 20 analyzed transcripts in FFPE CRC samples. Green indicates upregulation, and red
indicates downregulation.

3.4. ROC Analysis

The predictive performance of the 20-gene signature was assessed by computing the
AUC value of the ROC curve. A logistic regression model was built based on the compari-
son of tumor samples (n = 100) in relation to the following study patient characteristics:
stage I-1I vs. III-IV and presence vs. absence of LNM. We selected two panels including 5
and 10 genes based on the genes that had the highest AUC and showed a more effective
role in CRC progression. One panel included 5 genes (VANGL1, IL2RA, SMAD2, RHOA1,
and HES), and the other 10 genes (previous 5 plus MTA1, CD133, FOLH1, NOTCH1, and
TGE-3). The total number of genes (i.e., 20-gene panel) was also analyzed.

Figure 6 summarizes the performances of the study gene panels for the prediction of
stage in the patient cohort, with the 20-gene panel achieving the highest performance. The
AUC value for the 5-gene panel was 68.39%, along with 95% ClI, 57.81%-78.97%; 67.30%
sensitivity; and 66.66% specificity (Figure 6A); for the 10-gene panel, the AUC was 71.67%
(95% CI, 61.51%—-81.84%; sensitivity, 61.53%; and specificity, 72.91%) (Figure 6B). The
analysis of the total 20 genes resulted in AUC = 78.85% (95% CI, 69.94%—87.75%; sensitivity,
75%; and specificity, 77.08%) (Figure 6C). In Figure 6D, the AUCs of 20-, 10-, and 5-gene
panels in relation to stage are reported. When all the three AUCs (5-/10-/total-gene panels)
were compared together, these results showed a trend towards significance (p = 0.055).
When the AUC of the total number of genes was compared with that of the 5 genes, the
difference was highly significant (p = 0.02). A statistical trend was observed between
the AUC of the total panel and that of the 10-gene panel (p = 0.08), while no significant
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difference between the AUC of the 10-gene panel and that of the 5-gene panel was noted

(p = 0.34).
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Figure 6. Comparison of the predictive performance by receiver operating characteristic (ROC) curve analysis for stage.
(A) The AUC assessment of the logit(p) value for the panel of 5 genes. (B) The AUC assessment of the logit(p) value for
the panel of 10 genes. (C) The AUC assessment of the logit(p) value for the panel of total genes. (D) Comparison of the
predictive performance for the panel of 5, 10, and 20 genes.

Figure 7 summarizes the performances of the study gene panels for the prediction
of LNMs in CRC patients, and also in this case, the 20-gene panel achieved the highest
performance. The AUC value was 70.19% (95% CI, 59.18%—81.02%; sensitivity, 84.12%;
specificity, 57.86%) when the gene expression of the 5-gene panel was compared in relation
to LNM and non-LNM CRC patients (Figure 7A). Comparison of the gene expression of the
10-gene panel in relation to LNM and non-LNM CRC patients resulted in AUC = 71.47%
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(95% CI, 60.62%—-82.32%,; sensitivity, 80.95%; specificity, 59.45%) (Figure 7B). The AUC of the
total genes in LNM vs. non-LNM CRC patients was the highest of the three AUCs obtained
(i.e., 79.84% (95% CI, 70.38%-89.30%; sensitivity, 74.60%; specificity, 75.67%) (Figure 7C).
As far as the association with LNMs was concerned, the comparison between all the AUCs
together (5-/10-/total-gene panels) pointed out a nearly significant difference (p = 0.05). In
particular, the AUC of the total-gene panel was significantly higher compared with that
of the 5-gene panel (p = 0.03) in relation to LNM and non-LNM CRC patients (Figure 7D).
A high statistical trend was observed between the AUC of the total gene panel and that
of the 10-gene panel (p = 0.06), although no statistical difference was observed between
the AUC of the 10-gene panel and that of the 5-gene panel (p = 0.38). We also analyzed the
predictive performance of single genes according to stage and LNM (Tables S1 and S2).
Data showed that the VANGLI gene was a significant predictor for LNMs with an AUC of
63.99 (95% CI, 52.41%-75.56%; sensitivity, 80.95%; specificity, 45.94).
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Figure 7. Comparison of the predictive performance by receiver operating characteristic (ROC) curve analysis for lymph
node metastasis (LNMs). (A) The AUC assessment of the logit(p) value for the panel of 5 genes. (B) The AUC assessment of
the logit(p) value for the panel of 10 genes. (C) The AUC assessment of the logit(p) value for the panel of total genes. (D)
Comparison of the predictive performance for the panel of 5, 10, and 20 genes.
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3.5. Correlation of Gene Expression with Overall Survival

All patients completed their follow-up by 20 December 2018 (median, 10.8 years, and
range, 0.019-21 years). Patients whose tumors expressed higher levels of NOTCHI mRNA
or lower levels of IL2RB mRNA showed a statistically significant prolonged OS compared
with their respective counterparts (p = 0.042 and p = 0.043, respectively) (Figure 8). No
other statistically significant correlation was found between OS and expression levels of
the other study genes.
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Figure 8. Association between NOTCH1 (A) and IL2RB (B) expression and overall survival. The median follow-up was 10.8
(0.95LCL-0.95UCL; 10-11) years. HR, hazard ratio.

3.6. Immunohistochemistry Analysis

The protein expression levels of four genes that play a critical role in cancer develop-
ment and progression was evaluated by using IHC. Twenty-five percent of CRC FFPE and
normal matched tissues were used in this regard. In particular, we were interested in the
evaluation of the expression levels of the products of VANGL1, EGFR, and SMAD4 based
on literature data and on the relationships we observed between the expression of their
respective encoding genes and the clinical /pathological characteristics of the study CRC
patients. The fourth protein we selected was LEF1. Although we did not find relationships
between LEF1 gene expression and the clinical/pathological parameters of CRC patients,
we were interested in evaluating the potential role of LEF1 as an early biomarker of colorec-
tal carcinogenesis since its activation by MYC has been associated with the activation of the
WNT pathway signaling. The protein expression of VANGL1, EGFR, LEF1, and SMAD4
via their antibodies were examined. Results showed that VANGL1 and EGFR proteins
were overexpressed (more than 50% of the stained cells in colon adenocarcinoma tissues
compared with the normal tissues) (Figures 9 and 10). Additionally, immunohistochemical
staining revealed a predominantly nuclear localization of SMAD4 and LEF1, and they
showed higher expression in CRC tissues compared with normal colonic mucosa with
more than 50% and 20% of the stained cells, respectively (Figures 10 and 11).
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(A) (B)

Figure 9. (A) Immunohistochemical staining of VANGLI in colorectal adenocarcinoma with an intensity score of 3+ with
more than 70% of the stained cells. (B) Inmunohistochemical staining of VANGLI1 in normal sample.

(A) (B)

Figure 10. (A) Immunohistochemical staining of EGFR in colorectal adenocarcinoma with an intensity score of 2+ with
more than 50% of the stained cells. (B) Immunohistochemical staining of LEF1 in colorectal adenocarcinoma with a positive

expression of more than 20% of the stained cells.

(A) (B)

Figure 11. (A) Immunohistochemical staining of SMAD4 in colorectal adenocarcinoma with an intensity score of 2+ with
more than 50% of the stained cells. (B) Inmunohistochemical staining of SMAD4 in normal sample.
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4. Discussion

The prediction of CRC progression risk and the identification of novel biomarkers
predictive of this risk could represent a relevant advancement [6]. In this study, we
evaluated the expression levels of several genes that are involved in LNM and malignant
transitions in CRC tissues via RT-qPCR and IHC methods.

Previous investigations showed a high tumor expression level of the VANGL-1 gene in
CRC patients compared with normal tissues [21-24]. Additionally, VANGL1 gene expres-
sion levels have been suggested to play a critical role in CRC progression and to be notably
related to tumor stages and LNM [21-24]. These findings are in substantial agreement with
our results. Lee and et al. showed that VANGL1 gene knockdown can decrease the mRNA
expression level of CYKLIND1, COX2, MMP3, and ERK1/2 and reduce tumor growth and
invasion. In addition, they found that a high expression level of the VANGLI gene was
associated with the overexpression of AP-1 target genes, which have an important role in
MAPK signaling in CRC [22]. Oh et al. indicated that VANGLI silencing reduced vascular
endothelial growth factor A (VEGF-A) and hypoxia-inducible factor 1-alpha (HIF1A). They
suggested that the VANGLI gene can increase angiogenesis and CRC malignancy [21].
Additionally, our past investigations showed that angiogenesis and the angiogenic fac-
tors VEGF-A and HIFA play an important role in CRC initiation and progression [25-27].
Thus, it seems that the VANGL1 gene may interact with VEGF-A and HIF1A signaling and
enhance tumor malignancy.

In this study, we showed that the VANGLI gene was an independent prognostic
biomarker for CRC patients. Taken together, these results indicate that the VANGLI
gene may have a key role in the regulation of several genes, including those involved in
angiogenesis. Thus, VANGLI could be suggested as a potential biomarker for the prediction
of tumor malignancy and targeted therapy in CRC.

TGF-PB has been suggested to be a tumor suppressor gene able to stop the cell cycle
at early stages of tumor, and SMAD proteins, being transcriptional mediators of TGF-3
signaling, play a critical role in it [28]. In particular, SMAD?2 is located at 18q21 and plays a
role as a tumor suppressor gene [29-31]. As a result of the loss of heterozygosity (LOH)
in the 18921 region, SMAD?2 gene expression is reduced in several cancers and increases
cancer progression [31]. However, our findings showed a significant downregulation of
SMAD?2 in well-differentiated tumors. Although this finding is substantial in contrast with
most of the available data, the complexity of the mutational profile of SMAD?2 [32], its
relationships with the other SMAD proteins [33], and the potential role of specific miRNAs
on the regulation of SMAD?2 [34] could have contributed to this result.

SMAD#4 that forms a heterotrimer with SMAD?2 and SMAD3 to exert transcriptional
activity plays a crucial role in carcinogenesis [35], and loss of the SMAD4 gene occurs in
about 30% of CRC [36]. It was reported that loss of SMAD4 was significantly related to
CRC progression and metastasis and occurred in late stages [29,37-40]. Previous studies
revealed that in colon cancer, the activation of TGF-f3 signaling induced ERK and P38
signaling and stimulated angiogenesis by VEGF upregulation when SMAD4 was knocked
down [36]. Our findings are in agreement with previous investigations [41,42] and indicate
that the expression level of the SMAD4 gene in stage III-IV CRC was lower than that in
stage I-1I, although this difference did not reach a statistically significant level.

We observed an upregulation of the TGF-p gene in stage III-IV CRC samples, although
these results were not statistically significant. According to these data, loss of the SMAD4
gene and upregulation of TGF-p may be associated with a more advanced tumor stage and
can promote cancer initiation, progression, and metastasis [35].

The NOTCH signaling pathway activity has been reported in several cancers, such
as CRC and hepatocarcinoma [43—46]. NOTCH signaling consists of several receptors
(NOTCH1-4) and targets genes including the transcription factor HESI (HES family basic
helix-loop-helix (bHLH) transcription factor 1) [43,47,48]. In addition, HES1 has several
functions, such as intestinal cell stability and apoptosis control [43,49]. Our study showed
a downregulation of NOTCH]1 in stage III-IV CRC and a significant correlation between
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a high expression level of NOTCH1 and longer patient survival. This is in contrast with
a previous study that reported an upregulation of NOTCH1 in advanced or metastatic
CRC patients and a significant association between the upregulation of NOTCH1I and poor
survival [43]. Moreover, we observed a significant overexpression of NOTCH1 levels in
female patients.

In agreement with our findings, several studies demonstrated a significant overexpres-
sion of the HES1 gene in CRC samples compared with a normal tissue [50-52]. Additionally,
we found that the overexpression of the HES1 gene in stage III-IV CRC was more marked
than in stage I-II. This result is in agreement with past investigations [43,50,52]. Overall,
our data, together with those of others, confirm that NOTCH signaling, especially NOTCH1
and HESI, play a critical role in metastasis and invasion as well as in the activation of
several other signaling pathways. The activation of NOTCH]I is, in fact, able to induce
HEST and to start cancer progression [53-56].

IL2RA and IL2RB bind interleukin 2, which is necessary for the stimulation of T-cell
immune response, and act as signal transduction factors. A high level of IL2, IL2RA, and
IL2RB gene expression and their relationships with tumor progression and malignancy
have been previously reported [57]. However, in agreement with our results, Marshall
et al. also found no significant association between IL2RB gene expression and cancer
progression [58].In the present investigation, we observed that a downregulation of IL2ZRA
was significantly associated with CRC patients younger than 50 years.

ANXAS3 plays a relevant role in tumor metastasis, invasion, and drug treatment resis-
tance [59-62]. In a previous investigation, a blood-based biomarker panel, also including
the ANXA3 gene, able to stratify subjects according to their relative CRC risk in comparison
with an average-risk population, was developed [58]. Similar to this study, a significant
upregulation of ANXA3 has been identified in CRC tissues compared with normal mucosa
as well as in several other cancers, such as pancreas, breast, and lung cancers [63,64].

Several findings have shown that the suppression of ANXA3 upregulation could
inhibit cell proliferation and metastasis in CRC [65,66]. Thus, ANXA3 could be considered
a new potential prognostic biomarker and therapeutic target for CRC treatment [66,67].
Upregulation of the ANXA3 gene and its correlation with gastric tumor size, stage, and
LNMs were detected by Wang et al. [67] Moreover, these authors suggested that the
overexpression of ANXA3 has a huge effect on gastric cancer malignancy, and it can be used
as a novel prognostic biomarker and a suitable target for treatment [67]. Zhou et al. reported
that high expression levels of ANXA3 were significantly correlated with breast tumor LNMs
and tumor grade, suggesting ANXA3 as a biomarker for breast cancer prognosis [68]. In
our study, a significant overexpression of the ANXA3 gene in well-differentiated tumors
compared with poorly differentiated tumors was instead observed. However, we also
observed higher levels of ANXA3 in tumors from patients with LNMs compared with
tumors from patients without LNMs, although this difference did not reach statistical
significance. Overall, we were only able to partially confirm the observations of other
authors who suggested that the ANXA3 gene may act as an oncogene and play a role in the
transformation of a normal tissue into tumor, CRC invasion, and malignancy progression.

BUBI acts as a checkpoint factor during cell mitosis and proliferation, and PCSK7 plays
a role in cellular multiplication, mortality, and adhesion. These two genes are involved
in cancer metastasis and invasion [69-72]. In our study, we observed a downregulation
of the BUB1 gene in CRC samples compared with normal mucosa, but this difference
was not statistically significant. Additionally, previous studies showed a downregulation
of the BUBI gene in gastric cancer and in CRC [70,73]. Furthermore, in agreement with
previous studies, we found an upregulation of PCSK7 in CRC. On the other hand, Jaaks
et al. realized a significant upregulation of the PCSK7 gene in colon cancer and considered
it a potential biomarker [72]. Taken together, it could be suggested that the low expression
level of BUBI and the upregulation of PCSK7 have a critical role in malignant transition
through colorectal carcinogenesis.
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EGEFR is a transmembrane receptor that binds to EGF and stimulates cell growth in
tissues. Overexpression of the EGFR gene has been observed in several cancers, includ-
ing colorectal, lung, breast, and bladder [74]. It has been reported that the EGFR gene
may play a role in CRC development [75] since its expression increases with malignant
transformation from normal colonic mucosa to metastatic CRC [75,76]. Previous studies,
in fact, showed that EGFR gene overexpression was significantly related to tumor stages,
metastasis, and well-differentiated tumors [75,77]. Although we found a higher expression
of EGFR in tumor tissues compared with normal tissues, as well as in the right colon
compared with the left colon, we did not find correlations between tumor EGFR gene ex-
pression and clinicopathological features. However, our observations substantially confirm
the role of EGFR in CRC progression.

