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Abstract

Background

The standard of care for the management of locally advanced rectal cancer (LARC) relies on neoadjuvant
chemoradiotherapy (nCRT), followed by surgery. The achievement of a pathological complete response
(pCR) after nCRT is observed in up to 30% of patients and is positively associated with a lower risk of local
and distant recurrence. The need to discriminate good from poor responder in the early steps of nCRT is
urgently required to optimize the therapeutic strategies and improve prognosis. In gastrointestinal stromal
tumor (GIST), the development of resistance to first line imatinib treatment represents the leading cause of
disease progression and is determined by pharmacodynamics and pharmacokinetics alterations. The chance
of interrogating circulating tumor DNA (ctDNA) represents an appealing tool for the real-time monitoring
of treatment response in a low-invasive manner and to sustain the decision making for treatment’s
personalization in gastrointestinal malignancies.

Aims

The aims can be summarized as follow: i) Assess whether the presence of copy number aberrations (CNAs)
in the cell-free DNA (cfDNA) of LARC patients receiving nCRT might represent an early biomarker of
treatment efficacy. ii) Test whether the detection of ctDNA in GIST might help in the identification of disease
progression. iii) Assess whether the presence of specific pharmacogenetic variants, as well as the
administration of imatinib interacting drug, might explain the pharmacokinetics variability of imatinib.
Materials and Methods

84 blood samples were collected from 40 consent LARC patients with available clinical data at the Clinical
Pharmacology Unit of IRCCS CRO Aviano (Italy). cfDNA was extracted and the presence of CNAs was
assessed by means of shallow whole genome sequencing (sWGS) in a tumor-informed manner. The response
to nCRT was assessed using the Mandard’s tumor regression grade (TRG) scale. 188 blood samples were
collected from 39 consent GIST patients. cfDNA was extracted and the presence of ctDNA was assessed by
means of targeted deep sequencing in a panel of GIST relevant genes. Imatinib trough levels were quantified
by means of LC-MM/MS validated method and the presence of genetic variants in cytochromes and
transporters was assessed on genomic DNA by means of target allele discrimination assays and NGS. Intake
of co-administrated drugs was retrieved from clinical records and patients’ interview. Response to imatinib
was assessed according to RECIST criteria.

Results

For all LARC patients the plasma sample collected at the time of diagnosis (T1, n = 40) was available. Further
longitudinal plasma samples were collected in the course of nCRT (T2, n = 24) and after nCRT (T3, n = 15).
The presence of CNAs was detected in the cfDNA of 6/40 patients (15.0%) at the T, with a median tumor
fraction (TFx) of 10.41% (range 5.89-27.34). When comparing the variation of TFx between T> and T, 6/24
evaluable patients (25.0%) showed an increase of the TFx, which was associated with an increased rate of
PCR (RR: 3.75; 95% CI 1.47 — 9.56). For GIST patients, ctDNA was detected in 2/9 (22.2%) patients with
progressive disease and was informative on the mechanisms of imatinib resistance. Pharmacogenetic
profiling was performed on 33 GIST patients and the genotype of CYP2D6 was shown to influence the
imatinib plasma exposure, while the concomitant intake of strong CYP3A4 inducers (carbamazepine) and
CYP1A2 inhibitors (smoking) were associated with a faster imatinib clearance and risk of under-dosage.
Conclusions

The identification of CNAs and their quantification by means of TFx estimation is feasible in the cfDNA of
LARC patients and preliminary data suggests that an increased TFx in course of nCRT is associated with a
higher probability of achieving a pCR. The identification of ctDNA in GIST shows a low sensitivity (22.2%)
and a high specificity (100%) in identifying patients with progressive disease and might represent a valuable
tool to get information on the mechanisms governing the imatinib resistance. Moreover, the
pharmacogenetics coupled with the analysis of drug-drug interactions might represent a valuable strategy to
address the issue of imatinib pharmacokinetic variability.
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CHAPTER 1. INTRODUCTION

1.1 Personalized Medicine in Oncology

In recent years, healthcare in oncology has been gradually shifting from a “one size fits all” paradigm,
which is centered on an average response to therapeutics, to a more precise personalized regimen.
Precision oncology may be broadly defined as the tailoring of medical treatment to the individual
genetic makeup of patients to optimize the efficacy and safety profile of drugs. The potential to improve
patient outcomes through precision medicine has led to much excitement among scientists, clinicians,
and patients alike. From the US Food and Drug Administration’s (FDA) perspective, precision medicine
promises to increase benefit and reduce risk of medical products.'

Revolutionary improvements in the analytical tools required for personalized medicine have
accompanied the introduction of high-throughput technologies, as well as the terrific development of
computational biology for the handling and conceptualization of the amount of huge data provided by
massive genetic analyses. Modern medicine urges the clinical implementation of “the right drug, right
dose, right time, and right way” approach of treatment in the medical field as there are unknown areas
that still need to be researched and validated with backing evidence. Both somatic and germline
mutations are utilized to better understand the underlying biology of cancer growth and treatment
response.

During the past decade, the use of liquid biopsies, which consist of harvesting cancer biomarkers, such
as circulating tumor cells (CTCs), circulating tumor DNA (ctDNA) and extracellular vesicles (EVs)
from body fluids, has gained tremendous attention. These biomarkers provide a source of clinically
actionable molecular information that can improve the effectiveness of precision medicine. The
application of liquid biopsy in clinical oncology is a process that requires a careful validation step to
prove the reliability of liquid-based tests. The ultimate goal of personalized medicine is the ability to
put together these molecular-based biomarkers with pharmacogenetics, environmental and
epidemiological information to corroborate and improve the efficacy of current treatment strategies. As
a consequence, the built and the harmonization of multidisciplinary teams formed by clinicians,
pharmacologists and biologists represent a mandatory choice to guarantee the translation of actionable

knowledge on tumors’ and host molecular features into the routine clinical practice.

1.2 Liquid Biopsy for Precision Oncology

The identification of minimally invasive methods to assess cancers has long been a central goal of
oncology research. The major advances in analytical techniques to examine tumor-derived material in
the circulation and other biofluids, has made possible the isolation and the ultra-highly sensitive

detection of poorly represented cancer-specific analytes immersed in a vast excess of analytes derived



from normal cells. The analytes used for liquid biopsy include ctDNA, CTCs, proteins, metabolites,
exosomes, mRNA, and miRNAs. Each analyte has its own advantages and disadvantages that must be
considered when choosing a marker to answer specific clinical questions. In the present work the
application of liquid biopsy by means of ctDNA detection will be examined in the framework of

gastrointestinal human malignancies.

1.2.1 The Biology of Circulating Tumor DNA

The presence of circulating nucleic acids in the blood of healthy subjects was reported for the first time
in 1948 by Mandel and Metais,” but it was only in 1977 that a significant enrichment of circulating cell-
free DNA (cfDNA) amount in patients with cancer over healthy individuals was demonstrated.’ The
potential clinical interest around the cfDNA in oncology was then finally postulated in 1994, when the
presence of mutated RAS fragments in the blood of cancer patients was first detected.® cfDNA can be
defined as the portion of DNA that is encapsulated within circulating vesicles or that is free (not
encapsulated) in the bloodstream as well as in other body fluids (urine, saliva, tears), while the fraction
of ¢fDNA that derives from cancer cells refers to circulating tumor DNA (ctDNA). The precise
mechanism by which cfDNA is shed from cancerous and non-cancerous cells into the blood stream
remains partially unclear, but the most accredited and sound evidences suggest that the cfDNA release
is mostly driven by apoptosis, necrosis and by the active vesicles-mediated secretion (Figure 1).°

The most peculiar morphological feature of cfDNA is its fragmentation pattern into molecules showing
a median length of 160-200 base pairs (bp), which reflects the length of DNA wrapped around the
nucleosome protein. This size distribution sustains that a significant amount of cfDNA originates from
apoptotic processes and that the presence of nucleosomes actually protects cfDNA from the nucleases-
mediated DNA degradation, which is therefore allowed only in the DNA linker regions.® A fraction of
high-molecular weight cfDNA, i.e. larger than 1000 bp, has also been detected and suggests a minor
contribution of necrotic processes and phagocytosis to the cfDNA release.’

The evidence that cancer patients present higher cfDNA levels than healthy subjects has gained much
attention from the clinical and scientific community. In fact, the concentration of cfDNA in plasma of
cancer patients ranges between 5 and >1000 ng/mL, while in healthy subjects it ranges between 0 and
100 ng/mL.*> However, increased cfDNA levels do not represent a sensitive and specific marker for
cancer detection, as the same condition has been reported also in patients with non-malignant diseases,
such as inflammation, liver injury and autoimmune disorders, and in transplant-receivers subjects.”™"!
Moreover, the level of ctDNA in the blood stream was proven to be extremely influenced by the tumor
burden and localization, as well as by the extent of tumor metabolism and vascularization.'? In this
regard, the majority of patients with metastatic disease of the liver, colon, breast, ovaries, esophagus,

stomach, pancreas and bladder presents detectable ctDNA in their blood." On the contrary, patients



with tumors located in the prostate, thyroid or within the central nervous system showed a lower amount
of ctDNA in their blood, regardless to the concomitant presence of metastatic sites.