5. Conclusions

In conclusion, the main results of this study highlight that the expression of the tumor
VANGLI1 gene is an independent prognostic biomarker and could be considered a potential
predictor for detecting malignancy risk in CRC patients. Additionally, LNMs were highly
predicted by the 20-gene panels. However, validation studies including a higher number
of patients are required.
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Abstract: In this analysis, we examined the efficacy, feasibility, and limitations of molecular-based
targeted therapies in heavily pretreated metastatic colorectal cancer (mCRC) patients after failure
of all standard treatments. In this single-center, real-world retrospective analysis of our platform
for precision medicine, we mapped the molecular profiles of 60 mCRC patients. Tumor samples
of the patients were analyzed using next-generation sequencing panels of mutation hotspots,
microsatellite instability testing, and immunohistochemistry. All profiles were reviewed by a
multidisciplinary team to provide a targeted treatment recommendation after consensus discussion.
In total, we detected 166 mutations in 53 patients. The five most frequently found mutations were
TP53, KRAS, APC, PIK3CA, and PTEN. In 28 cases (47% of all patients), a molecularly targeted
therapy could be recommended. Eventually, 12 patients (20%) received the recommended therapy.
Six patients (10%) had a clinical benefit. The median time to treatment failure was 3.1 months.
Our study demonstrates the feasibility and applicability of using targeted therapies in daily clinical
practice for heavily pretreated mCRC patients. This could be used as a targeted treatment option in
half of the patients.

Keywords: molecular oncology; precision medicine; colorectal cancer; targeted therapy;
molecular profiling

1. Introduction

Colorectal cancer (CRC) is one of the most frequent cancer types and is a major cause of mortality
and morbidity. According to GLOBOCAN 2018, CRC is the fourth most common cancer disease
throughout the world, equally affecting both men and women, with over 2 million new cases in 2018 [1].
It accounts for approximately 1 million deaths annually and 11% of all cancer deaths, ranking as the
third most common cause of cancer death [1]. CRC particularly affects developed countries where
inhabitants follow a western lifestyle that bears important risk factors for the carcinogenesis of CRC
including alcohol intake, tobacco use, immoderate red and processed meat consumption, low intake of
fiber, obesity, and a sedentary lifestyle [2].

In recent years, considerable effort has been made to explore the complex tumor biology of CRC
and to expand and enrich the therapeutic armamentarium with new therapeutic agents. The therapeutic
landscape for the management of metastatic CRC (mCRC) is rapidly evolving.
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The development and application of monoclonal antibodies and tyrosine kinase inhibitors
in addition to systemic cytotoxic (poly)chemotherapy have significantly improved the prognosis,
median overall survival, and quality of life of mCRC patients [3,4].

Despite diagnostic and therapeutic advances in the management of mCRC, the 5-year survival
rate for mCRC is approximately 14%, with a median overall survival of 30 months [5,6]. Moreover,
after failure of standard therapy lines, therapeutic options are limited.

One way to offer treatment concepts for therapy refractory mCRC would be to analyze the
molecular profile of tumors to identify actionable pathologic molecular alterations to develop an
individually coordinated therapy plan. This individually tailored, tissue-agnostic molecular-based
treatment approach is referred to as precision medicine in oncology or simply precision oncology [7,8].

In the last few years, more and more targeted therapy agents have been introduced for the
management of several cancer diseases, such as trastuzumab in human epidermal growth factor
receptor 2 (HER?2 positive) breast cancer or gastric cancer [9,10], imatinib in in KIT+ gastrointestinal
stromal tumor (GIST) [11], and B-rapidly accelerated fibrosarcoma (BRAF)-directed therapy with
vemurafenib or dabrafenib/trametinib in melanoma [12].

Thus, exploring the molecular profile of mCRC may aid in the development of molecular targeted
therapies and allow their efficacy to be tested.

In this study, we conducted a retrospective subgroup analysis of all 60 patients with advanced
therapy refractory mCRC that had been enrolled and profiled via our special platform for precision
medicine of the Comprehensive Cancer Centre of the Medical University of Vienna (CCC-MUV).

We sought to map the molecular profiles of mCRC to identify and target specific molecular
alterations. We discuss the challenges, limitations, and the time to treatment failure (TTF) of precision
medicine approaches in this patient group.

2. Methods

2.1. Patients and Design of the Precision Medicine Platform

All patients with heavily pretreated advanced metastatic CRC who had progressed to all standard
treatment options and had undergone molecular profiling from June 2013 to June 2020 were included
in this retrospective single-center study. This study was conducted at the Clinical Division of Oncology
of the tertiary care university hospital Medical University of Vienna. Cancer patients refractory to all
standard therapies were eligible for inclusion in our precision medicine platform, provided that tissue
samples for molecular profiling were available. The specimens were either obtained by fresh tumor
biopsy performed by physicians at the Department of Interventional Radiology or were provided by
the archives of the Department of Pathology when tumor biopsy was not feasible. Patients had to have
an Eastern Cooperative Oncology Group (ECOG) performance status of <1. All patients in this analysis
had to be at least 18 years at the time of molecular analysis and had to provide informed consent before
inclusion in our platform. Our precision medicine platform is not a clinical trial but intends to provide
targeted therapy recommendations to patients where no standard antitumoral treatment is available.
This analysis was approved by the Institutional Ethics Committee of the Medical University of Vienna
(Nr. 1039/2017). The General Hospital of Vienna directly covered all costs for molecular profiling and
targeted therapy provided the cancer patients had no further standard treatment options.

2.2. Evaluation of Outcome and Follow-Up

All patients with heavily pretreated advanced metastatic CRC who had progressed to all standard
treatment options were confirmed by the response evaluation criteria in solid tumors 1.1 (RECIST 1.1)
criteria [13]. These international criteria provide a basis for standardized and objective assessment of
the change in tumor burden during treatment. The criteria distinguish four types of change:

e  Complete response (CR): All target lesions disappear
e  Partial response (PR): The sum of the longest diameter of target lesions decrease at least by 30%
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e  Stable disease (SD): Neither sufficient shrinkage to qualify for PR nor sufficient increase to qualify
for PD

e Progressive disease (PD): The sum of the longest diameter of target lesions increase at least by
20%. PD means the tumor has become resistant to the therapy and, thus, the therapy has failed.

Follow-up was done every 8 to 12 weeks for outcome evaluation by radiological assessment
depending on the respective therapy. If the patient did not appear on the follow-up date, we searched
our electronic data processing system that is linked to the national death register to check and ascertain
the death of the patient in the meantime.

2.3. Tissue Samples

Formalin-fixed, paraffin-embedded tissue samples from patients with metastatic CRC who had
progressed through all standard therapy regimens were obtained from the archives of the Department
of Pathology, Medical University of Vienna, Austria.

2.4. Cancer Gene Panel Sequencing

DNA was extracted from paraffin-embedded tissue blocks with a QIAamp Tissue KitTM
(Qiagen, Hilden, Germany). From each tissue sample, 10 ng of DNA was provided for sequencing.
The DNA library was created by multiplex polymerase chain reaction with the Ion AmpliSeq Cancer
Hotspot Panel v2 (Thermo Fisher Scientific, Waltham, MA, USA), which covers mutation hotspots of
50 genes. The panel includes driver mutations, oncogenes, and tumor suppressor genes. In mid-2018,
the gene panel was expanded using the 161-gene next-generation sequencing panel of Oncomine
Comprehensive Assay v3 (Thermo Fisher Scientific, Waltham, MA, USA), which covers genetic
alterations, gene amplifications, and gene fusions. The Ampliseq cancer hotspot panel was sequenced
with an Ion PGM (Thermo Fisher) and the Oncomine Comprehensive Assay v3 on an Ion S5 sequencer
(Thermo Fisher Scientific, Waltham, MA, USA). The generated sequencing data were analyzed
afterwards with the help of Ion Reporter Software (Thermo Scientific Fisher). We referred to the BRCA
Exchange, ClinVar, COSMIC, dbSNP, OMIM, and 1000 genomes for variant calling and classification.
The variants were classified according to a five-tier system comprising pathogenic, likely pathogenic,
uncertain significance, likely benign, or benign modifiers. This classification was based on the standards
and guidelines for the interpretation of sequence variants of the American College of Medical Genetics
and Genomics [14]. The pathogenic and likely pathogenic variants were taken into consideration for
the recommendation of targeted therapy.

2.5. Immunohistochemistry

Immunohistochemistry (IHC) was performed using 2-pm-thin tissue sections that were read
by a Ventana Benchmark Ultra stainer (Ventana Medical Systems, Tucson, AZ, USA). The following
antibodies were applied: anaplastic lymphoma kinase (ALK) (clone 1A4; Zytomed, Berlin, Germany);
CD20 (clone L26; Dako); CD30 (clone BerH2; Agilent Technologies, Vienna, Austria); DNA mismatch
repair (MMR) proteins including MLH1 (clone M1, Ventana Medical Systems), PMS2 (clone EPR3947,
Cell Marque, Rocklin, CA, USA), MSH2 (clone G219-1129, Cell Marque), and MSHS6 (clone 44,
Cell Marque); epidermal growth factor receptor (EGFR) (clone 3C6; Ventana); estrogen receptor
(clone SP1; Ventana Medical Systems); human epidermal growth factor receptor 2 (HER2) (clone 4B5;
Ventana Medical Systems); HER3 (clone SP71; Abcam, Cambridge, UK); C-kit receptor (KIT)
(clone 9.7; Ventana Medical Systems); MET (clone SP44; Ventana); NTRK (clone EPR17341, Abcam);
phosphorylated mammalian target of rapamycin (p-mTOR) (clone 49F9; Cell Signaling Technology,
Danvers, MA, USA); platelet-derived growth factor alpha (PDGFRA) (rabbit polyclonal; Thermo Fisher
Scientific); PDGFRB (clone 28E1, Cell Signaling Technology); programmed death-ligand 1 (PD-L1)
(clone E1L3N; Cell Signaling Technology till mid-2018, as of mid-2018 the clone BSR90 from Nordic
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Biosite, Stockholm, Sweden is used); progesterone receptor (clone 1E2; Ventana); phosphatase and
tensin homolog (PTEN) (clone Y184; Abcam); and ROSI1 (clone D4D6; Cell Signaling Technology).

To assess the immunostaining intensity for the antigens EGFR, p-mTOR, PDGFRA, PDGFRB, and PTEN,
a combinative semiquantitative score for immunohistochemistry was used. The immunostaining intensity
was graded from 0 to 3 (0 = negative, 1 = weak, 2 = moderate, and 3 = strong). To calculate the score,
the intensity grade was multiplied by the percentage of corresponding positive cells: (maximum 300) =
(% negative X 0) + (% weak X 1) + (% moderate X 2) + (% strong X 3).

The immunohistochemical staining intensity for HER2 was scored from 0 to 3+ (0 = negative,
1+ = negative, 2+ = positive, and 3+ = positive) pursuant to the scoring guidelines of the Dako
HercepTestR from the company Agilent Technologies (Agilent Technologies, Vienna, Austria).
In case of HER2 2+, a further test with HER2 in situ hybridization was performed to verify HER2
gene amplification.

Estrogen receptor and progesterone receptor staining were graded according to the Allred scoring
system from 0 to 8. MET staining was scored from 0 to 3 (0 = negative, 1 = weak, 2 = moderate,
and 3 = strong) based on a paper by Koeppen and coworkers. [15].

For PD-L1 protein expression, the tumor proportion score, which is the percentage of viable
malignant cells showing membrane staining, was calculated. In addition, since 2019, the expression
has also been determined by a combined positive score.

ALK, CD30, CD20, and ROSI1 staining were classified as positive or negative based on the
percentage of reactive tumor cells, however without graduation of the staining intensity. In ALK- or
ROS1-positive cases, the presence of possible gene translocation was evaluated by fluorescence in situ
hybridization (FISH).

All antibodies used in this study were validated and approved at the clinical institute of pathology
of the Medical University of Vienna and are used in routine IHC staining for clinical purposes.
The antibodies have been validated by proper positive and negative tissue controls and by non-IHC
methods, such as immunoblotting and flow cytometry, to detect the respective epitopes of the
antigens. For control, the use of the antibodies was optimized in terms of intensity, concentration,
signal/noise ratio, incubation times, and blocking. The negative control involved omitting the primary
antibody and substituting an isotype-specific antibody and serum at the exact same dilution and
laboratory conditions as the primary antibody to preclude unspecific binding.

For positive control, the antibodies were shown not to cross-react with closely related molecules
of the target epitope.

The status of microsatellite instability-high (MSI-H) was analyzed by the MSI Analysis System,
version 1.1 (Promega Corporation, Madison, WI, USA).

2.6. Fluorescence in situ Hybridization (FISH)

FISH was only applied in selected cases to verify PTEN loss. FISH was performed with
4-pum-thick formalin-fixed, paraffin-embedded tissue sections. The following FISH probes were utilized:
PTEN (10g23.31)/centromere 10 (ZytoVision, Bremerhaven, Germany). Two hundred cell nuclei were
evaluated per tumor. The PTEN FISH was considered positive for PTEN gene loss with >30% of cells
with only one or no PTEN signal. A chromosome 10 centromere FISH probe served as a control for the
ploidy of chromosome 10.

2.7. Multidisciplinary Team for Precision Medicine

After thorough examination of the molecular profile of each tumor sample by a qualified molecular
pathologist, the results were reviewed by a multidisciplinary team (MDT) that met every other week.
Members of the MDT included molecular pathologists, radiologists, clinical oncologists,
surgical oncologists, and basic scientists. The MDT recommended targeted therapy based on the specific
molecular profile of each patient, which included established pathological parameters. The targeted
therapies included tyrosine kinase inhibitors, checkpoint inhibitors (e.g., anti-PD-L1 monoclonal
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antibodies), and growth factor receptor antibodies with or without endocrine therapy. The treatment
recommendations by the MDT were prioritized using the level of evidence from high to low according
to phase III to phase I trials.

In cases where more than one druggable molecular aberration was identified, the MDT
recommended a therapy regimen to target as many molecular aberrations as possible, with special
consideration given to the toxicity profile of each antitumoral agent and its potential interactions.
Since all patients were given all available standard treatment options for their cancer disease prior to
inclusion in our precision medicine platform, nearly all targeted agents suggested had off-label use.
If the tumor profile and clinical characteristics of a patient met the requirements to be enrolled in a
recruiting clinical trial for targeted therapies at our cancer center, patients were asked whether they
wanted to participate in the respective trial, and trials adhered to ethical and regulatory guidelines.

2.8. Study Design and Statistics

The Fisher’s exact test was employed to explore potential gender-specific differences regarding the
therapy recommendation rate and the molecular profile. Student’s t-test was applied to test differences
in the outcome between tumor samples that were obtained during tumor biopsy versus specimens that
were obtained during surgical resection. A p-value of less than 0.05 was considered to be statistically
significant. For statistical analysis, the software package IBM SPSS Statistics Version 26 was used.

3. Results

3.1. Patient Characteristics

From the initiation of our platform for precision medicine in June 2013 until June 2020, we identified
60 patients with therapy refractory mCRC with no further standard treatment option available.
These patients were all included in this subgroup analysis of our platform. All 60 patients were
Caucasian, including 42 men (70%) and 18 women (30%). The cohort of mCRC patients comprised
47 patients (78%) with left-sided CRC and 13 patients (22%) with right-sided CRC (see Figure 1 for the
patients’ flow and Table 1 for the patient characteristics).

The median age at first diagnosis was 54.9 years (range: 16.9 to 81.2 years), and the median
age at the time of molecular profiling was 57.9 years (range: 19.3 to 84.3 years). Tumor tissue used
for molecular profiling was obtained by biopsy in 25 patients (42%) or during surgical treatment in
the other 35 patients (58%). Biopsy was performed after failure of all standard treatment options.
The median time interval between resection and molecular analysis of the tumor tissue was 11.9 months
(range: 1-46 months). The median time interval between biopsy and completion of the molecular
analysis of the tumor tissue was 31 days (range: 15-56 days). The median turnaround time between the
initiation of molecular profiling and discussion by the MDT and molecular-based therapy initiation for
the 12 patients who received the targeted therapy was 30 and 42 days, respectively. The median time
interval between the initiation of molecular profiling and discussion of the MDT and molecular-based
therapy initiation for the other patients (n = 48) was 29 days.

Twenty-one patients experienced a disease relapse. All of the patients had metastases, mainly
in the liver, lungs, and bones. Seventeen patients had additional intraperitoneal dissemination
of the CRC, causing peritoneal carcinomatosis. The patients received a median of three lines
of prior palliative systemic chemotherapy, ranging from two to six lines. The palliative therapy
regimens included FOLFOX + cetuximab, FOLFOX + bevacizumab, FOLFIRI + cetuximab, FOLFOX
+ panitumumab, FOLFIRI + panitumumab, FOLFOXIRI + bevacizumab, FOLFIRI + bevacizumab,
FOLFIRI + aflibercept, FOLFIRI + ramucirumab, regorafenib, trifluridine/ tipiracil, and raltitrexed +
oxaliplatin. Twenty-six patients (43%) had received at least four lines of palliative chemotherapy prior
to molecular profiling.
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Figure 1. Flow chart of the 60 metastatic colorectal cancer (mCRC) patients.

3.2. Molecular Profile

In total, we detected 166 mutations in 53 patients (88%). The five most frequent mutations were
TP53 (n = 36; 60.0%), KRAS (n = 29; 48.3%), APC (n = 15; 25.0%), PIK3CA (n = 9; 15%), and PTEN
(n = 8; 13.3%), which accounted for more than half of all mutations (58.4%). No mutations were
detected in seven (12%) patients with our sequencing panel (Table 2). Seven gene fusions were
identified in five patients: FGFR3-TACC3 (n = 2), FNDC3B-PIK3CA, SND1-BRAF, EIF3E-RSPO2,
PTPRK-RSPO3, and WHSCILI-FGFR1. Moreover, we detected eight gene amplifications in six different
tumor specimens, including CCND2 (n = 3), FLT3 (n = 3), FGFR1, and MYC.

Further, IHC revealed common expressions of phosphorylated mTOR and EGFR in 49 (82%)
and 45 (75%) patients, respectively. The median IHC scores of mTOR and EGFR were 100 and
90, respectively. Ten patients (17%) had high levels of phosphorylated mTOR expression with an
mTOR score between 200 and 300. EGFR expression was between 200 and 300 in nine patients (15%).
In our cohort, two patients (3%) were HER2-positive and seven patients (12%) were HER3-positive.
IHC identified six patients (10%) with a loss of PTEN, which was subsequently verified and characterized
by FISH as heterozygous PTEN deletions. High expressions levels were also observed for MET (1 = 28)
and PDGFRA (n = 15). Four patients (7%) were given a status of MSI-H. In four patients, the PD-L1
combined positive score was >1. Three patients displayed a weak KIT expression. The expression of
other markers was not observed. IHC and FISH could not be performed for one male patient due to
insufficient tumor material. See Figure 2a—n.
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Table 1. Patient characteristics (n = 60).

Patient Characteristics Number
Median (range) age in years at first diagnosis 54.9 (16.9-81.2)
Median (range) age in years at time of molecular profiling ~ 57.9 (19.3-84.3)
Male patients 42 (70%)
Female patients 18 (30%)
Caucasian 60 (100%)
Relapsed disease 23 (38%)
Metastatic disease 60 (100%)
Systemic chemotherapy received 60 (100%)
Prior chemotherapy regimens 2-6
Targeted therapy recommendations for patients 28 (47%)
o for male patients 19 (32%)
o for female patients 9 (15%)
Colorectal cancer localization
e Right 13 (22%)
O Cecum 6 (10%)
O Ascending colon 5 (8%)
O Transverse colon 2 (3%)
o Left 47 (78%)
O Descending colon 2 (3%)
O  Sigmoid colon 27 (45%)
O Rectum 18 (30%)
Number of metastasis 106
Liver metastasis 46 (43%)
Lung metastasis 32 (30%)
Peritoneal carcinomatosis 17 (16%)
Bone metastasis 4 (4%)
Cerebral metastasis 3 (3%)
Cutaneous metastasis 2 (3%)
Renal metastasis 1 (1%)
Splenic metastasis 1 (1%)
Number of mutations detected 166

3.3. Therapy Recommendations and Outcome

In 28 cases (47% of all patients), a molecularly targeted therapy was recommended. The other
32 patients (53%) did not qualify for targeted therapy due to the lack of actionable molecular targets.
In over two-thirds of all recommendations (1 = 20/28, 71.0%), the molecular-driven treatment approach
was mainly derived from the molecular characteristics determined by immunohistochemistry. The 28
recommended targeted treatments included everolimus, pembrolizumab, nintedanib, cetuximab,
vismodegib, vemurafenib, afatinib and trastuzumab combined with lapatinib, crizotinib, erlotinib,
and sunitinib plus capecitabine. Table 3 describes the rationale for the recommended targeted therapy
approaches. Eventually, 12 patients (20%) received the recommended targeted therapy. One patient
with the KIT mutation was included in the clinical phase II trial SUNCAP and was treated with sunitinib
and capecitabine. Another patient died prior to restaging. Finally, ten patients underwent radiological
assessment (see Table 4). Four patients (7%) experienced progressive disease. Four patients with
MSI-H status were given pembrolizumab and achieved a partial response (12 = 2), complete response,
and stable disease, respectively. Two patients treated with other targeted agents achieved a stable
disease. Thus, the disease control rate was 10%. The three patients who achieved therapy response
and one of the three patients who had stable disease experienced also an improvement in their quality
of life due to an improvement in tumor pain intensity. The molecularly targeted therapies applied
were pembrolizumab (n = 4), trastuzumab (1 = 2), everolimus plus bevacizumab (n = 2), afatinib,
everolimus, sunitinib plus capecitabine, and everolimus plus raltitrexed (see Tables 3 and 4 for further
information). The median time to treatment failure (TTF) in patients who received the targeted therapy
was 3.1 months (range: 0.3-30.6 months; see Figure 3 and Table 4). The median overall survival (mOS)

81



J. Pers. Med. 2020, 10, 272

of these 12 patients after initial diagnosis of mCRC was 50.1 months. The mOS after initiation of
targeted therapy was 10.9 months (see Figure 4a,b). Three patients were lost to follow-up after the
suggestion of molecular-driven targeted therapy. Thirteen patients (22%) did not receive the offered
targeted therapy. Reasons for not applying the recommended targeted agent included the following:
rapid deterioration of performance status (n = 10), death of patient (n = 1), the treating oncologist
favoring another treatment regimen due to the clinical overall situation of the patients, or patients’
refusal of any further treatment including targeted therapy options (n = 2).

Table 2. Genomic profile of the therapy refractory CRC patients (1 = 60).

Percentage of Occurrence  Percentage of all Mutations

Mutated Genes Number of Mutations in Patients (n = 60) (166 Mutations in Total)
TP53 36 60.0% 21.7%
KRAS 29 48.3% 17.5%
APC 15 25.0% 9.0%

PIK3CA 9 15.0% 5.4%
PTEN 8 13.3% 4.8%
ATM 5 8.3% 3.0%

SMAD4 5 8.3% 3.0%

NOTCH1 4 6.7% 2.4%
BRCA2 3 5.0% 1.8%

FBXW7 3 5.0% 1.8%
FGFR3 3 5.0% 1.8%
PTCH1 3 5.0% 1.8%
ERBB4 2 3.3% 1.2%

FANCA 2 3.3% 1.2%
GNAS 2 3.3% 1.2%

NOTCH3 2 3.3% 1.2%
POLE 2 3.3% 1.2%
SLX4 2 3.3% 1.2%
ALK 1 1.7% 0.6%

AR 1 1.7% 0.6%

ARID1A 1 1.7% 0.6%
ATRX 1 1.7% 0.6%
BRAF 1 1.7% 0.6%

CCND1 1 1.7% 0.6%
CDK12 1 1.7% 0.6%

CREBBP 1 1.7% 0.6%

CTNNB1 1 1.7% 0.6%
EGFR 1 1.7% 0.6%
ESR1 1 1.7% 0.6%
IDH1 1 1.7% 0.6%
JAK3 1 1.7% 0.6%
KDR 1 1.7% 0.6%

KIT 1 1.7% 0.6%

MAP2K1 1 1.7% 0.6%

MRE11A 1 1.7% 0.6%
MYC 1 1.7% 0.6%
NF1 1 1.7% 0.6%
NF2 1 1.7% 0.6%
NRAS 1 1.7% 0.6%
NTRK3 1 1.7% 0.6%
PALB2 1 1.7% 0.6%
RAD50 1 1.7% 0.6%

RB1 1 1.7% 0.6%

RICTOR 1 1.7% 0.6%

RNF43 1 1.7% 0.6%
SMARCA4 1 1.7% 0.6%
SMARCBI1 1 1.7% 0.6%
SMO 1 1.7% 0.6%
TSC2 1 1.7% 0.6%
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Figure 2. (a—n) These original images of immunohistochemistry show the differences between low and

high expressions of various markers (Images by kind courtesy of Professor Dr. Miillauer).

Table 3. Rationale for targeted therapy recommendations.

Overview of

Therapeutic Agent Targets Overview of Current FDA Current EMA Number of Recommended and
(Trading Name) & Approval in Different Entities Approval in Received Cases and Responses
Different Entities
-Recommended for and applied
in 4 patients with MSI-H status:
Melanoma, NSCLC, HNSCC, 1 patient achieved SD
HL, Urothelial carcinoma, Melanoma, for 4.2 months;
Pembrolizumab PD-1, L o e NSCLC, HNSCC, o Lo
® . microsatellite instability-high 2 patients achieved PR
(Keytruda®) hypermutability . HL,
cancer, gastric cancer, . . for 24.3 months and
€ Urothelial carcinoma R
cervical cancer 30.5 months, respectively;
1 patient achieved CR
for 27.5 months
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Table 3. Cont.

Overview of

Therapeutic Agent Targets Overview of Current FDA Current EMA Number of Recommended and
(Trading Name) & Approval in Different Entities Approval in Received Cases and Responses
Different Entities
-Recommended in combination
with everolimus for 1 patient
with EGFR expression and
KRAS wildtype (patient initially
Cetuximab had a KRAS mutation) and loss
(Erbitux®) EGFR CRC, HNSCC CRC, HNSCC of PTEN and mTOR expression
-Recommended in combination
with irinotecan for 1 patient
with EGFR expression and the
KRAS wildtype (patient had
initially a KRAS mutation)
BRAF V600E -Recommended for 1 patient
Vemurafenib BRAF V600E BRAF V600E melanoma or melanoma or with BRAF V600E
(Zelboraf®) NSCLC BRAF V600E melanoma NSCLC BRAF (recommended prior to the
V600E melanoma  clinical phase IIl BEACON trial)
-Recommended for 3 patients:
1 patient had a FLT3
Nintedanib FGEFR, FLT3, Idiopathic pulmonary NSCLC amplification, 1 patient had a
Vargatef®, Ofev® PDGFR, VEGFR fibrosis FGFR3 fusion gene,
g g
and 1 patient had
PDGFRA expression
Vismodegib . Basal cell -Recommended for 1 patient
Erdivedge® SMO Basal cell carcinoma carcinoma with the SMO mutation
g
-Recommended for 6 patients
with strong p-mTOR
expression and PTEN deficiency:
Breast cancer in one case, it was recommended
PNET. RCC rer;al Breast cancer, RCC, and applied in combination
an. io;n oli, oma Neuroendocrine with raltitrexed. The patient
Everolimus . glomyolpoma, tumors of achieved SD for 9.0 months.
L ® mTOR expression subependymal giant cell X .

(Afinitor®) pancreatic, In two cases, it was
astrocytomas (SEGAs) X . L.
with tuberous sclerosis gastrointestinal, or recommended and applied in

complex (TSC) lung origin combination with bevacizumab.
P Both patients experienced PD.
In one case, it was
recommended in combination
with Cetuximab.
-Recommended for and applied
in combination with lapatinib
Trastuzumab HER2+ breast cancer and HER2+ breast‘ for 2 HER2+ patients:
- ® HER2 . cancer and gastric . .
(Herceptin®) gastric cancer ance 1 patient achieved SD for
¢ r 1.9 months and
1 patient experienced PD.
-Recommended for and applied
Lapatinib in combination with
(Tykerb®, HER2, EGFR HER2+ breast cancer HER?; bieast trastuzumab for 2 HER2+
Tyverb®) cance patients:
See trastuzumab.
EGER -Recommended for 5 patients
Afatinib 4 with HER3 expression and
HER1, HER2, NSCLC NSCLC

(Gilotrif®) H],ERS ’ applied in 1 patient. The patient

experienced PD.

Crizotinib ALK, ROSI, ROS1+ or ALK+ Recommended for 2 patients

(Xalkori®) HGFR, MET ROSI+ or ALK+ NSCLC NSCLC with MET expression

Erlotinib -Recommended for 1 patient

(Tarceva®) EGFR NSCLC, PDAC NSCLC, PDAC with the EGFR mutation

-Recommended in combination
e with capecitabine for 1 patient
Sunitinib PDGER, KIT, R ST
(Sutent®) VEGFR, RET, FLT3 RCC, PDAC, GIST RCC, PDAC, GIST with the KIT mutation: the

patient was enrolled in the
phase I SUNCAP trial.