Since ctDNA carries the same genetic and epigenetic alterations that are present in the cancer cells of
origin, it represents a highly appealing tumor-specific marker to decipher the tumor’s genomic
landscape in a low invasive manner, hence the term liguid biopsy. Moreover, the rapid turnover of
circulating nucleic acids from the blood stream, which is estimated to be around 20 minutes, makes the
ctDNA a suitable marker for the real-time characterization of the tumor’s genome. The possibility of
interrogating c¢tDNA by means of liquid biopsy also promises to virtually overcome the spatial
limitation provided by the traditional tissue biopsies, which are restricted to the area of sampling and

risk to underestimate the tumor’s genome heterogeneity.
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Figure 1. Mechanism of cfDNA collection and isolation from the blood stream. Exemplary analytical approaches
for the detection of tumor derived aberrations in the cfDNA are depicted. (created with BioRender.com)

1.2.2 Pre-analytical and Analytical Variability in cfDNA Processing

The clinical translation of liquid biopsy for ctDNA detection is not free of challenges, which are mainly
related to the pre-analytical and analytical procedures and whose standardization is necessary to
guarantee the obtaining of reproducible results. Plasma was proven to be the most precious source of
ctDNA in the vast majority of malignancies when compared with other body fluids as it provides the

highest amount of ctDNA.'* With respect to the pre-analytical variables, it is of crucial importance to



prevent the leukocyte lysis in the blood sample in order to avoid the dilution of ctDNA fragments with
massive amounts of genomic DNA. To this end, updated guidelines for optimization of cfDNA recovery
suggest that blood should be drawn in K;EDTA tubes and that the plasma isolation should be performed
as soon as possible, with a delay not exceeding the 4 h from blood collection.'? If longer delayed are
forecasted, dedicated tubes containing stabilizers agents should be preferred to ensure the stability of
samples up to fifteen days at room temperature.'® The plasma isolation should be performed by means
of two serial centrifugations, the first one for 800 to 1200g at 4 °C for 10 min and the second one for
14000 to 16000g at 4 °C for 10 min. A careful retrieval of the plasma supernatant after the first
centrifugation is necessary to prevent its contamination with leukocyte. The partitioning of the harvested
plasma into different vials is encouraged to avoid multiple thaw and refreezing of the samples, which
must be stored at -80 °C till cfDNA extraction.

Since ctDNA is present in low amount in a background of genomic DNA, most analytical protocols
include an initial PCR-based amplification step, which increases the risk of artifacts introduced by the
DNA polymerase and leads to flawed results. To overcome this analytical limitation, the introduction
of unique molecular indexes (UMIs), i.e. a pool of unique random-generated sequences of 12
nucleotides, has been leveraged to tag every single DNA fragment with a different UMI before their
amplification and to allow the downstream accurate discrimination between mutations and PCR-
induced artifacts. Beside growing efforts to standardize the pre-analytical and analytical protocols for
c¢fDNA handling, a huge inter- and intra-laboratory variability still remains, resulting in a cross-
laboratory error rate that is deeply affected by the ¢cfDNA quantification methods and the different
genotyping platforms. These evidences claim for an urgent need for harmonization of procedures and

workflows.'¢

1.2.3 Sequencing Platforms and Analysis of cfDNA

The clinical application of liquid biopsy in oncology has remained neglected for a long time, mainly
due to the limited analytical sensitivity of techniques used for tumor DNA genotyping in a background
of wild-type DNA, which hampered the detection of ctDNA at clinically relevant concentrations. Over
the last twenty years, the development of next generation sequencing (NGS)-based technologies has led
to the rapid improvement of the analytical approaches for the identification and quantification of low-
abundance c¢tDNA molecules, thus implementing the clinical applicability of ctDNA.The necessity to
detect and characterize the ctDNA has entailed the development of many analytical approaches, which
can be ascribed to two main categories.

The first analytical strategy relies on targeted approaches, which are aimed at the identification of
tumor-specific mutations within selected genomic coordinates. This type of analysis requires highly
sensitive techniques, including PCR-based assays such as droplet digital PCR (ddPCR) and beads,
emulsion, amplification, magnetics (BEAMing)-PCR, as well as NGS-based methods such as Safe-



SeqS, CAPP-Seq, and TAmSeq.'” While PCR-based methods interrogate a limited number of known
mutations, NGS-based methods allow the parallel sequencing of wider genomic regions comprising up
to hundreds of genes. Overall, the candidate-based strategies virtually allow the detection of tumor
specific variants at an allele frequency below 0.01% and with a specificity above 80%, depending on
genotyping platform used. However, achieving a high sensitivity is deeply affected by the amount of
input DNA, so that the cfDNA quantities to be analyzed must be carefully tailored according to the
desired level of analytical sensitivity.

The second analytical strategy comprises the untargeted approaches, which are aimed at the
characterization of ctDNA at the whole-exome or the whole-genome scale.'® To these purposes, NGS-
based platforms are necessary to screen in parallel wide genomic regions. This kind of analysis is
particularly suited when no prior knowledge on tumor’s genotype are available and new insights on
tumor’s genetic aberrations, also in response to administered therapies, are needed. Beside the huge
burden of information provided by untargeted sequencing strategies, the sensitivity of the method is
lower when compared to targeted approaches (1 — 5%). NGS-based approaches are not free of biases
and an error rate of 0.1 — 1% must be considered. To overcome this limitation, the adoption of molecular
UMIs together with the application of robust bioinformatic pipelines aimed at reducing the background
noise, represent valuable strategies to improve the quality of sequencing results. Moreover, the
application of NGS technology requires high purity and quality of starting material to ensure the
reliability of results, thus remarking the crucial need for careful cfDNA processing and storage.

A complementary strategy to interrogate genome abnormalities in cancer cells is provided by the
characterization of somatic copy number aberrations (CNAs) of tumor DNA at the whole genome scale.
To this end, shallow whole genome sequencing (sWGS) has been reported to be a simple, robust, and
cost-effective technique optimized for the identification of CNAs in tumor samples. The analytical
background for CNAs estimation from sWGS is that the depth of coverage in a genomic region is
correlated with the copy number of the region, e.g. a gain of copy number is supposed to have a higher
read count than a non-amplified region.'® For copy number calling, the genome is virtually divided into
windows (bins) and reads that are mapped to these genomic regions are counted. After data correction
for GC content, the copy number profile is estimated for each bin and specific segmentation algorithms
are applied to detect aberrant copy number regions.”® Although CNAs can be retrieved also from whole
exome sequencing (WES) data, this approach introduces more biases and noise than the WGS and that

make CNAs detection more challenging (Figure 2).
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Figure 2. Increasing genomic coverage is accompanied by a decreasing analytical sensitivity.

1.3 Clinical Application of ctDNA in Gastrointestinal Tumors

Gastrointestinal cancers, including esophageal, gastric and colorectal cancer (CRC), have a high
incidence and mortality worldwide, with the CRC being the most prevalent with almost 1.4 million new
cases diagnosed and over 600 thousand deaths worldwide per year. By contrary, the gastrointestinal
stromal tumor (GIST) is a mesenchymal tumor that is not common and represents less than 1% of all
gastrointestinal tumors, with a 5-years overall survival (OS) of 50%.%' Despite tremendous
improvements in clinical diagnosis and treatment of gastrointestinal malignancies in last years, the
occurrence of progression disease (PD) or metastatic relapse in this field represent the major cause of
cancer-related death. The implementation of currently available strategies for the early cancer detection,
patient’s stratification and for the prompt identification of disease recurrence is urgently needed.

In this context, the possibility of interrogating ctDNA to refine the clinical decision algorithms represent
a valuable strategy. In fact, ctDNA analysis has demonstrated excellent specificity and good sensitivity
in the detection of somatic tumor derived mutations across many kinds of tumors, with specific regard
to the metastatic disease and its clinical utility for detecting EGFR mutations has been approved from
regulatory agency, EMA and FDA, in stage IV non-small cell lung cancer (NSCLC) patients, in whom
invasive and repeated tumor biopsy might be difficult to obtain due to limited accessibility to tumor site
and/or organ disfunction.”” The NSCLC scenario represents a brilliant example of the clinical utility of
ctDNA surveillance, which drives the clinical decision making in downstream personalization of
therapeutic options. However, even though this achievement has flattered the clinical and scientific
community worldwide, many hurdles remain to be addressed before the ctDNA analysis could find a
validated clinical application also in other types of tumors and in different treatment’s settings.

The possibility to detect ctDNA in gastrointestinal malignancies embraces a huge variety of
applications, spanning from the early cancer detection to the monitoring of metastatic spread disease.”***

The clinical advantages arising from ctDNA analysis deeply depend on the clinical needs within



different therapeutic settings and are influenced by the therapeutic options available. Different aspects
of ctDNA application in the context of gastrointestinal malignancies are briefly summarized below.

1) Early cancer detection: the early cancer diagnosis represents one of the most appealing and
challenging application of liquid biopsy in oncology. The fraction of ctDNA in early stage tumors is
generally very low (<1%),” thus making its detection very difficult, despite the use of high sensitivity
techniques. Patients are significantly more likely to be ctDNA positive with multiple organ metastatic
disease and increasing number of lymph node metastases.”**’ Currently, the main methods for early
diagnosis of gastrointestinal malignancies are stool occult blood detection, in case of CRC, digital rectal
examination, and serum tumor marker (carcinoembryonic antigen (CEA) and carbohydrate antigen 19-
9 (CA19-9)) analysis.”® However, the detection of the serum tumor marker CEA and CA19-9 cannot
fully satisfy clinical needs owing to their low sensitivity and specificity. Therefore, the ctDNA
detection, specifically when coupled with CEA, CA19-9 and other biomarkers’ assessment, virtually
represents a great advantage for the early cancer diagnosis. Despite challenging, the application of liquid
biopsy to this end might find specific application in the screening of high-risk populations, who present
familiar history or a genetic predisposition to cancer. For instance, mutations in genes associated with
Lynch syndrome (MLHI, MSH2, MSH6, PMS2, EPCAM) represent a genetic hereditary condition that
increase the risk to develop CRC, as well as the presence of inflammatory bowel disease, ulcerative
colitis and Crohn’s disease.”” The ctDNA application needs further support from prospective clinical
trials with large sample sizes, as well as the standardization of detection methods, before it can be used
for routine clinical cancer diagnosis.

i1) Tumor genotyping: even though the transition from a tumor testing to a blood-based testing
requires a multiple steps validation process, the acquisition of information on tumor genotype, with
specific regard to the identification of druggable mutations, is gradually taking hold. The shift from a
spatially limited tissue sampling to a virtually unbiased blood test is particularly suited when the tumor
site is difficult to reach or is spread in different locations.>” In CRC, the use of targeted panels for the
identification in ¢cfDNA of target mutations in the proto-oncogenes (KRAS, BRAF), which define the
sensitivity toward anti-EGFR monoclonal antibodies, has revealed a concordance rate with tumor tissue
of 96%,*" while the validation of cfDNA based screening test for tumor genotyping across multiple
cancer types in a study population including 21807 subjects revealed a concordance rate with tumor
tissue of 80 — 90%.?* This modest agreement might be attributable to a limited assay sensitivity in
detecting mutant circulating tumors clones as well as to a misrepresentative tissue sampling, in case of
ctDNA negativity and tissue test positivity for interrogated mutations. In the context of GIST, the
precise characterization of tumor activating mutations in K/7 and PDGFRA genes is of pivotal relevance
for the preemptive assessment of tumor’s sensitivity toward tyrosine kinase inhibitors (TKIs) and,
therefore, to tailor therapeutic strategies accordingly. Today, the exclusive reliance of tumor diagnosis

on liquid biopsy requires a careful appraisal and should be integrated with the tissue biopsy.



iii) Risk-stratification and prognosis: Recently, the emerging role of ctDNA in ecarly-stage
cancers has been achieving increasing attention and pre- and post-operative ctDNA in various cancers
has been investigated as a useful prognostic biomarker to indicate risk to recurrence after surgical
resection. Several studies have reported the association of pretreatment ctDNA levels with tumor burden
and prognosis, highlighting that higher ctDNA levels were observed in patients bearing a wider
measurable disease and were commonly associated with a shorter time to progression (TTP).**** This
evidence might be attributed to the fact that aggressive tumors are characterized by a high proliferation
rate that is associated with high levels of apoptosis, resulting in the shedding of higher quantities of
ctDNA. In stage III melanoma patients receiving curative tumor resection, the presence of detectable
ctDNA before surgery was associated to a shorted melanoma specific survival, representing a powerful
biomarker to refine the stratification of patients for adjuvant treatments.>> Conversely, ctDNA levels
before treatment in locally advanced rectal cancer (LARC) were not prognostic of relapse-free
survival.*® In this framework, the application of liquid biopsy in gastrointestinal malignancies represents
a powerful tool to implement the currently available risk-stratification algorithms and to guide the
treatments personalization accordingly;

iv) Detection of minimal residual disease (MRD): One of the main challenges in clinical
oncology is the early identification of residual tumor cells after surgical removal of tumor. The presence
of occult metastatic nieces might not be detectable with traditional imaging techniques and represents a
source of tumor cells capable to drive a rapid disease recurrence in absence of any concomitant adjuvant
treatment. Therefore, the research of ctDNA after curative tumor resection is a powerful tool to help the
detection of MRD. Although the ideal window for detecting MRD is not defined, the majority of
published studies examine blood samples approximately 4-12 weeks after treatment.’’*® Many
retrospective studies across different tumor entities have demonstrated the clinical validity of ctDNA in
detecting MRD ahead of clinical or radiographic relapse, with lead times varying from about 3 to 11
months, with the notable caveat that in many cases there was no simultaneous surveillance imaging.*
In LARC the detection of ctDNA after radical surgery successfully identified patients most likely to

have a shorter disease-free survival,*’

while ctDNA detection after stage II colon cancer resection
provides direct evidence of residual disease and identifies patients at very high risk of recurrence.®

v) Monitoring of treatment response and emergence of secondary resistance: The logical
application of ctDNA monitoring in the metastatic setting is the early identification of tumor progression
before metastases become radiographically or clinically detectable. The possibility to tailor therapeutic
options according to identified tumor resistant subclones would allow the early intervention and the
implementation of the efficacy of therapeutics, avoiding delays in treatment administration. In CRC,
the EGFR gene is frequently amplified and overexpressed at the protein levels. Therefore, anti EGFR-
targeted therapies, mainly represented by the monoclonal antibodies cetuximab and panitumumab, are

widely used in metastatic CRC (mCRC) patients overexpressing EGFR.*' However, these drugs show

clinical benefits in only a subset of patients with mCRC owing to molecular alterations in EGFR



pathway effectors. In fact, the presence of activating mutations in KRAS gene results in the activation
of the downstream RAS-RAF-mitogen-activated protein kinase (RAS-RAF-MAPK) signaling pathway,
regardless of EGFR activation or blockade. Therefore, KRAS mutations may predict the development
of resistance to anti-EGFR antibodies and are consistently correlated with reduced OS and progression-
free survival (PFS).** The identification of secondary acquired resistance in mCRC patients receiving
anti-EGFR targeted agents, has been detected by means of ctDNA analysis in the 38% of patients with
baseline wild-type KRAS.* KRAS mutations were shown to emerge in the blood of metastatic CRC
patients treated with anti-EGFR monoclonal antibodies up to 10 months before the emergence of
radiological disease progression.*
The identification of a drug-resistance phenotype is of crucial relevance to drive the clinical decision
making in term of treatment selection, as mCRC presenting mutant KRAS are commonly treated with
traditional chemotherapy. Apart from RAS mutations, also the amplification of the MET protooncogene
is also associated with acquired resistance in patients treated with anti-EGFR therapy. Amplification of
the MET locus was detected in ctDNA before clinically diagnosis of relapse, and the prompt
administration of MET kinase inhibitors can overcome the acquired resistance.*’ In GIST, the presence
of ctDNA bearing KIT mutations in exon 13 or 18 have been associated to the acquisition of an imatinib-
resistant phenotype, sustaining the application of liquid biopsy as a promising strategy to guide
therapeutic decisions in drug-resistant cancers.

In the present work, the application of ctDNA monitoring in the clinical context of LARC and

GIST will be analyzed, with specific attention to the monitoring of pharmacological treatments.

1.3.1 Locally Advanced Rectal Cancer (LARC)

CRC is the third most commonly diagnosed cancer type and represents the fourth leading cause of
cancer-related death worldwide.*® Rectal cancer accounts for approximately the 30% of CRC and is
characterized by morphological and molecular features that make it a private entity with respect to CRC.
The locally advanced rectal cancer (LARC) is defined as stage II/I1] rectal tumor, with or without lymph
nodes involvement and without concomitant presence of metastatic sites. By a molecular point of view,
the most frequently mutated genes in LARC are APC, TP53, KRAS, PIK3CA, BRAF and NRAS. As
expected, the mutated KRAS and NRAS genes usually had oncogenic codon 12 ,13 or 61 mutations,
whereas the remaining genes had inactivating mutations.”” The standard of care for the clinical
management of LARC relies on neoadjuvant chemoradiotherapy (nCRT) treatment, followed by radical
surgery, mainly represented by total mesorectal excision, and optionally followed by an adjuvant
chemotherapy. The nCRT was proven to be of crucial importance for the proper management of LARC,
as it can improve the rate of curative resection and significantly reduce local recurrence rate.*>*’ Despite
these advantages, the recurrence rate of LARC has not decreased significantly and about the 30% of

patients treated with a curative surgery will eventually develop distant metastases.**>* Administration



of 5-fluorouracil (5-FU)-based adjuvant therapy has been proposed to prevent the development of
distant metastases. However, its clinical benefit for LARC patients treated with nCRT and surgery is
still controversial as adjuvant treatment was demonstrated to not improve OS, disease-free survival
(DFS) or distant recurrence rate.”'*> The pathological examination of surgical specimen represents
nowadays the gold standard for the assessment of response to neoadjuvant treatment. To this end,
different scoring systems aimed at assessing the tumor’s regression grade (TRG) at the time of surgery
are currently used in clinic as they were proven to correlate with survival outcomes. Specifically, the
pathological complete response (pCR), which is the absence of visible residual tumor’s cells in surgical

5334 and is associated with

specimen, is commonly observed in a subset of 15 to 30% of LARC patients,
alonger OS and a lower risk of local and distant recurrence after surgery with respect to patients without
pCR.> The remaining patients span between a minimal residual disease after nCRT and the total lack
of response with possible tumor’s progression in course of neoadjuvant treatment, thus making the
response to nCRT not only extremely variable in term of prevalence, but also very unpredictable.