ABL1, Abelson murine leukemia viral oncogene homolog 1; AML, acute myeloid leukemia; ALL, acute lymphatic
leukemia; BCR, breakpoint cluster region; CML, chronic myeloid leukemia; CRC, colorectal cancer; EGFR epidermal
growth factor receptor; EMA, European Medicines Agency; FDA, Food and Drug Administration; FLT3, fms like
tyrosine kinase 3; GIST, gastrointestinal stromal tumor; GNRHR, gonadotropin-releasing hormone receptor; HER2,
human epidermal growth factor receptor 2; HL, Hodgkin lymphoma; HNSCC, head and neck squamous cell
carcinoma; MCL, mantle cell lymphoma; MDS, myelodysplastic syndrome; MPD, myeloproliferative disorder;
NSCLC, non-small-cell lung carcinoma; PD, progressive disease; PD-1, programmed cell death protein 1; PDAC,
pancreatic ductal adenocarcinoma; PDGEFR, platelet-derived growth factor receptor; Ph+: Philadelphia chromosome
positive; p-mTOR, phosphorylated mammalian target of rapamycin; RCC, renal cell carcinoma; RET, rearranged
during transfection; SD, stable disease; VEGFR, vascular endothelial growth factor.
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Table 4. Characteristics of the CRC patients receiving the molecular-based targeted therapy recommendation (n = 12).

Age (in Years)

Number, Detected . .
Gender, Mutations; Immunohistochemistry Applied Targeted at Time of TTF in Months Therapy Cause O.f Th.erapy
i . Therapy Molecular Response Termination
Localization of CRC Gene Fusions e
Profiling
1 EGEFR score = 90, MET score = 3, Everolimus combined
Male KRAS p-mTOR score = 110, with bevacizumab 65.5 2.8 PD PD
Sigmoid carcinoma loss of PTEN
2 . .
Male NRAS, PTEN p-mTOR score = 65, Everghmus .combmed 490 91 SD PD
. . . loss of PTEN with raltitrexed
Sigmoid carcinoma
3
Male No mutations detected MSI-H Pembrolizumab 53.2 24.3 PR PD
Sigmoid carcinoma
4 MSI-H,
Male EGFR score = 180, .
Carcinoma of the APC, PTEN, TP53 MET score = 3, Pembrolizumab 48.7 30.6 PR PD
ascending colon p-mTOR score = 80
EGFR score = 30,
5 HERS3 score =3
Male APC, KRAS, TP53 ! Afatinib 55.6 2.3 PD PD
Cecum carcinoma MET score =2,
p-mTOR = 100,
EGEFR score = 280,
6 HER2 score =2, Trast b bined
Male PIK3CA, TP53 HERS3 score = 3, ras “Z.;lnl‘a Ct‘.’“.‘b me 56.2 19 SD PD
Rectal cancer MET score = 2, with Japatint
p-mTOR = 240
7 AR, ARID1A, ATM, MSI-H
PALB2, PIK3CA, EGFR score = 200, .
5 mOigd;a;$Cinoma RNF43; PTEN score = 100, Pembrolizumab 58.3 4.2 SD PD
& FGFR3—TACC3 p-mTOR = 240,
8
CTNNBI, KRAS, .
- l.semale. PTEN, RB1, TP53, MSI-H, Pembrolizumab 42.0 275 CR Relapse
Sigmoid carcinoma
9 .
Female No mutations detected HER? score =3, Trastuz.umab c9mblned 50.3 3.1 PD PD
. . . p-mTOR =120 with lapatinib
Sigmoid carcinoma
10 . .
Female BRCA2, KRAS, POLE, EGEFR score = 50, Everolimus combined 570 17 PD PD

Rectal cancer

PTCH1, RAD50, TP53

p-mTOR = 60,

with bevacizumab
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Table 4. Cont.

Age (in Years)

Number, Detected . .
Gender, Mutations; Immunohistochemistry Applied Targeted at Time of TTF in Months Therapy Cause O.f Th.erapy
i . Therapy Molecular Response Termination
Localization of CRC Gene Fusions e
Profiling
1 EGEFR score = 110,
Female TP53 HER3 score = 2, Everolimus 19.3 0.3 n.a. Death
Sigmoid carcinoma MET score =1,
gmoid carcino p-mTOR = 240, loss of PTEN
Sunitinib combined
12 with capecitabine;
Male KIT, KRAS, TP53 EGER score = 50, The patient was enrolled 70.0 n.a n.a n.a

Carcinoma of the
ascending colon

MET score = 2, p-mTOR = 40,

in the phase II SUNCAP
trial.

n.a., not applicable; AR, androgen receptor; CPS, combined prognostic score; ECOG PS, Eastern Cooperative Oncology Group performance status; EGFR epidermal growth factor
receptor; MSI-H, microsatellite instability-high; PD, progressive disease; PDL1, programmed death ligand 1; PDGFRA, platelet-derived growth factor receptor alpha; p-mTOR,
phosphorylated mammalian target of rapamycin; SD, stable disease, PTEN, phosphatase and tensin homolog; TPS, tumor positive score.
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Figure 3. Time to treatment failure (TTF) in 11 CRC patients who received the recommended targeted therapy: the median time to treatment failure was 3.1 months.
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Figure 4. (a) Kaplan-Meier survival curve showing overall survival after initiation of targeted therapy
in twelve patients receiving the targeted therapy and (b) Kaplan-Meier survival curve showing overall
survival after initial diagnosis of mCRC in twelve patients receiving the targeted therapy.

Three tumor specimens from the ten patients who underwent radiological assessment were
obtained during a conventional tumor biopsy. Two of these three patients experienced progressive
disease, and one patient achieved stable disease. The tumor sample of the remaining seven patients
was yielded during surgical resection of the primary tumor. We found no significant difference between
tumor samples obtained during tumor biopsy versus surgical resection in terms of TTF (p = 0.319)
and mOS (p = 0.396).
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According to the Fisher’s exact test, the gender-specific differences regarding the 28 targeted
therapy recommendations were not statistically significant (p = 0.516).

4. Discussions

In our study, we recommended 28 molecularly targeted therapies based on the respective individual
molecular profile of heavily pretreated mCRC patients. Thus, precision medicine approaches were found
to be feasible and implementable in daily clinical routine in approximately half of the patients who had
no further standard treatment option. In over two-thirds of all recommendations, the molecular-based
targeted treatment approach was mainly derived from the molecular characteristics determined by
immunohistochemistry. This fact underlines the major clinical relevance of immunohistochemistry in
precision medicine as immunohistochemistry and next-generation sequencing complement each other.
This could be very useful as sequencing panels are updated and enlarged routinely, adding valuable
information for treatment decision making.

However, one important limitation of this study was that other parts of the molecular portrait were
not analyzed. The molecular profile of a tumor is intricate and complex and goes beyond these two
techniques. Comprehensive mapping of the molecular profile is multilayered and multi-faceted and
includes many other aspects, including genomics, epigenomics, transcriptomics, proteomics including
phospho- and glycoproteomics, metabolomics, epigenetics, and microbiomics [16]. The processing
and integration of these extremely large quantities of data and their translation into targeted therapy
recommendations is a grand challenge that scientists and clinicians are confronted with. There are
close links among all involved disciplines to achieve common objectives. Further, CRC is characterized
by highly dynamic and complex molecular intratumoral and intertumoral heterogeneity that changes
both temporally and spatially [16-21]. The tumor tissue used for molecular profiling was obtained by
biopsy in 25 patients (42%) or during surgical treatment in the other 35 patients (58%). Biopsy was
performed after failure of all standard treatment options. Whenever possible, we used metastatic
tissue for molecular profiling, which was particularly suited when fresh biopsies were obtained.
If this approach was not feasible, e.g., if the anatomic site was not suitable for biopsy, we used the
information obtained from the primary tumor site. Despite potential spatial heterogeneity, we assumed
that most of the genetic aberrations in the primary cancer were also present at the metastatic site.
Studies have shown that there is a high biomarker concordance between primary colorectal cancer
and its metastases [22]. We found no significant difference between tumor samples obtained during
tumor biopsy versus surgical resection in terms of TTF. However, the number of patients (n = 10)
who underwent radiological response assessment after application of the targeted therapy was too
limited to examine the influence of biomarker concordance on the outcome. Thus, further clinical trials
and studies are required to examine the degree of biomarker concordance between primary cancer
and metastases.

In our cohort, the five most frequent mutations, TP53, KRAS, APC, PIK3CA, and PTEN,
together accounted for more than 50% percent of all detected mutations. Except for PIK3CA mutations,
there are still no molecularly targeted therapies that directly target the mutations in TP53, KRAS, APC,
and PTEN. Thus, there is an unmet clinical need for the inhibition of these genetic aberrations. The rest
of the detected mutations were of low frequency (below 10%) and reflect the well-known molecular
heterogeneity and diversity of CRC. The detected genetic aberrations are in line with the results of
previous studies [23-25].

Moreover, a growing body of evidence shows that the antitumoral therapy itself may affect,
influence, and drive tumor molecular evolution [26-28]. A prime example of this phenomenon is the
recommendation of cetuximab for two patients who were initially KRAS-mutated and were therefore
not treated with an anti-EGFR therapy; however, at the time of molecular profiling, they had developed
the RAS wildtype [29].

One way to monitor the dynamic molecular landscape of cancer disease would be the utilization
of real-time liquid biopsy to adapt antitumoral therapy according to the current molecular portrait [30].
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To this end, the multicenter clinical phase II trial MoliMor (EudraCT number: 2019-003714-14) is
evaluating the efficacy and safety of intermittent addition of cetuximab to a FOLFIRI-based first-line
therapy to patients with RAS-mutant mCRC at diagnosis who convert to the RAS wildtype using
monitoring of the RAS mutation status by liquid biopsy. Liquid biopsy may be also suitable for therapy
response and for the detection of early signs of therapy resistance. Furthermore, the application of
liquid biopsy may also help to reduce the long turnaround time of one month from biopsy of the
tumor tissue to completion of the molecular profile. One of the main limitations of this study was the
relatively long turnaround time between biopsy and completion of molecular analysis and between
initiation of molecular profiling and discussion of the MDT and molecular-based therapy initiations
with 30 and 42 days, respectively.

Time is a highly critical factor in the therapeutic management of mCRC, and a turnaround time of
over one month without administration of effective therapy means that the mCRC progresses further.
The growing metastases, particularly liver metastases, may lead to liver failure, increasing bilirubin
values, and rapid health deterioration, making administration of the recommended targeted therapy
impossible. From 28 molecularly targeted therapy recommendations, less than half of the patients
eventually received the therapy. The TTF of 3.1 months and the disease control rate of 10% are modest
outcomes. One reason for these modest outcomes may be that, due to the long turnaround time,
there was not enough time for the targeted therapy to display its full potential. Other reasons may be
the aforementioned tumor heterogeneity and the non-consideration of other aspects of the molecular
profile as an important limitation. Interestingly, the three patients who achieved therapy response and
one of the three patients who had stable disease experienced also improvements in their quality of life
due to improvements in tumor pain intensity.

Furthermore, the design of this study is retrospective and it may be associated—in contrast
to a prospective randomized controlled trial—with several limitations, including selection bias,
insufficient documentation of clinical data, inadequate consideration of potential confounders, and the
lack of randomization.

An additional limiting factor is that this retrospective study was conducted at a single center with a
relatively small number of patients. It is difficult to demonstrate treatment efficacy, treatment difference,
or certain findings in a small sample. In addition, single-center studies lack external validity to support
or confirm the findings. Further research and clinical trials are warranted to evaluate the role and
value of precision medicine for the management of mCRC patients.

In our study, we paid close attention to potential gender-specific differences. We did not find any
gender-specific differences regarding the 28 targeted therapy recommendations.

Our study emphasizes the relevance and efficacy of pembrolizumab, even in metastatic patients
with heavily pretreated therapy refractory mCRC who were classified as MSI-H.

It was shown that MSI-H status is a favorable prognostic factor at early local stages, particularly in
stage II [31]. However, in stage IV CRC, MSI-H confers an inferior prognosis when compared to
microsatellite stable metastatic CRC [32-34].

In our limited subset of patients with MSI-H, we administered pembrolizumab to four patients
as no other druggable target could be derived from the molecular profile. Although MSI-H is not a
favorable predictive marker in stage IV CRC, we achieved an impressive response with one complete
remission, two partial remissions, and one stabile disease.

Pembrolizumab was the first tissue-agnostic treatment that was granted approval by the Food
and Drug Administration (FDA) by mid-2017 for patients with unresectable or metastatic MSI-H or
with mismatch repair deficient (AIMMR) solid tumors that progress following prior treatment and who
have no satisfactory alternative treatment options or those with MSI-H or dMMR colorectal cancer that
progresses following treatment with a fluoropyrimidine, oxaliplatin, and irinotecan [35]. However,
its use for MSI-H patients has not been still approved by the European Medicines Agency (EMA),
and it was applied in off-label form in this study.
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Taken together, the management of mCRC patients poses several major challenges, including the
long turnaround time and the complex molecular heterogeneity of CRC. Our study underscores the
relevance of immunohistochemistry and underlines the importance of time as a highly critical factor
in precision medicine. Based on our study, molecular-based treatment approaches can be of clinical
benefit in select heavily pretreated mCRC patients. In this study, the overall benefit for precision
medicine approaches was limited and the TTF was relatively modest. However, precision medicine
is a rapidly evolving field. In the next few years, technical advances will allow us to employ larger
gene panels to cover and identify more mutations, amplifications, deletions, and gene fusions in a
shorter period of time. The development of new and potent molecularly targeted therapies together
with technical progresses in molecular profiling allow us to hope that, in the future, we may be able to
yield deep and durable responses in heavily pretreated mCRC patients.
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Abstract: Despite the description of several new prognostic markers, colorectal cancer still represents
the third most frequent cause of cancer-related death. As immunotherapy is considered a therapeutic
alternative in such patients, neutrophil-to-lymphocyte (NLR) and lymphocyte-to-monocyte ratio
(LMR) are hypothesized to provide reliable prognostic information. A retrospective study was
conducted on 1052 patients operated on during 2013-2019 in two clinical hospitals from Hungary
and Romania. Inclusion criteria targeted patients over 18 years old, diagnosed with rectal cancer,
with preoperatively defined NLR and LMR. The overall survival rate, along with clinical and
histopathological data, was evaluated. Overall survival was significantly associated with increased
NLR (p = 0.03) and decreased LMR (p = 0.04), with cut-off values of 3.11 and 3.39, respectively. The two
parameters were inversely correlated (p < 0.0001). There was no statistically significant association
between tumor stage and NLR or LMR (p = 0.30, p = 0.06, respectively). The total mesorectal excision
was especially obtained in cases with low NLR (p = 0.0005) and high LMR (p = 0.0009) values.
A significant association was also seen between preoperative chemoradiotherapy and high NLR
(p = 0.0001) and low LMR (p = 0.0001). In patients with rectal cancer, the preoperative values of
NLR and LMR can be used as independent prognostic parameters. An NLR value of >3.11 can be
used to indicate the response to preoperative chemoradiotherapy, but a low chance of sphincter
preservation or obtaining a complete TME. Higher values of NLR and lower values of LMR require a
more attentive preoperative evaluation of the mesorectum.