The possibility to predict the outcome of nCRT before treatment initiation or during its very early course
would be of crucial clinical relevance to select and optimize the following therapeutic options. While
intensified nCRT programs could be hypothesized for poor responders,’ the application of more
conservative surgical strategies or watch-and-wait approaches, could be adopted in patients with
optimally responding tumors, with a concomitant improvement of the quality of life.”’

The selection of patients for these personalized treatment strategies is currently based essentially on
clinical-pathological criteria, including tumor size, N stage, distance of tumor from the anal verge, and
interval from nCRT to surgery. However, additional and more effective stratification criteria are needed
to improve the currently available risk stratification algorithms in LARC and to sustain the clinical
decision making for treatment optimization. The possibility of interrogating ctDNA as a surrogate of
tumor tissue in the context of LARC represents a highly appealing strategy for the close monitoring of

nCRT and for the early patient stratification into good and poor responders.*®

1.3.1.1 Application of ctDNA Analysis in LARC

LARC is characterized by a small panel of well described point mutations in selected genes, i.e. KRAS,
TP53, BRAF, APC, PIK3CA, which are not druggable and of limited prognostic impact. In sharp
contrast with the CRC, to date only a few studies have investigated the clinical utility of ctDNA
monitoring in the context of LARC, and reported findings exhibited a limited prognostic role of ctDNA
in LARC with respect to the early assessment of nCRT outcome. Specifically, the identification of
ctDNA after surgery has been associated with a shorter time to progression, suggesting that it might
represent a suitable marker for the identification of minimal residual disease and for the selection of
candidate patients to adjuvant treatments.** However, the detectability of ctDNA at the time of diagnosis

showed no significant association with the response to nCRT, thus hampering its application as an early
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biomarker of treatment efficacy.*™*” Investigations carried out till now have been focusing on the
identification of selected point mutations in the ctDNA, by scanning genes that are frequently mutated
in LARC or by tracking point mutations previously identified in the matched tumor tissue.

Other appealing but poorly investigated markers for ctDNA detection and monitoring relies on the
identification of wider genomic aberrations, such as gene amplifications or chromosomal
rearrangements. Genomic instability is a hallmark of cancer and approximately the 90% of solid tumors
are aneuploid and harbor CNAs. CNAs include loss of chromosomal material (deletions), gain of
chromosomal material (duplications). Chromosomal instability and microsatellite instability are well
known markers described in CRC, whereas their presence, as well as their prognostic significance in
LARC has achieved a lower level of evidence. A recent analysis of 33 treatment naive LARC biopsies
revealed an increased level of genome instability, i.e. copy number imbalance, in patients reporting an
incomplete pathological response to nCRT, with respect to pCR patients, suggesting that untargeted
ctDNA detection strategies might be attempted in LARC.%

While targeted approaches have the potential of capturing major known driver mutations at a high
resolution, they mostly interrogate only single or small set of genes and are therefore unable to assess
the genetic heterogeneity of ctDNA in an unbiased manner. However, given that tumor genomes are
constantly changing under the selective pressures of therapies, a comprehensive genome-wide analysis
might be advantageous in this setting. In the context of a complex phenotypic trait, such as the response
to a chemotherapy combined with a concomitant radiation treatment, the application of unbiased whole-
genome approaches. Recent studies evaluated the application of low coverage sSWGS of cfDNA as a
tool to identify the presence of specific somatic CNAs in cancer that can be used for the treatment
monitoring and for the early assessment of disease progression.®"** This approach could be of particular
relevance especially for the surveillance of cancers that do not harbor specific patterns of actionable

point mutations and for which the monitoring of selected mutations is of limited clinical utility.

1.3.2 Gastrointestinal Stromal Tumor (GIST)

By an epidemiological point of view, GIST is a rare disease. However, it represents the most common
mesenchymal tumor affecting the gastrointestinal tract.** According to epidemiological surveys, most
population-based studies report a GIST incidence between 10 and 15 cases per million people, with an
increase of incidence over the past twenty years attributable to a misclassification of GIST before the
21% century.®® GIST has no gender predominance as its distribution is equal between male and female.
On the other hand, the age of diagnosis is very wide among the population with a median age of 58
years.

GISTs can arise everywhere through the gastrointestinal tract. However, its most common primary
localizations are the stomach (50%) and the small bowel (25%) followed by the rectum (5%) and the

esophagus (<5%). The canonical metastatic sites of GIST are the liver and the abdomen, whereas extra-
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abdominal colonization is rare and mostly affecting lungs and bones. So far, the identification of
intestinal cell of Cajal as a likely precursor of GIST is the most accredited hypothesis upon the origin
of the disease, as GIST cells were proved to have common features with them. Intestinal cells of Cajal
are innervated cells belonging to the myenteric plexus that have autonomous pacemaker functions and
coordinate peristalsis through the gastrointestinal tract.

Morphologically, the vast majority of GIST cells (70%) presents a characteristic spindled shape with
eosinophilic cytoplasm and presence of multiple nuclei. GIST cells with epithelioid morphology and
poorly eosinophilic cytoplasm accounts for roughly 20% of GISTs, whereas the remaining 10% of GIST
cells is represented by a mixture of the two previous types. The immunohistochemistry analysis of GIST
cells is an integral part of the GIST diagnosis as GIST cells usually show positivity for CD117 (KIT)
and/or DOG1, CD34, ACAT2, S100, DES and keratin. Even thou KIT is the most specific antigen in
GISTs, a sub-population of them (5%) result KIT-negative, encouraging the screening for a panel of
antigens.

By a molecular point of view, oncogenic KIT mutations are found in approximately the 80% of GISTs
and represent the predominant mechanism of GIST initiation. Gain-of-function mutations, deletions or
indels in KIT gene are most commonly located in the intracellular juxtamembrane domain, encoded by
exon 11, and account for the 67% of the overall mutations in GIST. Their presence disrupts the normal
autoinhibitory state of KIT receptor, resulting in its constitutive ligand-independent activation. The
remaining K/7T-mutant GISTs display activating mutations in the extracellular ligand-binding domain,
encoded by exon 9 and found in the 10% of GISTs, and, to a lower extent (<2%) in the kinase domain,
encoded by exon 13 and 17.° Approximately 15% of GISTs are driven by oncogenic PDGFRA
activating mutations, which are mainly localized in homologous regions to KIT receptor (exon 12, 14
and 18).° Owing to their role as initiating clonal events in GIST’s etiology, KIT and PDGFRA mutations
are mutually exclusive. A small proportion of GISTs, representing roughly 5% of the GIST general
population, does not harbor KIT or PDGFRA oncogenic mutations and is universally known as wild-
type GISTs (Table 1).

A growing body of evidence sustains the role of RAS/MAPK and PI3K/mTOR as the two main
pathways transducing KIT/PDGFRA-mediated oncogenic signaling, while a minor contribution to the
oncogenic cascade is supported by pathways involving STAT3, AXL and Src.’” However, a definitive
characterization of players involved in the biochemical signal transduction in GIST is not fully
understood yet. Moreover, genomics events leading to MAPK pathway hyperactivation, such as BRAF
and RAS mutations, and NFI loss-of-function mutations, are oncogenic drivers in wild type GIST.®
Consistently, wild type GISTs that are deficient in the succinate dehydrogenase (SDH) harbor a
remarkable epigenetic dysregulation that converges in the functional activation of KIT and FGF in the

absence of canonical kinases’ mutations, thus leading to a highly expressed MAPK signature.®
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Table 1. Oncogenic initiating mutations in GISTs and their relative frequency within GIST patients.

Genetic Alteration Frequency (%)
KIT mutations 75-80
Exon 11 67
Exon 9 10
Exon 13 1
Exon 17 <1
PDGFRA mutations 10-15
Exon 18 (D842V) 8
Exon 18 (non-D842V) 3
Exon 12 1
Exon 14 <1
KIT/PDGFRA wild type 5-10
SDH-deficient 8
BRAF mutant 1
RAS mutant <1
NF1 mutant <1

KIT mutations alone are insufficient to induce malignant behavior, and additional genetic events are
necessary to transform micro-GISTs (<1 ¢cm) into tumors with increasingly malignant potential. Indeed,
clinical and biological progression of GIST from micro- localized disease to an aggressive metastasized
malignancy is a dynamic process involving the acquisition of additional mutations mainly located in

genes such as MAX, CDKN24 and DMD (Figure 3).”""!
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Figure 3. KIT and PDGFRA-mediated signaling pathways that drive the oncogenic signaling in GIST cells
(created with BioRender.com)
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Since few decades ago, GIST was classified as a general leiomyosarcoma and treated accordingly by
means of standard chemo-radiotherapy. However, in contrast with the other kinds of soft tissue
sarcomas, the response rate of GIST toward traditional therapies was poor enough to consider GIST a
treatment-refractory tumor. Drug development in GIST has successfully exploited the high reliance on
KIT/PDGFRA oncogenic signaling as a therapeutic vulnerability, so that GIST has been the first tumor
taking advantage from the approval of a molecularly targeted therapy — imatinib — nearly two decades
ago. Since then, the management and prognosis of GIST have undergone a terrific improvement in term
of acute treatment response and long-term survival, and imatinib still represents the cornerstone of care
for the treatment of GIST. GIST was first recognized as a private entity with respect to other
mesenchymal tumors in 1998, after the discovery that gain-of-function mutations in KIT or PDGFRA
tyrosine-kinase receptors orchestrate GIST growth and survival from tumor initiation to clinically

symptomatic disease.”*”

1.3.2.1 Pharmacodynamics of Imatinib

Imatinib mesylate is a tyrosine kinase inhibitor (TKI) that selectively binds KIT, PDGFRA tyrosine
kinase receptors in GIST and the bcr-abl tyrosine kinase, the chimeric receptor created by the
Philadelphia chromosome abnormality in chronic myeloid leukemia (CML). Imatinib binds the TKIs’
ATP binding site, locking them in a self-inhibited conformation, therefore inhibiting the enzymatic
activity of the receptors and interrupting the downstream signaling pathways.

The regulatory approval of imatinib as a first-line treatment in patients with advanced or metastatic
GIST has triggered a new era of targeted therapy. Approximately, two thirds of patients administered
with imatinib present objective radiographic response, with a median PFS of 20 months and a median
OS of 57 months,” in striking contrast to the pre-imatinib era, when the median OS was restricted to 10
— 20 months. These outstanding clinical improvements sustain the central tumor’s reliance on
KIT/PDGFRA-mediated oncogenic signaling and their crucial involvement as effective actionable
targets for therapeutic purposes in GIST. However, despite 7 — 9% of patients exhibits an excellent
imatinib sensitivity and experiences a complete clinical response while on treatment, the molecular
scenario of different KIT/PDGFRA mutations is the main decisive element to predict the clinical
sensitivity to imatinib.”>’® Accordingly, genetic alterations involving KIT exon 11 predict for deeper
and prolonged tumor response, while patients with KIT exon 9 mutations are usually less sensitive to
imatinib and benefit from an increased imatinib daily dose (800 mg). Conversely, mutations in
PDGFRA exon 18 D842V are intrinsically insensitive to imatinib.””-’® However, even patients who
achieve a clinical complete response to imatinib, the disease could not be deemed cured, as the imatinib

" and surgery remains the only curative

interruption leads to tumor relapse in almost all patients,
intervention for GIST eradication. This evidence is consistent with the mechanism of action of TKIs,

which are cytostatic rather than cytotoxic agent and the imatinib administration was proven to induce
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the development of a quiescent phenotype in cancer cells, whose effect is reversible and dependent on
the drug’s intake.

The selective pressure exerted by imatinib in cancer cells tend to trigger the positive selection and
expansion of clones with acquired secondary mutations in K/T, which represents the main mechanism
of imatinib failure in approximately 90% of relapsed GIST patients.** Secondary KIT mutations cluster
in two regions of the KIT kinase domain, the ATP binding pocket and the activation loop, whereas
resistance occurrence in imatinib sensitive PDGFRA-driven GISTs is not well known, although it is
conceivable that homologous domains to KIT receptor will be affected. It is also not clear whether
resistance mutations are preexistent, emerge through selective pressure, or both mechanisms are
involved. Moreover, imatinib failure may not result from biological progression, but from a reduction
in drug exposure, specifically after prolonged treatments. After imatinib failure, two main strategies are
possible, although never compared formally: doubling imatinib dose (400 mg twice a day) or
administering sunitinb as an alternative. The emergence of new metastases, as well as the primary
tumors regrowth, most commonly herald the presence of resistance subclones against which imatinib
cannot bind the receptor, and therefor starting sunitinib would seem the best choice. Both sunitinib and
regorafenib are multi-kinase inhibitors (MKIs) with a broader spectrum of action against KIT, PDGFR-
family and VEGFR-family. Several other TKIs have been proposed for the management of advanced
GIST, providing a modest improvement of the PFS (up to 6.3 months with ripretinib), regardless to the
line of treatment.*'*

Among the still unmet clinical needs for the management of advanced GISTs is the huge heterogeneity
of KIT secondary mutations that leads to mixed responses and modest clinical benefit in patients
experiencing imatinib failure.**® For its paradigmatic scenario of KIT/PDGFRA secondary mutations
that drive the disease progression, GIST represents an excellent model to implement the ctDNA-guided
treatment. The National Comprehensive Cancer Network (NCCN) Clinical Practice Guidelines
recommend genetic analysis to guide targeted therapy in newly diagnosed GIST patients.** However,
aside the genetic characterization of driver mutations, which is usually performed on the diagnostic
tissue specimen, the dynamic monitoring of mutational pattern under treatment is of pivotal relevance
to guarantee the efficacy of administered drugs over time. In this framework, the detection and
monitoring of ctDNA represents a safe alternative to the tissue rebiopsy for the genetic analysis of GIST
mutational spectrum. In 2013, Demetri and colleagues presented an exploratory analysis to assess GIST
genotypes on patients in the GRID study. Mutations in the KIT gene were detected in 58% of the blood
samples compared with 66% of the tumor tissue samples.® A recent study demonstrated the reliability
of ctDNA detection by NGS for the assessment of diagnostic genotype in twenty-five localized GIST
patients, showing an overall agreement 72.2% between ctDNA and primary tumor DNA of in the 18
KIT-mutant GISTs. Conversely, no ctDNA was detected in KIT/PDGFRA wild-type GISTs, who remain

a still poorly understood category deserving more specifically devoted research efforts.™
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Beside tumor genotyping, the most promising application of ctDNA detection on GIST is represented
by the dynamic monitoring of ctDNA within different therapeutic settings. The identification of ctDNA
in patients treated with first line therapy for the management of the metastatic or localized non-operable
disease may provide early information upon an ongoing disease progression and upon mechanisms
behind it, thus driving the clinical decision making in term of downstream pharmacological intervention.
On the other hand, patients administered with imatinib in the adjuvant setting, which is commonly given
for three years after radical surgery, might benefit from the ctDNA monitoring aimed at the
identification of disease relapse or, more challenging, at the surveillance of minimal residual disease.
In the context of neo-adjuvant setting, liquid biopsy in GIST displays a more negligible application,
since the tumor’s genotype is the major determinant to accurately predict the imatinib sensitivity and
the tracking of ctDNA beyond its diagnostic purpose would appear redundant. In 2013, Demetri et al.
investigated the detectability of secondary KI/T mutations, which drive resistance to imatinib and
sunitinib, in the blood of GIST patients and compared them with the matched tumor tissue. They found
mutations in 47% of tested blood samples compared with only 12% of tissue samples. In addition, nearly
half of blood samples in which secondary KIT mutations were found, harbored multiple secondary
mutations. That study pioneered a new era for ctDNA research in GIST, which was proposed as an
efficient marker of mutational GIST status and disease itself.®® Thereafter, few studies tried to validate
ddPCR or NGS-based methods for the monitoring of ctDNA in GIST patients showing that i) ctDNA
shedding in GIST is usually very low, thus posing a challenge to its clinical routinely application,®’ ii)
ctDNA detection is more successful in advanced imatinib-resistant patients® and iii) when positive,
ctDNA monitoring reflects the course of the disease and the expected sensitivity pattern to TKIs.®
Beside the great specificity of ctDNA detection, which would seem to recapitulate the mutational
background of the tumor tissue, its detection rate seems to represent the main limiting step against its
clinical application as a prognostic tool in GIST.

However, even in presence of imatinib-sensitizer mutations, the imatinib efficacy and the disease
control cannot be taken for granted and the 10 to 20% of patients will eventually develop disease
progression. The exacerbation of an imatinib resistant phenotype is only partially dependent on a
deficient pharmacodynamic interaction between the drug and its molecular target. In fact, imatinib
represents a paradigmatic case of pharmacokinetic heterogeneity. Imatinib plasma exposure, which can
be described by pharmacokinetic parameters such as the area under the curve (AUC) and the trough
concentration at the steady state, was reported to vary significantly among the population, thus exposing
the patients to the risk of treatment inefficacy or toxicity. The reasons leading to this phenomenon are
partially unknown, even though both genetic and environmental factors have been proposed as major
determinants on pharmacokinetic variability. Specifically, the contribute of pharmacogenetic variants
affecting drug’s metabolizing enzymes and transporters and the concomitant administration of
potentially interacting drugs is being gradually considered in clinical practice as a complementary tool

to improve the treatment efficacy in clinical oncology.
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1.3.2.2 Pharmacokinetics and Pharmacogenetics of Imatinib

After oral administration imatinib is rapidly absorbed through the gastrointestinal tract, with a
bioavailability of 98%. The drug is extensively bound to plasma proteins (95%), predominantly to
albumin and alpha glycoprotein.”® The plasma half-life of imatinib is approximately 18 hours, thus
allowing the daily drug administration. Imatinib is mainly metabolized by the liver, and only 13% is
being excreted unchanged in urine.”’ Imatinib is absorbed through the intestinal wall and interacts with
P-glycoprotein (P-gp, ABCB1) or with ATP-binding cassette sub-family G member 2 (ABCG2)
transporters at the membranes of intestinal epithelial cells and is then transported to the intestinal lumen.
Imatinib undergoes a first pass effect metabolic step, where a fraction of active drug is metabolized in
the liver. Most of imatinib is metabolized by cytochrome P450 isoenzyme CYP3A4 to its main
metabolite (N-demethylated piperazine derivate or nor-imatinib), which shows in vitro potency similar
to the parent drug. Other enzymatic players, such as CYP3AS, CYP1A2, CYP2D6, CYP2C9, CYP2C8

and CYP2C19, have a minor contribution in imatinib catabolism (Figure 4).
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Figure 4. Exemplary representation of the transport and metabolism of imatinib. Imatinib is absorbed through the
gastrointestinal lumen and is distributed to tissues after a first-passage step of metabolism. The transporters
ABCBI1 and ABCQG2 play a role in the extrusion of imatinib from the luminal gut cells. In the liver, a complex
system of cytochromes catalyzes the imatinib biotransformation into inactive species. One imatinib metabolite,
i.e. the desmethylimatinib is biologically active. (created with BioRender.com)

A direct linear proportionality between administered imatinib dose and its plasma exposure has been
observed at the steady state. However, a remarkable variability of imatinib plasma AUC has been
reported among subjects and was shown to correlate with treatment inefficacy or toxicity.”>”* The
toxicity of Imatinib are usually mild and not life-threatening when compared with conventional
chemotherapy. The main toxicities reported are edema (periorbital, face, and limbs), cutaneous rash,
asthenia and anemia. The incidence of imatinib adverse events has been associated with a range of
clinical factors, showing associations with sex, age and performance status with the incidence of severe

imatinib-induced, non-hematological adverse events such as fatigue, nausea, diarrhea and edema.’
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Although toxicity can be debilitating, non-hematological toxicity can be treated with other drugs and
hematological toxicity is often asymptomatic and acceptable considering the need for antitumor therapy.
On the counterpart, the risk to develop disease progression or recurrence as a consequence of low
imatinib plasma exposure is a clear example of adverse drug reaction showing a severe impact on
patients’ prognosis.