Keywords: neutrophil-to-lymphocyte ratio; lymphocyte-to-monocyte ratio; prognosis; rectal cancer;
mesorectum; sphincter preserving

1. Introduction

Colorectal cancer (CRC) is responsible for about 10% of all diagnosed malignant tumors and
cancer-related deaths worldwide [1]. Regarding its diagnosis between genders, it is the third most
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common cancer in men and the second most frequent in women [1]. Approximately one-third of CRC
cases are diagnosed within the rectum [2].

In 1863, Rudolf Virchow first described a possible association between malignant tumors and
inflammation, highlighting the role of the density of white blood cells in carcinoma behavior [3-6].
Recently, multiple studies have investigated the role of the systemic inflammatory response (SIR)
in carcinogenesis, progression, and prognosis of different cancer types [6-8], but the results are
controversial. The SIR is defined by several parameters, including the neutrophil-to-lymphocyte
ratio (NLR) and lymphocyte-to-monocyte ratio (LMR). It is thought that NLR can predict prognosis,
due to its close relationship with the cancer stage [3,7,9,10]. Increased preoperative NLR is caused by
neutrophilia and/or lymphopenia, the two conditions of a pro-tumor inflammatory process. This value
is, however, questioned because an elevated number of neutrophils indicates an acute SIR, whereas,
cancers cause chronic SIR [5,11].

Chronic SIR is thought to be estimated by the LMR value [5]. In rectal cancer, in contrast to
previously reported findings with NLR, it was observed that the preoperative LMR values were
lower in patients with large tumors diagnosed in late stages [12]. Preoperative serum parameters are
important for establishing treatment strategies [5]. Large cohorts are needed to establish the reliability
of these cheap and easily quantified markers.

The present study aimed to validate the possible prognostic or predictive impact of preoperative
NLR and LMR in a large cohort of patients with rectal cancer. The included patients underwent surgery
in two university surgical departments, one from Romania and one from Hungary.

2. Materials and Methods

2.1. Patient Selection

The approval of the three Ethical Committees (Ethical Committee of the Clinical County Emergency
Hospital and the Ethical Committee of the George Emil Palade University of Medicine, Pharmacy,
Sciences and Technology, Targu Mures, Romania; Institutional Research Ethics Committee from
Budapest, Hungary) was obtained for this study.

We performed a retrospective observational study that included all consecutive patients with
rectal cancer who underwent surgery, between January 2013 and August 2019, in two university
hospitals: The National Institute of Oncology of Budapest, Hungary, and the Emergency Clinical
County Hospital of Targu Mures, Romania.

Besides preoperative serum values of NLR and LMR ratio, the following clinicopathological
parameters were examined: Patient’s gender and age, the type of surgical procedure (with or without
sphincter preservation), presence or absence of preoperative chemoradiotherapy (CRT), and tumor
location (low vs. mid/upper rectum), along with the pTNM stage and overall survival rate (OS) rate.
Patient follow-up ranged from 1 to 76 months.

Most of the patients received capecitabine/long-course radiation therapy or 5-fluorouracil
(5-FU)/long-course radiation therapy (50 Gy in 28 fractions). Blood analyses were done one day
before the surgical intervention or early in the morning on the day of surgery. To allow patient
recuperation, an interval of 6-8 weeks passed between CRT and surgery.

The surgical approaches were abdominal-perineal excision of the rectum (APER), anterior resection
(Dixon), and Hartmann’s resection. These interventions were performed by two highly experienced
surgical teams in the two clinical centers.

The pathologists evaluated the macroscopical quality of total mesorectal excision (TME), which was
scored as complete, partially complete, and incomplete. They also performed the microscopic evaluation
of the depth of infiltration (pT stage), the quality of resection margins, the lymph node status (pN stage),
and lymph node ratio (LNR) and established the pTNM stage [4].

Our study included patients over 18 years old, diagnosed with rectal cancer, with or without
CRT, with preoperatively defined NLR and LMR, who underwent laparoscopic or open surgery.

96



J. Pers. Med. 2020, 10, 173

Exclusion criteria included biopsies, cases where death occurred less than one month postoperatively,
patients with associated sepsis, autoimmune or hematologic diseases, and cases with incomplete
available information.

2.2. Statistical Analysis

Data analysis was performed using Graph Pad Prism 7 and SPSS software. Nominal variables
were characterized using frequencies. Quantitative variables were tested for normality of distribution
using the Kolmogorov-Smirnov test and were characterized by median and percentiles (25th-75th) or
by the mean and standard deviation (SD), as appropriate.

We used the Chi-squared test, Student’s t-test, Mann Whitney test, and Spearman correlation
test. We used the cut-off value of 3.11 for NLR and 3.39 for LMR, respectively. The cut-off values
were defined according to TME quality (1 was considered complete, and 0 was considered partially
complete or incomplete). A receiver-operating characteristic (ROC) curve analysis was used to test the
predictive power and to determine cut-off values for NLR and LMR. We estimated the OS using the
Kaplan-Meier curves; log-rank tests were applied for pair-wise comparison of survival. To distinguish
non-significant cofactors from significant independent predictors of OS, multivariate Cox proportional
hazards regression analyses and backward stepwise elimination were used. The Cox model was
adjusted for age, gender, pTNM stage, lymph node ratio (LNR), and distal resection margin quality.
All tests were two-tailed tests, and a p-value < 0.05 was considered statistically significant.

3. Results

3.1. Clinicopathological Parameters

We retrospectively evaluated a database of 1052 patients with rectal cancer diagnosed over six
years. Included patients had a mean age of 64.29 + 11.32 (range 21-94) years. There was a male
predominance, with 61.9% males and 38.1% females (M:F ratio was 1.62:1).

In three-quarters of the patients (74.8%), the tumor involved the middle/upper rectum
(which encompassed an area 5-15 cm). The ratio between middle/upper and lower (<5 ¢cm) rectum
involvement was 2.96:1. As a consequence, sphincter-preserving surgery was done in 70.5% of patients;
with a ratio of 2.39:1 (preserving vs. non-preserving sphincter). The ratio between the node-negative
and node-positive cases was 1.39:1. A ratio of 2.20:1 was observed between locally advanced stages
(pT3-4) and cases with a low level of infiltration (pT1-2) (Table 1).

Table 1. Correlation between clinicopathological factors and serum indicators of systemic inflammatory

response.
Numb NLR LMR
umber
Clinicopathological Parameters = 1052 (%) <3.11 >3.11 p Value <3.39 >3.39 p Value *
= ) (23.9%)  (76.1%) 82.0%)  (18.0%)
Cend Male 61.9) (56.1) (63.7) 0.05 (64.6) (50.0) 0.001
ender Female (38.1) (43.9) (36.3) (35.4) (50.0)
<60 (30.8) (26.0) (32.3) 0.09 (30.8) (30.4) 0.92
Age (years) >60 (69.2) (74.0) (67.7) (69.2) (69.6)
Tumor locat Low (25.2) (14.8) (27.0) 0.01 (28.2) 7.7) 0.0001
umor focation Mid/upper (74.8) (85.2) (73.0) (71.8) (92.3)
o pT1-2 (31.2) (28.2) (32.2) 0.30 (32.7) (24.3) 0.05
Depth of infiltration pT3-4 (68.8) (71.8) (67.8) (673) (75.7)
PNO (58.2) (60.0) (50.0) 0.02 (60.0) (50.0) 0.02
Lymph node status pN+ (41.8) (40.0) (50.0) (40.0) (50.0)
Sohincter-breservin Yes (70.5) (83.2) (66.6) 0.0001 (67.9) (82.4) 0.0001
P P & No (29.5) (16.8) (33.4) (32.1) (17.6)
Preoperative oncologic Yes (62.0) (30.6) (71.8) 0.0001 (68.0) (34.5) 0.0001
therapy No (38.0) (69.4) (28.2) (32.0) (65.5)

(NLR = neutrophil-to-lymphocyte ratio; LMR = lymphocyte-to-monocyte ratio; * Chi square test).
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The average time of the surgical interventions was 145 min. The laparoscopic surgeries required
a significantly longer time (p < 0.0001), compared to the open interventions (162 vs. 128 min),
without improving OS (p = 0.44) (Figure 1). However, significantly longer hospitalization was needed
for patients who underwent open surgical intervention. Patients spent an average of two additional
days in the hospital, compared with patients who underwent a laparoscopic intervention (p = 0.004).
A significant difference was observed between open and laparoscopic approaches in the timing of the
patient’s first stool in the postoperative period (p < 0.0001). The first stool was present one day earlier
after laparoscopic interventions than after open surgery.

Survival Functions
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1.0 ¥ :
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"4-1% II0pEn SUrgery
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Time elapsed in months

Figure 1. Patients with rectal cancer who underwent laparoscopic surgery did not show a longer
overall survival than those who were treated by open surgery (p = 0.44).

3.2. Particularities of the Systemic Inflammatory Response

An inverse correlation between LMR and NLR values was observed (p < 0.0001). This correlation
was also highlighted when we compared the LMR and NLR values in males vs. females. Comparing with
females, male patients showed slightly higher NLR and lower LMR values, independently by the patient’s
age, especially for the cases of lower rectum who received preoperative CRT (Table 1).

As regarding NLR, independently from the depth of tumor infiltration, the NLR values were
slightly lower in patients with tumors of the mid/upper rectum who did not show lymph node
metastases and were treated with sphincter preserving, before receiving CRT (Table 1). Furthermore,
there was no significant association between the clinical TNM tumor stage and NLR or LMR (p = 0.30,
p = 0.06, respectively). LNR was not influenced by NLR (p = 0.13), but was associated with LMR value
(p = 0.03).

A significant association was observed between the tumor distance from the anal verge and NLR
(p <0.0001) or LMR value (p < 0.0001), indicating that a longer distance from the anal margin resultsina
lower NLR and a higher LMR. The distance from the anal verge was directly associated with the tumor
stage (p = 0.006). The lower rectum tumors presented mainly lower stages, while tumor perforation
was more common when the tumor was localized at the upper level (p = 0.01). When CRT was initiated,
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the incidence of tumor perforation decreased considerably (p = 0.01). However, independent of tumor
location (low vs. mid/upper rectum), a considerable number of cases (83.2%) from the low NLR group
underwent sphincter-preserving surgery, in contrast with the high NLR group, where this rate was
only 66.6% (Table 1).

LMR values were lower in patients with cancers of the lower rectum who responded to preoperative
CRT and did not show lymph node metastases or deep infiltration (pT1-2NO cases). In these patients,
sphincter preservation was not frequently the therapy of choice (Table 1).

The integrity of the mesorectum following TME was significantly associated with the LMR
(p = 0.0009), and the NLR value (p = 0.0005), same as with the total number of harvested lymph nodes
(p =0.01) and LNR (p = 0.04). In cases with higher NLR values, the integrity of the mesorectum was
only partially complete or incomplete, reflecting an abundant tissue inflammation. In these cases,
the value of the NLR did not significantly correlate with the duration of the surgery (p = 0.18, r = 0.06),
although the surgery time was associated with the TME quality.

In those cases that required a shorter time of surgery, the TME was more frequently complete
(p = 0.01), in contrast with difficult cases, which demanded a longer time. Obviously, TME quality
was significantly associated with the tumor invasion of the circumferential resection margin invasion
(p < 0.0001).

The above-mentioned correlations and associations showed that an NLR value of >3.11 can be
used to indicate the response to preoperative CRT, but a low chance of sphincter preservation or
obtaining a complete TME. Based on the same algorithm, an LMR value of >3.39 might indicate deep
invasion or absence of preoperative CRT (Table 1).

3.3. Owerall Survival

The Kaplan-Meier analysis showed a significant influence of neoadjuvant treatment on patients’
OS (p = 0.0001) (Figure 2). OS was found to be significantly influenced by SIR, defined by the cut-off
values for NLR (p = 0.03) (Figure 3) and LMR (p = 0.04) (Figure 4).
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Figure 2. Neoadjuvant treatment significantly influences patients” survival rate, compared to those
who did not receive preoperative oncotherapy (p = 0.0001).
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Figure 3. The cut-off value of 3.11 for the NLR can be used as an independent prognostic parameter for
patients with rectal cancer (p = 0.03).
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Figure 4. The cut-off value of 3.39 for the LMR can be used as an independent prognostic parameter for
patients with rectal cancer (p = 0.04).
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Other parameters which significantly influenced patients’ survival rate were age group (p = 0.04)
and gender (p = 0.007, male patients live longer), TNM stage (p < 0.0001), LNR (p < 0.0001), positivity of
the distal resection margin (p < 0.0001), and tumor perforation (p < 0.0001). There was no statistically
significant correlation between OS and tumor distance from the anal margin (p = 0.52).

4. Discussion

The immune response and SIR influence the rate of tumor growth and the risk of metastasis [3].
Strong tumor infiltration by inflammatory cells (including neutrophils) may contribute to intensified
proliferation and tumor angiogenesis [4,9,12-14]. In these cases, the response to CRT may be altered [4].

As defined, the NLR is the ratio between the absolute number of neutrophils and the absolute
number of lymphocytes [4,15]. Furthermore, LMR represents the absolute number of lymphocytes
divided by the absolute number of monocytes [11]. Regarding NLR, an antitumor immunity suppressing
role is attributed to neutrophils [15]. This suppression contributes to cancer progression, which is
augmented by lymphocytopenia [3,14]. In contrast, high levels of tumor-infiltrating lymphocytes (TIL)
are correlated with a longer OS [3,12]. This is attributed to cytotoxic activity and anti-angiogenetic
cytokine production [4,11].

Although the investigated parameters (NLR, LMR) might be associated with the tumor stage,
the literature data are controversial, and the underlying mechanisms of these results are not fully
elucidated. For this reason, these ratios cannot yet consider independent prognostic factors [11,16].
They are influenced by several factors, which should be considered. Moreover, due to the behavior,
anatomical topography, and therapeutic management of rectal cancer, the rate of inflammatory
markers could have different relevance [13,17]. For example, an increased LMR might be induced by
autoimmune or hematologic diseases, but also by infections [9], aspects that can explain the higher
rate of incomplete TME in the cases with LMR >3.39.

The NLR and LMR values might also be influenced by preoperative CRT. Abe et al. demonstrated
lower values for LMR in patients with tumors diagnosed in pT1-2N0 stages, in patients with rectal cancer
who did not receive preoperative CRT, without correlation of LMR with tumor stage, after CRT [5].
Other authors, such as Caputo et al., have demonstrated no correlation with tumor stage [4], with a
negative impact on OS [8,18] or, contrary, no impact of LMR on OS or disease-free survival [19].
Our apparently contradictory results, which proved at the limit of statistical significance (p = 0.05),
lower LMR values for pT1-2NO cases, are in line with data reported by authors, such as Mallapa et al. [16]
or Abe et al. [5]. We did not find an association of LMR with LNR, which was defined as the number of
positive lymph nodes divided by the total number of lymph nodes harvested [20,21], and not reported
to the rectal lymph nodes only.