It has been demonstrated that genetic polymorphisms of main drug-metabolizing enzymes and
transporters may significantly influence the inter-individual variations in drug metabolism and
disposition.” The presence of pharmacogenomic variants in drug metabolizing enzymes and
transporters has led different pharmacogenetic working groups, such as the Dutch Pharmacogenetics
Working Group (DPWG) and the international Clinical Pharmacogenetics Implementation Consortium
(CPIC), to formulate pharmacogenetic guidelines to optimize pharmacotherapy.”®®” The use of
pharmacogenetic (PGx) tests aimed at defining the genotype-driven functional level of drug’s
metabolizing enzymes and transporters before dugs’ administration allow the healthcare providers to
treat patients with a more personalized drug therapy, ultimately helping to increase the efficacy and
safety of medical treatments. The impact of genotype in defining the activity of codified proteins has
been translated into the gene activity scoring system, which allows the quantification of the enzymes’
functionality with respect to the wild type allele. The activity score (AS) also represents a strategy to
make easier the pharmacogenetic interpretation and to sustains the implementation of PGx
recommendation into the clinical practice. The growing body of PGx evidences has also led the
regulatory agencies EMA and FDA to include pharmacogenetic information into the summary of
product characteristics for those drugs presenting actionable dosing recommendation guidelines
according to patients’ genotype. One of the best fitting examples of the successful application of PGx
information in oncology is the gene-drug pair represented by the dihydropyrimidine dehydrogenase
(DPYD) gene and the chemotherapeutic agent 5-FU. The DPYD gene codifies the homonym enzyme
DPD, which catalyzes the conversion of the active form of 5-FU into inactive metabolites.”® The
presence of loss-of-function genetic polymorphisms in the DPYD gene is a condition that affects the
roughly 10% of Caucasian population and that leads to a reduced DPD activity. The loss of DPD
catabolic activity, or its reduced expression, culminates in the accumulation of 5-FU and leads to the
onset of severe life-threatening toxicities. To date, four genetic polymorphisms have been
straightforwardly associated with different extents of reduced DPD activity, i.e. DPYD*2A
(c.1905+1G>A), DPYD*13 (c.1679T>G), DPYD ¢.2846A>T and DPYD c.1236G>A.”” For these
variants, PGx guidelines recommend a starting 5-FU dose reduction, or the switch to another therapy,
according to the patient’s genotype and the DPYD activity score is currently used to optimize the
individual’s starting dose. The gene activity score ranges from 0 (no DPD activity) to 2 (normal DPD
activity).'"!"! The preemptive DPYD genotyping and the according 5-FU dose optimization has been
proven not only to reduce the onset of severe toxicity in CRC patients,'* but also to be cost-effective

by reducing the costs related to the toxicities’ management and hospitalization.'**'*
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Imatinib is predominantly metabolized by CYP3A4 in the liver, with a minor contribute provided by
the CYPs isoforms CYP3A5, CYP1A2, CYP2D6, CYP2C9, CYP2C8 and CYP2C19. Moreover, the
drugs’ transporters ABCB1 and ABCG2 play a role in imatinib absorption and distribution, as well as
in the drug extrusion from cancer cell. These enzymes and transporters are located in highly
polymorphic genetic loci and the presence of loss-of-function and gain-of-faction genetic variants
playing a role in modulating the enzymes’ metabolic activity is well documented. Accordingly, PGx
recommendations based on CYPs and transporters genotype have been proposed and are currently used
in clinical setting to personalize the pharmacological treatment of many commercially available drugs.
However, no PGx recommendations for imatinib have been proposed so far, partially owing to the
paucity of studies investigating the gene-drug interaction and to the lack of ground evidences with
respect to the impact of genetic polymorphisms on imatinib exposure. The pharmacogenetic of
metabolizing enzymes and transporters involved in imatinib disposition have been investigated and the
association with clinical variables, such as the time to progression or the imatinib plasma exposure have
been explored. However, literature has provided controversial findings, partially owing to different
methodological approaches used to evaluate the patients’ metabolic phenotype.

The ABCG?2 transporter, also known as breast cancer resistance protein (BCRP), is encoded by the
ABCG?2 gene and acts as a cellular transmembrane transporter able to excrete xenobiotic molecules.'”’
Imatinib is known to be substrate for the ABCG2 transporters, which is highly expressed in the intestinal
epithelium and on the membrane of cancer cells.'” In a study aimed at evaluating the association
between 34 SNPs in genes involved in imatinib metabolism in GIST patients and the need for imatinib
dose reduction or discontinuation as a consequence of toxicity, Verboom et al. observed that the A-
allele in rs2231137 in ABCG2 gene were associated with an increased risk of imatinib dose reduction
in comparison with wild-type patients (OR 7.35; p = 0.0002)."”” The presence of the A-allele in
rs2231137 had been previously associated with better response to imatinib in Korean patients, but the
mechanism by which this SNP may lead to higher imatinib plasma levels is uncertain, as an association
with imatinib steady state trough levels was not reported in two cohorts of GIST patients from China
and Korea.'"*!1°

The gene ABCBI, also known as multidrug resistance protein 1 (MDR1), encodes for the drug
transporter P-gp. ABCBI1 is expressed the small and large intestines, adrenal gland, placental
trophoblasts, kidney, liver, pancreas (pancreatic ductile cells) and capillary endothelial cells of the brain
and testes. Its expression is specifically abundant in the small intestine, up to seven times higher than

in the liver.'"

However, a huge variability in the expression level of P-gp in the liver was reported,
sustaining the interindividual variability in drug’s metabolism."'? Evidences including findings in
knockout mice support that P-gp plays an active role in and excreting substrate drugs through the
canalicular membrane of the hepatocytes into the bile, through the brush-border membrane of
enterocytes into the gut lumen and through the brush-border membrane of proximal tubules into the

urine.'® P-gp accepts a broad spectrum of structurally and functionally unrelated drugs. Interestingly,
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there is a strong overlap in substrate specificity and tissue distribution between P-gp and CYP3A4 and
3A5. Hoffmeyer et al. first reported that the presence of a synonymous SNP (3435C>T; rs1045642) in
the exon 26 of ABCB1 gene was associated with significantly reduced intestinal P-gp content in subjects
with the T/T genotype in comparison with subjects homozygous for the C allele (genotype C/C), leading
to higher steady-state plasma concentrations after the oral administration of digoxin.'"* After this
discovery, a considerable number of studies has been conducted on the association between 4ABCBI
genotype and drug-related phenotype, sometimes with inconclusive or controversial results. An
association with the need for imatinib dose reduction and homozygous carriers of T-allele in rs28656907
in ABCBI was found (OR 0.19 p=0.040) but the association lost its significance after multivariate
analysis corrected for age, gender and performance status.'”” This SNP has been also shown to increase
the ABCB1 expression.'"”