The controversial literature reports might be explained based on the number of examined cases
(usually below 300), the used protocols therapeutically and the homogeneity of the cohort. As most of
the authors perform statistical examinations in consecutive cases and establish “in-house” managed
ratios, using receiver operating curve analysis [8], such in our material, controversial data might be
influenced by these above-mentioned factors. It is necessary to mention, for example, that 68.8%
of patients included in the present study were diagnosed in patients with pT3/4 staged tumors,
with or without lymph node metastases, and correlations were done based on the cut-off value of
3.39. In contrast with other authors [7,16], we have included in the examined databases only rectal
carcinomas, without tumors located in the colon or in the anal canal. On the other hand, some authors,
such as Xiao et al. included only patients in the pT3NO stage [18].

In patients with CRC, poorer OS was predicted when pre-treatment NLR showed elevated
values [22]. In our material, the applied cut-off value for NLR was 3.11. AnNLR of >3, before CRT/before
surgery, is usually considered an indicator of poor prognosis, high recurrence rate, and low 5-year
OS [4,15,23]. As regarding tumor stage, Caputo et al. reported, similar to our data, no significant
association between the pTNM stage and NLR [4]. A higher clinical stage Ill rate was observed by Cha et al.
in their cases within high NLR [11]. Other authors reported increased NLR in cases with positive
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nodal status on MRI [13,14]—this latter aspect being also proved by our data. Based on an in-house
evaluation of large cohorts, a cut-off value should be established for prognostic evaluation [24,25].
In our material, NLR >3.11 and LMR <3.39 proved to be indicators of the response to preoperative
CRT and lower risk for lymph node metastases.

Regarding TME, its quality was more frequent incomplete or only partially complete in cases
with high NLR values. This aspect can be related to the surgical intervention quality or can reflect a
peritumoral extensive inflammatory profile, which does not allow a proper and complete mesorectal
excision. Scarce data can be found in the literature about the possible relationship between NLR and
TME quality. Authors, such as Sung et al. [26] or Portal et al. [10], agree with the idea that pre-CRT and
post-CRT NLR value might be used as a blood biomarker with a potential prognostic role in the case of
patients who underwent curative TME intervention [10,26], but we did not find other supplementary
explanation for this relationship. However, a high NLR and a low LMR value will lead in the majority
of the cases to an incomplete TME quality, which will negatively influence patient’s OS, disease-free
survival, and recurrence survival. In these circumstances, surgeons can identify preoperatively patients
with a high risk of developing postoperative complications [4,27,28].

The strength of the present study consists of the investigation of one of the largest sample
sizes so far, including only rectal cancer cases, from two medical centers. The limitations consist
of its retrospective manner, and of including only two surgical centers, with predominantly locally
advanced cases. These limitations were mitigated by using the largest databases reported in the
literature, establishing an in-house designed value for both NLR and LMR. To elucidate the possible
geographic-related differences, also reported for other cancers [29], a further multicenter study, in a
larger cohort, should be performed.

5. Conclusions

The investigated parameters, NLR and LMR, are useful independent prognostic parameters.
An NLR value of >3.11 can be used to indicate the response to preoperative CRT, but a low chance
of sphincter preservation or obtaining a complete TME. An LMR value of >3.39 might indicate deep
tumor invasion. The fact that NLR and LMR seem to influence the TME integrity is of great importance,
which should be considered by rectal surgeons.
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Abstract: Oxaliplatin (OXA) is a platinum compound primarily used in the treatment of gastroin-
testinal cancer. OXA-induced peripheral neurotoxicity (OXAIPN) is the major non-hematological
dose-limiting toxicity of OXA-based chemotherapy and includes acute transient neurotoxic effects
that appear soon after OXA infusion, and chronic non-length dependent sensory neuronopathy sym-
metrically affecting both upper and lower limbs in a stocking-and-glove distribution. No effective
strategy has been established to reverse or treat OXAIPN. Thus, it is necessary to early predict the
occurrence of OXAIPN during treatment and possibly modify the OXA-based regimen in patients at
high risk as an early diagnosis and intervention may slow down neuropathy progression. However,
identifying which patients are more likely to develop OXAIPN is clinically challenging. Several
objective and measurable early biomarkers for OXAIPN prediction have been described in recent
years, becoming useful for informing clinical decisions about treatment. The purpose of this review
is to critically review data on currently available or promising predictors of OXAIPN. Neurological
monitoring, according to predictive factors for increased risk of OXAIPN, would allow clinicians
to personalize treatment, by monitoring at-risk patients more closely and guide clinicians towards
better counseling of patients about neurotoxicity effects of OXA.

Keywords: neurotoxicity; oxaliplatin; chemotherapy-induced peripheral neuropathy; biomarker;
genomics; neuropathy; FOLFOX; FOLFIRINOX; XELOX; gastrointestinal cancer

1. Introduction

Oxaliplatin (OXA) is widely used for the treatment of gastrointestinal cancers includ-
ing colorectal (CRC), gastric, and pancreatic cancer, both in the adjuvant and metastatic set-
ting [1,2]. OXA-induced peripheral neurotoxicity (OXAIPN) is the major non-hematological
cause for dose-reduction as also discontinuation of OXA-based chemotherapy and it is
manifested with two clinically distinct forms. The acute, neuromyotonia-like syndrome, as
a result of hyperexcited sensory and motor nerves, appears soon after OXA, is transient
and usually completely reversible within hours or days [3]. Patients may also develop
chronic sensory symmetrical symptoms, including tingling, numbness and pain in a ‘stock-
ing/glove’ distribution developing during treatment, while up to 20% of patients can be
severely affected to develop sensory ataxia and increased susceptibility to falls [4-6]. Five
years after finishing chemotherapy, 25-30% of patients suffer from clinically significant
chronic OXAIPN [3,7], without modification in this rate over 3-8 years [8-11]. Persistent
OXAIPN is associated with psychological distress, depression and impaired quality of life
in long-term gastrointestinal cancer survivors [8].
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Given the lack of effective symptomatic or preventive treatment strategies against
both acute and chronic OXAIPN [9], in daily practice, neurological symptoms referred by
patients are usually taken into account to adapt OXA dosing in order to prevent severe
neuropathy (Figure 1). Treating physician will indicate dose adjustment of OXA admin-
istering significantly less cumulative than planned doses of anti-cancer treatment what
may compromise patient survival [10], therefore becoming a critical decision balancing the
maximization of therapeutic benefit and the minimization of this significant OXA toxic-
ity. Importantly, the observed worsening of OXAIPN weeks after cessation of treatment
complicates clinical decisions regarding the duration and total dose of OXA in individual
patients based on symptoms of sensory neuropathy alone.
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Figure 1. Personalized assessment of neuropathy by present and future strategies to early detecting and monitoring

oxaliplatin-induced peripheral neuropathy in gastrointestinal cancer patients.

Cumulative dose of OXA is the main predictor of OXAIPN [12-14], with increasing
rates from 42.5% to 76.7% with median cumulative dose of <780 mg/m? and >780 mg/m?,
respectively [11], also when re-challenging patients with OXA in further lines [15,16].
However, the relationship between dose and neurotoxicity might not be linear before
reaching a cumulative dose level beyond which the toxicity becomes dose-dependent [17].
OXAIPN development cannot be accurately predicted in a gastrointestinal cancer patient
before OXA treatment initiation and the common inter-individual variability in severity
of OXAIPN in the setting of a uniform insult is a major challenge in clinical practice.
Early prediction of development and progression of OXAIPN and a timely decision to
decrease the OXA dosing in patients at high risk is clinically important. In recent years,
several clinical and neurophysiological predictive biomarkers that can be easily obtained
before or early during treatment to estimate which patients are at higher risk for OXAIPN
have been described. From the personalized medicine perspective, having non-invasive,
sensitive and specific biomarkers, will allow patients more liable to OXAIPN to prevent the
occurrence of long-term toxicity or permanent damage. These objective markers may aid in
the prediction of the development, severity and duration OXAIPN, and in adjusting OXA
dose more precisely to balance the risk of neurotoxicity against antineoplastic efficacy. This
review focuses on the currently available biomarkers of early OXAIPN detection that may
allow clinicians to closely monitor at-risk patients and personalize treatment according to
neurotoxicity risk of OXA.

106



J. Pers. Med. 2021, 11, 669

2. Clinical Factors Associated with OXAIPN
2.1. Pre-Treatment Factors

A variety of pretreatment patient- or environmental-related risks have been described
in the literature with conflicting results (Table 1). Methodological issues, such as the
relatively small size, the retrospective design and the lack of statistical approach with multi-
variate regression analysis in many of them, likely underly limitations in the generalization
of available results. To date, no demographic factors or preexisting comorbidities including
age, diabetes mellitus or preexisting neuropathy have been consistently identified across
multiple studies helpful in the prediction of the development, severity or duration of
OXAIPN [18] that should be considered for upfront screening in a priori patients” risk
classification.

Table 1. Factors investigated that are or not associated with the incidence and severity of oxaliplatin
induced peripheral neurotoxicity.

Variable at Baseline Associated Not Associated
Age [12] * [14,15,19] * [13,16] [20,21] [22,23] *
Gender [24] [12,15,22] * [20,23,25]
BSA (Body Surface Area) [12] * [13] [23,26]
BMI (Body Mass Index) [27,28] [12,14,19,29] *
Body Weight [12] * [19] * [26]
Concurrent treatments [12,30] * [31] [32]
Creatinine (renal disfunction) [33] [12,19] * [34-36]
Diabetes Mellitus [28,37] [38] * [12,15] * [38] & [27,39]
GGT [19] *
Hemoglobin [14,15,19] * [22] * [27]
Histopathology [19] *
Level of Albumin [14,15,19]*
Magnesium [15,40] * [27] [14]*
Preexisting Neuropathy [41,42] [12]*
Race [22]*
Season (winter) [13,43] [12,19,44] *
Stage of the disease [19,23] * [12,19] *
Schedule of chemotherapy [45,46] [23] * [19,44] *
Vitamin D [19] *

* Studies including multivariate analysis. # Shorter time to develop OXAIPN & No differences in the incidence of
OXAIPN.

2.2. Acute Neurotoxicity: The Main Clinical Predictor of OXAIPN

Shortly after every OXA infusion, many patients can experience cold-triggered painful
paresthesia or neuromyotonia syndrome related with a transient axonal hyperexcitability
of the peripheral nerve secondary to oxalate, generated after OXA biotransformation into
its active form [3]. These acute symptoms are experienced by most of patients (90%) at
some point of time during treatment [18,20,22], being usually reversible within hours or
days and typically is triggered or exacerbated by cold [18,21,23,47] (Table 2). Similar to
persistent OXAIPN, no factors beyond dose or infusion time seem related with the risk of
developing acute OXAIPN [10,21,23-28].
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Table 2. Acute symptoms or signs of OXA induced neurotoxicity.

ACUTE OXALIPLATIN- INDUCED NEUROTOXICITY

Cold-induced perioral paresthesia
Cold-induced pharyngolaryngeal dysesthesia
Shortness of breath
Difficulty swallowing
Laryngospasm
Muscle cramps
Jaw stiffness
Visible fasciculations
Voice changes
Ptosis
Ocular changes

Acute neurotoxicity is a well-established risk factor for developing chronic OXAIPN at
the end of chemotherapy. Clinically, several studies show that the onset and severity of acute
OXAIPN is associated with the occurrence of persistent neurotoxicity [4,10,20,24,29,30]. At-
tal et al. showed that the duration of cold-evoked pain and intensity of neuropathic
symptoms experienced during the first three cycles predicted the extent of chronic pain
experienced one year later. Cold-evoked symptoms lasting four days or more after 3rd
OXA cycle predicted chronic OXAIPN (OR: 22; 95% CI: 1.54-314.74; p = 0.02) in a com-
prehensive comparative prospective study including 28 cancer patients receiving OXA,
mostly CRC [20]. Our group identified that the burden of acute symptoms measured when
patients have completed half of the planned OXA-based treatment (mid-treatment) was
independently associated with nearly double risk (OR 1.9; CI 95% 1.2 to 3.2; p = 0.012) of
developing severe chronic OXAIPN in a prospective multicenter study including 200 CRC
patients [4,24]. In this line, presence of any acute neuropathy during cycles 1-3 was asso-
ciated with persistent OXAIPN (HR: 3.65 (CI 95%; 1.40-9.56) p = 0.008) in a retrospective
analysis of 50 CRC receiving FOLFOX schedule [12].

Early onset of acute OXAIPN seems particularly predictive of long-term neurotoxicity.
Pachman et al. identified that patients who experienced severe acute OXAIPN within
6 days after first OXA infusion experienced more severe neuropathy in the remaining
cycles and increased incidence of chronic OXAIPN (p < 0.001) [48]. Particularly, hyperacute
neuropathy on the first day of the first OXA cycle was found to be a hallmark of risk
of OXAIPN. Up to one third (27.7%) of patients developed hyperacute neuropathy in a
retrospective study including 47 CRC patients receiving OXA-based chemotherapy. Of
13 patients who experienced hyperacute neuropathy, 12 (92.3%) eventually developed
persistent OXAIPN. Multivariate analysis including the total dose of OXA and the presence
of hyperacute neuropathy demonstrated that these two variables independently predicted
OXAIPN [49]. The role of a such early clinical symptoms as further predictors require
further validation in a in large multicenter study.

Diverse strategies have been employed for assessing acute OXA neurotoxicity. The
Common Terminology Criteria for Adverse Events from the National Cancer Institute
(NCI.CTC) [10,44,50], the oxaliplatin-specific neurotoxicity scale [51], or a score based on
recording the frequency of symptoms with an OXA-Neuropathy Questionnaire (yes/no
response format) [17,52,53], are among the most common systems for recording their
presence in the daily practice. The severity of acute neurotoxicity syndrome has been
defined according the burden of symptoms [54], or according to a visual analogical scale
0 (no problem) to 10 (major problem) numerical rating scale for any of the four acute
neuropathy symptoms [48,55,56]. More sophisticated techniques to objectively assess acute
syndrome are described below in detail.

Importantly, gastrointestinal cancer patients receiving OXA must be specifically in-
terviewed about the presence of typical and atypical neuropathic symptoms, either these
are transient or persistent. For example, recognition of acute atypical forms of OXAIPN re-
quires a prolonged OXA infusion rate from 2 to 4 or 6 h in order to reduce risk of persistent
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OXAIPN [3,57]. The implementation of a simple standardized assessment tool to monitor
acute neurotoxicity in daily clinical practice should be considered due to large amount
of evidence supporting the predictive role of these early manifestations in predicting
persistent OXAIPN.

3. Neurophysiological and Device-Dependent Predictors
3.1. Nerve Conduction Studies (NCS) and Electromyography

Several longitudinal studies, including NCS during OXA therapy, have showed a sig-
nificant progressive decrease in sensory nerve action potentials (SNAPs) and preservation
of motor action compound (CMAPs), in keeping with the presence of an axonal sensory
neuropathy, and consistent with the clinical symptoms and signs worsening during the
treatment [17,41,58-64]. NCS are capable of objectively assessing the extent of peripheral
nerve damage and may also facilitate the identification of patients that manifest subclin-
ical peripheral neuropathy prior to the onset of clinically significant neurotoxicity. One
cross-sectional study including 17 patients that had received a median of seven [8,45,65-68]
treatment cycles and 850 mg/m? at the time of testing, disclosed that almost half of patients
had evidence of sensory neuropathy. After sensory examination, reductions in upper
and lower limb SNAPs of patients were the most sensitive early markers of neuropathy
observed in 40% [69]. In this line, in one prospective study including 60 gastrointestinal
cancer patients, sural nerve velocity and SNAP revealed a significant decrease after 50%
and 100% of the planned dose, respectively [60].

NCS have also shown being useful in early predicting the neurological outcome at
OXA completion. Early changes in the NCS results obtained during treatment were able
to predict the development of severe OXAIPN in several prospective studies. A large
multicenter study, including 200 CRC patients under treatment with FOLFOX-4, 6, and
XELOX, identified at mid-treatment compared to baseline values a >30 % decrease in radial
and dorsal sural SNAPs, while these abnormalities yielded a sensitivity and specificity
of 96.3% and 79.1%, respectively, with positive and negative predictive values of 53%
and 98.9%, for predicting severe OXAIPN at treatment completion. In the multivariate
analysis, the three factors obtained at mid-treatment to independently and significantly
be associated with an increased risk of severe neuropathy were: (1) having shown more
symptoms of acute neurotoxicity (2) having a drop in the amplitude of the SNAP of the
dorsal sural and radial nerves greater than 30%. The combination of these three factors
allowed the patient with a high negative predictive value close to 99% to be classified a
priori, so that in those patients with optimal NCS in the middle of treatment and who
have not developed many symptoms of acute neuropathy, we could ensure with a high
probability that he/she will not develop severe OXAIPN [17]. The predictiveness of dorsal
sural nerve in risk stratification for OXAIPN was further evaluated in a secondary analysis
of 100 CRC patients. An algorithm based on the dorsal sural nerve recordings showed
that mid-treatment NCS could assign each patient to a ‘neurophysiological risk class’ for
OXAIPN at the end of treatment [70]. In this line, reductions of the SNAPs of >11.5% in
the median nerve between baseline and four cycles of OXA (odds ratio = 5.603, p = 0.031)
and of >22.5% in the sural nerve between four and eight cycles of chemotherapy (odds
ratio = 5.603, p = 0.031) were independently associated with the risk of developing severe
OXAIPN [63]. However, very recently, negative results were obtained in another study
evaluating the role of the sural nerve after administering 25% or 50% of the planned OXA
dose in predicting the occurrence of clinically significant OXAIPN in 55 CRC patients [59].
The assessment of sural nerve instead dorsal sural (Figure 2), and the size of the study could
underlie these negative findings. Long-term longitudinal neurophysiological assessments
of OXA-treated patients have revealed a significant recovery of the SNAPs in sensory
nerves in some studies [58,63,71] but not in other studies [59,61]. The length of follow-up
observation may explain these differences. Unfortunately, to date, the correlation between
SNAPs impairment and degree of neurotoxicity recovery remains unknown. In summary,
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growing evidence supports that NCS in distal sensory nerve segments offers clinicians a
practical means of identifying patients more prone to severe chronic OXAIPN.

Figure 2. Nerve conduction study of the dorsal sural nerve.

Muscle sampling with needle electromyography (nEMG) can show repetitive myokymic
discharges and neuromyotonic runs within 1-4 days after the first OXA administration [72-74].
However, the invasive nature of nEMG hampers its feasibility as screening tool to mon-
itor gastrointestinal cancer patients undergoing OXA. Very recently, a simple painless
objective tool to detect nerve hyperexcitability acute syndrome by a surface electromyog-
raphy (sEMG) has been tested in a small study including CRC patients after the second
(n = 14) and fourth (n = 8) OXA infusions revealing that sSEMG is more sensitive (82%) than
neurological examination (55%) to detect objective signs of acute neurotoxicity [55]. As
such sEMG might be a promising test to evaluate acute oxaliplatin-induced motor nerve
hyperexcitability and warrants to be further investigated in future studies.

3.2. Quantitative Sensory Tests (QST)

Quantitative sensory testing (QST) examines subjective sensory function by measuring
the abnormal detection and pain thresholds to several sensory modalities. The usefulness
of these non-invasive psychophysical measurements in the clinic setting for detecting
subclinical neurologic changes early on to identify patients that will experience OXAIPN
has been largely explored [12,20,20,42,51,53,54,56,75-82].

Vibration sensation testing can be performed by a computer controlled vibrometer
or, more easily, with a tuning fork placed on a bony prominence, such as the hallux
or malleollus. In both, the subject reports when they can no longer detect vibration.
Impairment of the vibration detection threshold (VDT) is generally seen over the treatment
course [13,20,58,61] in correlation with the progressive loss of large myelinated fibers.
However, conflicting results regarding the predictive role of early changes in VDT are
seen in the literature. Whereas VDT in 30 patients with gastrointestinal malignancies
receiving OXA evaluated at baseline and during infusion cycles 1, 2, 4, and 6, showed
no clear relationship with OXAIPN development [80], two studies including 17 [69] and
60 patients [60] showed being the earliest marker of neuropathy, present at low cumulative
doses of OXA. Significant change in VDT were present after the 25% of the planed dose,
being the earliest among other measures [60]. Very recently, Kroigard et al. identified
VDT measure obtained before treatment correlated as a predictor of clinically significant
OXAIPN six months post-treatment. However, sensitivity of a baseline VDT < 5 (maximum
8) for the prediction of clinically significant neuropathy six months after treatment was
modest (76.0% (95% CI 54.9% to 90.6%)) and specificity was low (53.3% (95% CI 34.3% to
71.7%)) [59].

Mechanical detection thresholds (MDT) measures have also shown significant de-
terioration with increasing OXA doses in some studies [42,60] but not in others [20,82].
Touch threshold changes became statistically significant in the fingertips at middle and
8 chemotherapy doses [42] whereas these findings only occurred after treatment completion
in Kroigard’s study [60]. Very recently, electronic von Frey anaesthesiometer, which evalu-
ates hyperalgesia based upon mechanical pain thresholds (MDTs), was tested prospectively
in 46 CRC patients treated with OXA, and showed a decrease of 40 g in the MDT of both
hands and feet as cut-off for diagnosing grade 2 or 3 OXAIPN with a total accuracy of
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84.2% and 81.6% in hands and feet, respectively [78]. Besides diagnostic utility, the role
MDT changes for predicting OXAIPN requires further research.

Thermal detection thresholds have been particularly investigated due to the cold-
induced nature of early acute OXAIPN [79]. Attal et al. was able to detect sustained signs of
neurotoxicity at an early stage when the clinical manifestations appeared to revert between
OXA cycles in a comparative prospective study including 48, mainly CRC patients with
who were evaluated before OXA (n = 28) or cisplatin (n = 20) and after cycles 3, 6 and 9
and after completion. Enhanced pain in response to cold (20 °C stimulus on the hand)
predicted severe neuropathy (OR: 39; 95% CI: 1.8-817.8 p = 0.02) [20]. Early changes in
cold (CDT) and heat detection thresholds (HDT), as predictors of clinically significant
neuropathic pain six months after treatment, has been recently identified by Kroigard et al.
in a prospective study including 55 patients, 14 out of them with neuropathic pain. Reduced
CDT after 25% of the planned OXA dose and reduced HPT after 50% of the planned dose
measured at the dorsum of the right foot was correlated with neuropathic pain intensities.
Change of —0.05 °C in CDT had a sensitivity and specificity of 92.3% (95% CI 64.0% to
99.8%) 64.9% (95% CI 47.5% to 79.8%), respectively, in predicting neuropathic pain six
months after finishing OXAIPN. For change in HPT and the prediction of neuropathic pain,
—0.85 °C had a sensitivity of 64.3% (95% CI 35.1-87.2%) and a specificity of 70.0% (95%
CI 53.5-83.4%) [59]. Conversely, no association in cold and warm thresholds in 35 cancer
patients treated with OXA-based regimen and OXAIPN was identified [82].

The role of QST to early identify OXAIPN remains vaguely defined. Among limita-
tions, technically challenging methods of QST are not widely available, are time-consuming,
and need standardized assessment algorithms and normative data which are not univer-
sally defined [83,84]. Besides, QST requires patient’s collaboration because results are
based on a subjective response of the patient, compromising the objectivity desirable in a
biomarker, and make QST not applicable in a subset of patients with impaired cognition
and attention. Among QST parameters, VPT has the advantage of being quickly performed.
Additionally, the equipment required is very portable and requires only basic training to op-
erate. Accordingly, our and other authors experience [69] would favor VDT as the simplest
and best routine marker among QST for detecting early OXAIPN in the clinic setting.

Other devices to quantify tactile sensation (Bumps Detection test) [42,81] or small
fiber (Sudoscan) [85] have been investigated for early diagnosis of large or small fiber
impairments in subjects suspected of having OXAIPN, and for monitoring change over time,
with promising albeit very preliminary results. Baseline deficits in sensory functioning
measured using the Bumps Detection test were predictive of increasing numbness/ tingling
during the first 26 weeks of OXA-based chemotherapy [81]. Very recently, a multicenter
study including 101 patients evaluated the usefulness of the CLIP test for early prediction
of the risk of progression >grade 2 neuropathy in patients receiving chemotherapy with
OXA. By testing the difficulty of patients in picking up and moving five gem clips one
by one two squares and assessing patients experience in performing the test, authors
identified that a positive result on the CLIP test (by asking patient to pick up and move
a gem clip and whether there was some wrongness in doing it) was associated with an
8.3-fold higher risk of progression to >grade 2 OXAIPN. Noteworthy, a positive conversion
of the CLIP test occurred before the progression to >grade 2 OXAIPN in 14 of the 21 (67%)
patients [86]. The usefulness of this simple, cheap, and widely available assessment tool
should be further validated in larger, multicenter prospective comparative studies.

3.3. Axonal Excitability and Skin Biopsy

OXA produces acute changes in peripheral nerve excitability by modulating axonal
voltage-gated Na* channel activity [74,87]. Nerve excitability studies evaluate axonal
excitability to provide information of the properties of the nerve membrane and of the ion
channels expressed on these axons [88]. Acute symptoms after OXA infusion correlate
with nerve excitability findings [56]. This method can assess acute OXA-induced abnor-
malities in sensory or motor nerve function [56], and its cold-triggered aggravation [89].
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Measurement of excitability parameters have been consistently shown to be a sensitive
early biomarker of ongoing OXAIPN, even preceding the reduction in the SNAP and
development of symptoms [76,90,91]. Patients who demonstrated changes in excitability in
early treatment, shortly after infusion, were subsequently more likely to develop moderate
to severe neurotoxicity. Park et al. reported that an increase in the superexcitability of
more than 15% prior to 5 of 12 chemotherapy cycles was able to identify 80% of patients
with moderate or severe chronic OXAIPN. Acute changes in axonal excitability parameters
that developed in early treatment cycles anticipated development of later neurotoxicity
in patients who completed seven or more treatment cycles. Patients who completed treat-
ment with moderate to severe neurotoxicity showed greater changes in early treatment
(cycles 1 or 2), particularly reductions in the associated hyperexcitability [76]. Despite OXA
causes acute excitability changes in both motor and sensory axons, progressive cumulative
changes were only found in sensory nerves, and motor nerve excitability studies did not
reveal early cumulative changes following treatment with OXA [69,76].

Nerve excitability testing provides a sodium channel dysfunction index and an objec-
tive biomarker of acute OXA neurotoxicity useful to improve prediction and risk stratifi-
cation for OXAIPN prior to the onset of chronic neuropathy [56]. However, their scarce
availability in most of centers, time-consuming nature and the lack of standardization for
the clinical testing [88], converts this technique in too complex for routine screening, and
not applicable in daily clinical practice for early detection of OXAIPN.

Skin biopsy is a minimally invasive method to evaluate neuropathy, especially small
fiber nerve damage. Five prospective studies have incorporated skin biopsy in assessing
ongoing OXAIPN. Contradictory results on the change over time of intraepidermal nerve
fiber (IEFN) are available [59,60,64,92,93]. No significant early reduction in IENF during
OXA treatment has been demonstrated; evidence which could be related with the fact
that loss of IENF, a marker of axonal degeneration, is usually a later event occurring in
peripheral nerves [60,84]. Besides, ongoing regeneration of small nerve fibers during OXA
could contribute to these discrepancies [59]. Therefore, skin biopsy should not be used for
predicting OXAIPN.

4. Pharmacogenomic Biomarkers

Genetic factors may contribute to a patient’s risk of experiencing OXAIPN. Over the
last years, the development of pharmacogenetics, used to characterize human genetic
variation, facilitated extensive efforts to understand the genetic basis of OXAIPN and to
identify a specific genetic profile that can identify patients who are more liable to severe
chronic neurotoxicity at the end of treatment. The majority of published studies assessed
individual OXAIPN susceptibilities on single nucleotide polymorphisms (SNPs), which
are mainly associated with gene variations in detoxification enzymes; DNA repair; drug
transport; metabolism; neuronal receptors and ion channels (Figure 3). Furthermore, other
genome wide analysis studies (GWAS) attempted to identify and validate SNPs mainly in
genes encoding proteins implicated to neuronal function [94,95].
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Figure 3. Cellular processes and main candidate genes implicated in oxaliplatin-induced neurotoxicity.

Some of these studies are of interest; tellingly, however, they have provided inconsis-
tent findings and failed, in principle, to be replicated by other independent groups because
of significant methodological limitations, including small sample sizes; retrospective study
design; implementation of a post hoc analysis of oncology-based databases of different, not
pre-planned size; lack of a pre-study hypothesis based on the known role of the investigated
targets in the peripheral nervous system; inappropriate outcome measures for neurological
impairment and differences related to DNA origin, extraction and genotyping [96].

4.1. SNP Studies
4.1.1. Glutathione-S-Transferase P1 (GSTP1), Glutathione-S-Transferase T1 (GSTT1) and
Glutathione-S-Transferase M1 (GSTM1) Genotyping

Genetic variants for GSTP1 exon 5 (Ile105Val), GSTP1 exon 6 (Alal14Val), GSTM1
(homozygous deletion), and GSTT1 (homozygous deletion) were examined in a cohort of
64 OXA-treated CRC patients, among whom 15 had grade 3 chronic OXAIPN. Patients
homozygous for the GSTP1 105Ile allele more frequently encountered grade 3 OXAIPN
compared to patients homozygous or heterozygous for the GSTP1 105Val allele (OR: 5.75;
95% CI: 1.08-30.74; p = 0.02). GSTM1, GSTT1, or GSTP1 exon 6 genotypes have not been
associated with severe chronic OXAIPN [97]. In another study enrolling 63 OXA-treated
(mFOLFOX6) metastatic CRC patients, it was shown that GSTP1-105 (p = 0.03) and GSTM1
(p = 0.02) were associated with increased incidence of severe chronic OXAIPN [98]. Another
two studies disclosed a significantly reduced risk of OXAIPN with the GSTP1 AA genotype
(Ile/Ile) [99,100], while the same increased risk of OXAIPN manifestation was reported
with the GG (Val/Val) genotype [101,102]. Noteworthy, there are several reports with
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controversial results showing no association of GSTP1 Ile105Val with increased incidence
of OXAIPN [103-105].