According to imatinib summary product characteristics, the main CYPs involved in imatinib
metabolism are CYP3A4 and CYP2CS8, whereas other isoforms play a minor role in influencing imatinib
plasma concentration.”’ The metabolic activity of CYP3A4 is irreversibly inhibited by imatinib itself,
which was proven to lead to a hepatic CYP3A4 inhibition up to 90% under clinically relevant imatinib
concentrations in vitro."'® In fact, the concomitant administration of the strong CYP3A4-inhibitor,
ketoconazole, was reported to cause an AUC imatinib increase by only 40%,"'” whereas other CYP3A4-

inhibitors had little to no effect on imatinib exposure,''®

suggesting that the exacerbation of a
comedication-mediated phenotype is dramatically dampen from an already drug-triggered deficit of
enzymatic activity. As a consequence of CYP3A4 imatinib-driven modulation, the relative contribution
of other CYPs involved in imatinib metabolism was proven to change significantly in course of
treatment. In fact, in vitro studies reported that at the beginning of imatinib treatment, the fraction of
imatinib hepatic catabolism is mediated for the 60% from CYP3A4 and for the remaining 40% from
CYP2CS8, whereas after long-term imatinib administration the contribution of CYP3A4 drops to the 25-
35% as a consequence of a dose- and time-dependent imatinib-mediated auto-inactivation of CYP3A4.
Consequently, the contribution of CYP2CS in imatinib catabolism rose up to 65-75%, thus accounting
for the main enzyme involved in imatinib metabolism.'" Therefore, in course of a long-term imatinib
therapy, the concomitant presence of SNPs affecting the activity of CYP2C8 and the concomitant
administration of CYP2C8 interacting drugs may largely contribute to the interindividual variability in
imatinib exposure. For instance, the gain-of-function CYP2C8%*3 allele has been associated with a
remarkable increased clearance of several drugs, including rosiglitazone and pioglitazone.'?*'*

The CYP2D6 gene is highly polymorphic and can therefor give rise to enzymes that range between non-
functional (i.e. poor metabolizers) and increased functional (i.e. ultra-rapid metabolizers). The
CYP2D6*3, *4, *5 and *6 alleles are non-functional as a consequence of frameshift variants (*3, *6),

splicing defects (*4) or whole-gene deletion (*6). The imatinib clearance after oral administration was

reduced in individuals with at least 1 CYP2D6*4 allele (median, 7.78 vs 10.6 L/h; p < .0695).'%
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However, data are conflicting as a more recent study showed that the clearance of imatinib was not
influenced by the CYP2D6 genotype.'**

With respect to the CYP1A42, only one study has investigated the relationship between CYPIA2 genotype
and imatinib exposure, evaluated by means of the need for imatinib dose reduction dictated by the
reported side effects. The presence of two C-alleles in rs762551 in CYP1A42 was associated to the need
for imatinib dose reduction (OR 7.12; p = 0.001) since the C-allele yields a slower metabolic activity of
the enzyme resulting in higher imatinib plasma levels.'"’

Beyond the gene-drug interaction, another relevant and frequently neglected issue in clinical
pharmacology is the drug-drug interaction (DDI). The multimorbidity and the consequent intake of
multiple medicines is a common condition, especially in older population. Together with prescribed
drugs, which are given under medical supervision, the availability of self-medicating agents, herbal
products and food supplements represent a source of uncontrolled biologically active compounds whose
cross-interactions are rarely considered and might expose the patient at an increased risk of adverse
events and poor health outcomes. DDIs can be classified as pharmacodynamic or pharmacokinetic.
Pharmacokinetic DDIs are defined as drug interactions regarding drug absorption, metabolism,
distribution and elimination leading to altered plasma concentrations of a drug and possible unfavorable
outcomes (e.g. increased toxicity and reduced treatment efficacy).'” The mechanism behind the
pharmacokinetic DDIs mainly relies on the interaction between two or more drugs and the same
metabolizing enzymes or transporters, whose activity might be differentially modulated, i.e. inhibited
or enhanced, in presence of specific drugs resulting in an unpredicted altered metabolism of the target
drug. Pharmacodynamic DDIs can be additive, antagonistic or synergistic."”® Conversely, a
pharmacodynamic interaction is the altered response in terms of toxicity and efficacy when two or more
drugs affect similar molecular targets (e.g. membrane receptors).

Therefore, the metabolic activity of a drug metabolizing enzyme or transporter, is modulated not only
by the subject’s genetic makeup but also by the concomitantly administration of other drugs, which may
exhibit an additive, antagonistic or synergistic effect with respect to the genotype-driven metabolic
activity. The temporary transition from the genotype-predicted metabolizing phenotype to the
phenotype registered in presence of a concomitant interacting non-genetic factor (e.g. drugs, smoking)
has been named phenoconversion."?’ These evidences have led to reconsider the association between
genotype and predicted phenotype and have shifted the paradigm of pharmacogenetic from the
investigation of the pair gene-drug interactions to the more sophisticated triplet gene-drug-drug
interactions.

To date, the literature on gene-drug-drug interactions is limited, with only a few reviews evaluating the
impact of CYP2C9, CYPC19, and CYP2D6 variants and their interplay with concomitantly administered
interacting drugs.'**'#’ In the framework of TKIs, one review has summarized the potential clinical
impact of DDIs on TKIs plasma exposure and the association with the risk to develop adverse drugs

reactions, such as inefficacy or toxicity.'” With respect to imatinib, the impact of comedications has
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been reported to play a minor role in defining its plasmatic levels, suggesting that other factors might
significantly contribute to the interindividual variability. As stated above, CYP3A4 is the main enzyme
involved in the imatinib metabolism. The concomitant administration of CYP3A4 inhibitors (e.g.
ketoconazole) was shown to increase by 40% the imatinib AUC in healthy subjects.''” However, an
imatinib dose reduction in presence of concomitant strong CYP3A4 inducers is not recommended from
regulatory agencies, in favor of the close monitoring of toxic effects.”’ Moreover, the concomitant
administration of strong CYP3A4 inhibitor compounds is recommended to be as short as possible.
Conversely, for CYP3A4 strong inducers (e.g. carbamazepine), a 50% imatinib dose increase should be
applied to minimize the risk of imatinib underexposure and inefficacy. Also, the close monitoring of
imatinib pharmacotherapy is recommended for concomitant use of CYP3A4, CYP2C9 and CYP2B6
substrates with narrow therapeutic windows, as imatinib itself can modify the bioavailability of other
drugs.

Evidences suggesting a mild involvement of DDIs in imatinib pharmacokinetic, leave unmet the need
for a better understanding of the interpatient pharmacokinetic heterogeneity in imatinib clinical
pharmacology. Moreover, the phenomenon of gene-drug-drug interactions, with specific regard to the

mechanism of photoconversion, in imatinib has never been investigated so far.
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CHAPTER 2. AIMS

The main aim of the present doctorate thesis is the assessment of the feasibility of circulating tumor
DNA (ctDNA) analysis as an integrative tool aimed at the implementation of the pharmacological
treatments’ monitoring and optimization in the framework of human gastrointestinal malignancies.
Specifically, the ctDNA analysis clinical validity has been investigated in the context of locally
advanced rectal cancer (LARC) and in localized or metastatic gastrointestinal stromal tumor (GIST).
To this end, specific analytical strategies have been chosen to better address the different clinical needs

within the two different therapeutic settings.

In the context of LARC, the cell-free DNA (cfDNA) collected at the time of diagnosis, in course of
neoadjuvant chemoradiotherapy (nCRT) and after nCRT, has been interrogated in newly diagnosed
LARC patients by means of a low-coverage whole genome sequencing approach. The untargeted
ctDNA profiling has been selected to get an unbiased portrait of the somatic copy number aberrations
(CNAs) of tumor and their dynamics in course of treatment delivery. Specific aims are:
1) the assessment of the feasibility of CNAs detection in the cfDNA of LARC patients treated
with nCRT, with specific focus on the analytical specificity;
i) the evaluation of ctDNA validity as a tool to recapitulate the clinical based risk-
stratification algorithms of LARC patients at the time of diagnosis and its utility in refining
the current risk-classification;

1i1) the evaluation of ctDNA as an early marker to predict the outcome of nCRT in LARC.

In the context of GIST, the cfDNA collected every 3 to 6 months in course of imatinib has been analyzed
by means of the targeted deep sequencing of a panel of genes known to play a major role in GIST
initiation and progression. The use of a targeted approach has been selected in light of the molecular
basis governing the GIST relapse and progression. Specific aims are:

1) the assessment of feasibility of ¢tDNA detection in GIST patients in the adjuvant and
metastatic treatment setting by means of targeted digital approaches;

i) the assessment of the ctDNA utility as a tool to dynamically monitor the presence of active
disecase and to early identify the onset of disease progression before imaging-based
diagnosis.

Moreover, the interplay between imatinib pharmacodynamics, analyzed through ctDNA monitoring,
and pharmacokinetics has been investigated as a complementary determinant of treatment efficacy. In
this regard the presence of pharmacogenetic variants in imatinib metabolizing enzymes and transporters
as well as the concomitant administration of drugs showing a potential metabolic interaction with

imatinib have been analyzed and correlated with the imatinib plasma exposure.
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CHAPTER 3. MATERIALS AND METHODS

3.1 Patients’ Selection and Inclusion’s Criteria

3.1.1 LARC Patients
A retrospective population of 40 LARC patients who were admitted to the Radiotherapy division at
IRCCS CRO Aviano (PN) from 2016 and 2019 were selected according to the following criteria:

i) availability of biological material (plasma) stored at the Clinical and Experimental
Pharmacology Unit Biobank of IRCCS CRO Aviano (PN), Italy, collected before the first dose
administration of nCRT and (optionally) in course of and after nCRT;

i1) histologically confirmation of stage II or III rectal adenocarcinoma with clinical confirmation
of the absence of visible metastatic sites;

iii) completion of fluoropyrimidine-based nCRT treatment without interruption or
discontinuations;

iv) availability of detailed clinical data, including TNM stage at diagnosis, CEA levels at diagnosis,
date of start and end of treatment, date and type of surgery, clinical and pathological assessment
of treatment response, TRG score and date of disease progression;

v) age>18;

vi) presence of signed informed consent for clinical and biological data analysis.