4.1.2. ATP-Binding Cassette Transporter 2 (ABCG2) Genotyping

Custodio et al. performed genotyping in a cohort of 206 stage II-IIl OXA-treated CRC
patients and a validation set of another 181 patients. Significant associations emerged
for the CCNH rs2230641 C/C (OR: 5.03, 95% CI: 1.061-2.41, p = 0.042) and the ABCG2
rs3114018 A/ A alleles (OR:2.67; 95% CI: 0.95-4.41; p = 0.059) with higher risk of grade 2-3
OXAIPN, while patients harboring the combination of these genotypes had significantly
increased risk of severe OXAIPN, compared to patients carrying the CCNH any T and
ABCG?2 any C genotypes (37.73% vs. 19.42%; OR:2.46; 95% CI: 1.19-5.07; p = 0.014) [106].

However, replication of these results failed to achieve in a subsequent study enrolling
465 stage II or IIl CRC patients of Asian origin who were treated with the adjuvant-modified
FOLFOX6 regimen. In the latter setting, comparison of low grade (0/1) OXAIPN with
significant grade 2/3 OXAIPN did not showed any significant associations with any of the
12 examined SNP markers, including ABCG2 rs3114018 and CCNH rs2230641 [107]. In line
with these negative results concerning the relevance of ABCG2 SNPs with OXAIPN, are
the findings of a recently published study that tested germline DNA from 120 OXA-treated
CRC patients together with a validation cohort of 80 patients and found no significant
associations between ABCG2 (c.421 C > A/rs2231142) and increased incidence of OX-
AIPN [108].

4.1.3. Cyclin-H (CCNH) Genotyping

The association of CCNH rs2230641 C/C with an increased incidence of severe OX-
AIPN has been demonstrated in the Custodio et al.’s study (2014), which was mentioned
earlier [106]. Furthermore, the same effect of CCNH genotypes in acute OXAIPN was
demonstrated in another study enrolling 228 OXA-treated digestive tract cancer patients.
This study revealed that the CCNH-rs2230641 (AA vs. AG+GG; dominant model) and
CCNH-rs3093816 (AA vs. AG+GG; dominant model) were both found significant for
higher risk of more frequent and severe acute OXAIPN [109].

4.1.4. X-ray Repair Cross-Complementing Protein 1 (XRCC) Genotyping

Genetic variants of the XRCC1 G/G polymorphism, which results in an Arg399GIn
substitution has been tested for OXAIPN relevance in a study prospectively enrolling 292
Korean patients treated with FOLFOX for CRC and found that patients harboring XRCC1
23885GG experienced less grade 2—4 OXAIPN (adjusted OR:0.52, 95% CI: 0.27-0.99) [110].

Nonetheless, many other studies reported concordant evidence for lack of rele-
vance between XRCC1 SNPs and OXAIPN, including Arg399Gln substitution [106,111];
Argl94Trp [112]; Arg280His [106,112]; rs3213239 [112]; rs12611088 and rs3213255 [106].
Subsequently published studies further provided evidence in support of the absence of
any relevance of XRCC1 variants to OXAIPN features [105,107]. Tellingly, however, in the
Kanai et al. study (2016), the proportions of patients developing grade 2-3 OXAIPN was
quite higher compared to the Ruzzo et al.’s study (2014) (40.2% vs. 25.5).

4.1.5. Voltage-Gated Sodium Channels (SCNA) Genotyping

The SCN2A R19K polymorphism failed to be associated with liability to OXAIPN in a
study in which 62 advanced CRC patients were genotyped [113]. Similarly, no significant
association emerged between SCN9A variant rs6746030 and OXAIPN in a subsequent
study comprising 200 CRC patients [114], contrasting the results of a smaller study in
which SCN9A rs6746030 was protective of severe OXAIPN in a heterogeneous population
of 94 patients with various digestive tract cancers, and an increased incidence of coexisting
diabetes (24%) in patients with grade 3—4 OXAIPN [115]. Tellingly however, a subsequently
published study performed genotyping in 228 Indian OXA-treated digestive tract cancer
patients and found increased susceptibility to chronic OXAIPN with the rs6746030 poly-
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morphic variant of SCN9A (GA+AA vs. GG: OR: 1.8; 95% CI:1.04-3.4; p = 0.04; dominant
model), while the SCN10A polymorphic variant was associated with severity of chronic
OXAIPN (OR:2.0; 95% CI:1.2-3.3; p = 0.006) [11].

Finally, in the Argyriou et al. study (2013), it was disclosed a significant association
between the SCN4A variant rs2302237 and increased risk of any grade chronic OXAIPN
(OR:2.47; 95% CI: 1.04-5.85; p = 0.037) and more severe acute OXAIPN (OR: 2.50; 95%
CI:1.35-4.63; p = 0.0029) [114].

4.1.6. Voltage-Gated Potassium Channels (KCCN3) Genotyping

Basso et al. (2011) provided evidence for a significant association between 13-14 CAG
repeat allele of KCNN3 (S5K3) gene and development of acute OXAIPN (OR with >15 re-
peats; 0.381, 85% CI: 0.247-0.590, p = 0.001) in a small cohort of 40 CRC patients [116].
Another study, enrolling 86 CRC patients, did not show a significant association between
chronic OXAIPN and KCNN3 repeat polymorphism [117]; concurring with the same nega-
tive results of a larger study studying 151 CRC patients and which provided evidence for
lack of significant association between variations of the KCNNB3 repeat polymorphism and
development of either acute or chronic OXAIPN [113]. In any case, several mechanistic in-
sights in OXAIPN pathogenesis are not supportive for a significant and direct involvement
of K+channels in OXAIPN manifestation [118].

4.2. GWAS Studies

Won et al. (2012) performed GWAS in a discovery set of 96 and a validation cohort of
247 OXA-treated CRC patients of Asian origin in order to identify potential genetic markers
for severe OXAIPN. This study identified and validated nine SNPs in eight genes [119],
that failed to replicate in an independent validation in Caucasian patients [120]. The
different genetic background of patients in the original and replication GWAS might hold
the main response for conflicting results. No association was found with SNPs in ERCC1,
GSTP1, XRCC1 and SNCA1 [119]. Finally, a very recently published study, enrolling over
1000 patients treated with paclitaxel, paclitaxel plus carboplatin, or oxaliplatin reported
significant associations between rs56360211 near PDE6C (p = 7.92 x 10~%) and rs113807868
near TMEM150C (p = 1.27 x 10~8) with peripheral neurotoxicity. Tellingly, however, these
results emerged from a polled analysis of treated patients and genetic associations were
not tailored according to different chemotherapy compounds delivered [121].

There is increasing evidence pointing to the role of pharmacogenetics and pharma-
cogenomics in neurotoxicity susceptibility to OXA. Whereas pharmacogenetic results are
currently being used in clinical decision making to inform treatment regimen choice with
agents such as anthracycline [122] or fluoropyrimidine [123], larger-scale and validation
studies are needed to further identify susceptibility markers of OXAIPN and to develop
pharmacogenomics based-risk profiling to improve quality of life of gastrointestinal can-
cer patients.

5. Imaging Biomarkers

Data on imaging biomarkers in OXA-treated patients are still very limited, despite
the benefit of their non-invasive nature. Nerve size, estimated by cross-sectional area
(CSA), measured by nerve high-resolution ultrasound (HRUS), is an imaging modality
that allows a quantitative structural analysis of the nerves. Existing clinical data on the
application of HRUS in early assessment of OXAIPN are restricted to two small-sample-
size studies. In 2013, Briani et al. conducted a cross-sectional study exploring the use of
nerve HRUS in a cohort of 15 oxaliplatin-treated patients. The results showed an increased
in CSA at common entrapment sites in 9 out of 15 patients prior to clinical symptoms
and neurophysiological changes. At the end, 13 of the 15 patients developed a sensory
axonal neuropathy [124]. More recently, Pitarokoili et al. conducted a prospective study on
13 oxaliplatin treated patients confirming an increase in CSA at upper limb entrapment
sites and figuring out a CSA enlargement in tibial and fibular nerves. These findings also
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appeared either prior to or simultaneously with clinical and neurophysiology OXAIPN
detection. No correlation between nerve HRUS, clinical severity and neurophysiology
abnormalities was detected [125]. Moreover, a cross-sectional study of magnetic resonance
neurography (MRN) in OXAIPN reported a significant dorsal root ganglia (DRG) hypertro-
phy after evaluating 20 patients. This finding correlates with one of the major mechanisms
described for the initiation of neurotoxicity induced by this agent: the accumulation of
platinum-DNA adducts in DRG [3]. Further investigation is required to establish the role
of MRN as predictor of OXAIPN. Corneal confocal microscopy (CCM) is an ophthalmic
noninvasive imaging modality that provides information of small sensory fibers by direct
observation and scanning of corneal innervation with high resolution and magnification.
Two prospective studies in gastrointestinal cancer patients are available, with conflicting
results. Campagnolo M et al. demonstrated a reduction in the number and density of
the corneal fibers after chemotherapy completion in 15 oxaliplatin treated patients [126].
Conversely, another study using CCM in 13 patients with upper GI cancer, eight of them
who received 3 cycles of OXA containing regimes, identified a significant increase in corneal
nerve fibre length [127].

Besides neuroimaging, other imaging techniques have been explored as surrogate
biomarkers of early neurotoxicity. Preliminary evidences of the analysis body composition
by computed tomography (CT) in gastrointestinal cancer patients reveal the loss of lean
body muscle [128] or sarcopenic obesity [29] were independently associated with the
occurrence of OXAIPN, supporting its potential predicitive usefulness that deserves further
investigation. Other radiologic measures including spleen volumetric analysis in CT
scan [129] or muscle ultrasound [130] have been anecdotically explored in OXAIPN. To date,
further larger research in imaging techniques is needed to provide further in-depth objective
evidence in order to transfer them into daily clinical practice as predictive biomarkers
of OXAIPN.

6. Blood Biomarkers

Several whole blood biomarkers have been investigated as predictive tools in the
assessment of OXAIPN. Neurofilament light chain (NfL) is a neuron-specific cytoskeletal
protein expressed in large-myelinated axons [131] released in blood when nerve damage oc-
curs. Supported by a preclinical studies in vincristine-induced peripheral neuropathy [132],
Kim et al. conducted a prospective study including 43 patients treated with OXA and
measured serum NfLs during (at 3 months) and post-treatment (at 6 months). An increase
in NfL levels in both periods was observed, being higher at 6 months of OXA-treatment.
High serum NfL levels correlated with neuropathy severity, providing compelling evidence
of NfLs as a potential predictive marker of OXAIPN. Interestingly, after 4-6 months of
follow-up a meaningful reduction on NfL levels was observed, indicating that NfLs can
also discriminate recovery patients from OXAIPN [133]. Despite promising, the predictive
usefulness of NfL as a biomarker requires independent validation with further studies
with larger sample sizes that allow researchers to establish universal reference values in
order to maximize the correct interpretation of NfL in the management of OXAIPN [131].

Preclinical evidences showed a significant reduction in Nerve Growth Factor (NGF)
levels during OXA administration in rat [134], which was correlated with the onset of
peripheral neuropathy. Considering clinical studies, limited data is available. Velasco et al.
conducted a prospective observational study including 60 cancer patients, of which 35 were
OXA-treated with. The objective was to investigate the changes in circulating NGF levels
and IENF in the presence or absence of neuropathic pain [93]. This research was based
on the rationale that NGF receptor, TrKA, is located in the terminals of sensory neurons.
Thus, the interaction between NGF and its receptor activates intracellular pathways affect-
ing the sensitivity of nociceptors. The results of the study demonstrated an association
between increased NGF levels and patients developing painful chemotherapy-induced
peripheral neuropathy (CIPN), whereas NGF levels remained stable in patients with either
painless or absent CIPN. Additionally, NGF level increases correlated with the severity of
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neuropathic pain reported by patients. However, no association between NGF levels and
IENF was detected. Despite these promising results, previous studies did not report this
association, therefore the role of NGF as a biomarker for the severity of painful OXAIPN
remains unclear.

Other parameters routinely available from whole blood have been reported potentially
useful in predicting the development of OXAIPN (Table 1). Pretreatment low hemoglobin
level or anemia has been identified as a risk prognostic factor for OXAIPN in several studies.
Mizrahi et al. carried out a large cross-sectional study including 105 patients treated with
OXA. The results showed a correlation between reduced pretreatment levels of hemoglobin,
detected in 24.5% of the cohort, with a greater severity of neuropathy [14]. In addition,
previous studies on patients receiving OXA concluded similar results [15,19,22,27]. At
pathophysiological level, a plausible explanation relating low hemoglobin levels and
chronic neurotoxicity development is still unknown.

Among pretreatment metabolic and nutritional blood-based biomarkers, there are
conflicting results. Such as higher albumin level [14] as hypoalbuminemia [15,19] have
been associated with the risk of developing OXAIPN. Despite higher rates of neurotoxicity
were described in patients with low levels of magnesium, the lack of evidence in this
line [14] would support the known inefficacy of calcium-magnesium supplementation
during OXA treatment as a neuroprotective approach [9]. Very recently and for the first
time, higher serum gamma-glutamyl transferase (GGT) and a lower level of vitamin D have
been identified as independent predictors of grade 2-3 OXAIPN in the multivariate analysis
of a retrospective study including 186 gastrointestinal cancer patients [19]. Despite their
easy collection and measure, non-invasiveness and objective interpretation of the results
make blood tests perfect candidates to monitor neurotoxicity, more research is needed
to better understand the pathophysiologic mechanisms underlying its role as prognostic
biomarkers.

7. Conclusions

Early detection of OXAIPN is essential in the prevention of irreversible nerve damage
and should be prioritized when assessing and evaluating patients receiving OXA treatment
so that adequate adjustment in scheduled treatment plan can be made. Early clinical
and neurophysiological signs of OXAIPN can be observed after low doses of OXA. The
assessment of acute neurotoxicity symptoms in the routine clinical evaluation is a reliable
biomarker for predicting the occurrence and development of OXAIPN, and particularly,
the first cycles can be very informative. Regarding neurological examination, conflicting
evidence on the timing of the threshold impairments hamper their currently use to inform
clinicians in the prophylaxis of neuropathy. The development of a clinical standardized
prognostic neuropathy assessment tool in order to early detect neuropathy should be vali-
dated. Despite, currently not part of common oncology practice, neurological monitoring
with NCS may provide valuable reliable metric data in accurately disclosing and following
the course of OXAIPN over time, offering at the same time useful information for dose
reduction or discontinuation of the treatment before the progression to severe OXAIPN.
Additionally, screening methods incorporating pharmacogenetics, may help to predict
OXAIPN on the basis of genetic susceptibility and, consequently, allow a better, more
personalized treatment. The further identification and validation of the simplest, non-
invasive reliable and valid blood biomarkers for the premature screening of OXAIPN to
reduce the morbidity and impairment in the quality of life of patients with gastrointestinal
cancers associated with chronic OXAIPN might be of particular interest in neuroprotection
trials. In the next future, by combining clinical, neurophysiological, genetic and potentially
serum-based risks, decision-making would be improved to optimize treatment and prevent
potentially serious neurotoxicity. The best noninvasive and easy-to-perform objective
method to early detect and follow OXAIPN progression in the daily clinical practice in the
hospital setting warrants further investigation and validation in larger prospective studies.
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