3.1.2 GIST Patients

GIST patients were prospectively enrolled in the framework of a clinical research protocol approved by
the local ethical committee and registered in AIFA (N.EudraCT: 2017-002437-36) entitled “Pilot study
to evaluate the feasibility of an innovative approach to monitor patients with gastrointestinal stromal
tumor treated with imatinib”. Patients were enrolled according to the following inclusion criteria:

1) eligibility for treatment with imatinib either in adjuvant or in first-line setting;

i1) performance status of 0 or 1, according to the Eastern Cooperative Oncology Group (ECOG),
and adequate liver, renal and bone marrow function;

iii) just for patients already on treatment with imatinib, the therapy must be initiated more than
three months prior to the first sample collection for the evaluation of the Ciougn at the steady
state;

iv) age>18;

v) presence of signed informed consent at the time of enrollment.

For each patient, 15 mL of blood were routinely collected in Ko-EDTA containing tubes at the time of
regular medical check-up every 3 to 6 months from enrollment till the time of imatinib discontinuation
for any cause. 10 mL of blood were used for the cfDNA extraction and 5 mL were used for imatinib

trough levels’ quantification.
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3.1.3 Healthy Subjects
Healthy subjects were randomly selected among those who volunteer the blood for transfusion and,
upon request, for research at the Transfusion division at IRCCS CRO Aviano (PN), Italy. Volunteers
have a medical check-up before their blood is taken and they must satisfy the following requirements:
i) blood pressure ranges between 110 and 180 mmHg (systolic) and between 50 and 100 mmHg
(diastolic);
i1) age comprised between 18 and 65;
iii) weight of at least 50 kg;
iv) absence of chronic diseases, organs impairments (e.g. liver, heart) or transmissible infectious
disease (e.g. AIDS, hepatitis);
v) minimum hemoglobin level for blood donation (12.5 g/dL for females and not less than 13.5
g/dL for males);
A complete list of donor’s requirements is reported in the attachment IV of Decree of Italian Ministry
of Health, November 2, 2015 reporting “Provisions with regard to quality and safety requirements of

bloods and blood components”.

3.2 Blood Processing and Plasma Storage

Blood was collected in K,-EDTA containing tubes and processed within two hours after sampling in a
two-centrifugation steps protocol to optimize the recovery of ctDNA while minimizing the
contamination with genomic DNA. Briefly, blood was centrifuged at 1600 x g for ten minutes without
brake and the supernatant plasma was carefully collected and put into a new tube to avoid
contaminations with peripheral blood mononuclear cell (PBMC). The harvested plasma was then
centrifuged again at 3400 x g (or maximum speed) for ten minutes without brake to promote cell debris
precipitation. The supernatant plasma was then collected and stored at -80 °C until cfDNA extraction.
Buffy coat for genomic DNA extraction was taken from the PBMC layer remained after the first

centrifugation’s passage.

3.3 ¢fDNA Extraction, Storage and Characterization

cfDNA was extracted starting from a variable amount of plasma (1-5 mL) by using the QIAamp
MinElute ccfDNA Mini Kit (Qiagen, Hilden, Germany), with the following protocol adjustments: the
final cfDNA elution was performed in a final volume of 120 pL, instead of the 40-70 uL recommended,
by a three-steps elution process to optimize the cfDNA recovery. Briefly, 40 uL of nuclease-free water
at 56 °C were kept in contact with the column membrane for five minutes, then the cfDNA was eluted
in a one-minute centrifugation step at 22000 x g. This passage was repeated for two other times. Eluted
cfDNA was fluorometrically quantified by using Quantus Fluorometer (Promega, Madison, WI, U.S.A.)
with the QuantiFluor dsDNA Dye (Promega, Madison, WI, U.S.A.). The cfDNA fragment size was
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assessed by using the Agilent 4200 TapeStation (Agilent Technologies, Santa Clara, CA, U.S.A.) with
the High Sensitivity D1000 ScreenTape and the High Sensitivity D1000 Reagent kit. cfDNA was stored
at -20 °C until use.

3.4 Genomic DNA Extraction and Quantification

Genomic DNA was extracted from 200 uL of blood by using the GeneJET Whole Blood Genomic DNA
Purification Mini kit (Thermo Fisher Scientific, Wilmington, DE, U.S.A.). To increase the DNA purity,
genomic DNA was purified by using the Agencourt AMPure XP Beads (Beckman Coulter, Brea, CA,
USA). Purified DNA was quantified by means of NanoDrop (Thermo Fisher Scientific, Wilmington,
DE, U.S.A.) and Quantus Fluorometer (Promega, Madison, WI, U.S.A.) and was stored at 4 °C until

use.

3.5 DNA Extraction from FFPE Tumor Tissue, Quantification and QC

Six sections of 20 um thick were cut from the formalin-fixed paraffin-embedded (FFPE) tumor blocks
collected during a staging biopsy from LARC patients before treatment initiation. The middle five were
subjected to DNA extraction whilst the first section was stained with hematoxylin and eosin and served
as references to estimate the tumor cells’ content. DNA extraction was performed by means of the
GeneRead DNA FFPE Kit (Qiagen, Hilden, Germany), according to the manufacturer’s instructions.
Briefly, after paraffine removal by means of serial washes with xylol and ethanol, the sample was
incubated at 56 °C with proteinase-K to promote the proteins’ digestion. Then, DNA was incubated for
1 hour at 90 °C to remove possible cross-links between formalin and DNA that had arisen during the
tissue’s fixation process. Next, DNA was treated with the enzyme Uracil-N-Glycosilase (UNG), which
specifically removes the artificially induced uracil residues from the DNA strand, then it was put into a
filter-containing spin column. Remaining contaminants were washed away by means of buffers and
ethanol and DNA was eventually eluted in 25 pL of nuclease-free water. Eluted DNA was
spectrophotometrically quantified by means of Nanodrop 2000c (Thermo Fisher Scientific,
Wilmington, DE, U.S.A.) to check the purity of extracted material. For a more accurate estimation of
the quality of DNA, the fraction of amplifiable DNA was assessed by means of QlaSeq DNA
QuantiMIZE Assay (Qiagen, Hilden, Germany), according to manufacturer’s instructions. This system
exploits a gPCR-based protocol to amplify selected regions of 100 bp and 200 bp homogenously spread
across the genome to assess the fraction of amplifiable DNA for NGS downstream applications by using
a standard DNA as reference control. DNA quality was quantified as the difference between the Ct
(cycle threshold) value of the FFPE-derived DNA against the Ct value of the reference control DNA.
The fragments’ size distribution and the DNA integrity index (DIN) were assessed by using the Agilent
4200 TapeStation (Agilent Technologies, Santa Clara, CA, U.S.A.) with the D1000 genomic DNA
ScreenTape and the D1000 genomic DNA Reagent kit.
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3.6 Gene Selection and Customized Panel Design

To investigate and monitor the presence of ctDNA in GIST patients, a list of 13 genes have been selected
to be analyzed by means of targeted deep sequencing. Genes have been selected to include the most
frequently mutated genes in GIST, genes associated with development of resistance to imatinib and
genes closely related to the KIT/PDGFRA pathway. (Table 2)

Targeted regions included all exons and exon-flanking sites of selected genes. The amplicon based
custom panel was designed by Qiagen (Qiagen, Hilden, Germany), which synthetized PCR primers
specific for the regions of interest. The final primer design was manually checked by means of the

Integrative Genomics Viewer (IGV) software version 2.4.'%

Table 2. List of genes selected for the targeted deep sequencing of codifying regions in the cfDNA of GIST
patients. The gene name, the genomic coordinates, the transcript IS and the sequence ID (RefSeq) are displayed
for each gene.

Gene Genome Position Transcript ID RefSeq
KIT Chr4: 54,657,918-54,740,715 ENST00000288135.6 NM_000222.3
PDGFRa Chr4: 54,229,280-54,298,245 ENST00000257290.10 NM_006206.6
MTOR Chrl: 11,106,535-11,262,551 ENST00000361445.9 NM_004958.4
BRAF Chr7: 140,719,327-140,924,929 ENST00000644969.2 NM_001374258.1
PIK3CA Chr3: 179,148,114-179,240,093 ENST00000263967.4 NM_006218.4
KRAS Chr12: 25,205,246-25,250,936 ENST00000256078.10 NM_033360.4
PTEN Chr10: 87,863,625-87,971,930 ENST00000371953.8 NM_000314.8
SRC Chr20: 37,344,685-37,406,050 ENST00000373578.7 NM_198291.3
STAT3 Chrl17: 42,313,324-42,388,482 ENST00000264657.10 NM_139276.3
FIP1L1 Chr4: 53,377,641-53,460,862 ENST00000337488.11 NM_030917.4
MAX Chr14: 65,006,174-65,102,695 ENST00000358664.9 NM_002382.5
FGFR1 Chr8: 38,400,215-38,468,834 ENST00000447712.7 NM_023110.3
TP53 Chrl7: 7,661,779-7,687,538 ENST00000269305.9 NM_000546.6

3.7 Next Generation Sequencing

3.7.1 Fragmentation of FFPE DNA of LARC Patients

FFPE DNA samples of different concentrations (23-100 ng) were diluted in water to a final volume of
50 ul in Covaris microTUBE AFA Fiber Screw-Cap 6x16mm tubes (Covaris, Woburn, MA, U.S.A.)
and fragmented to an average size distribution of 180-200bp with Covaris M220 Focused
Ultrasonicator with Adaptive Focused Acoustics technology. The following parameters were used for
shearing: Peak Incident Power: 50 W; Duty Factor: 20%; Cycles per Burst: 200; Temperature: 20 °C

with the fragmentation time of 600 s.
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3.7.2 Libraries Preparation for sWGS

Sequencing libraries for sSWGS were prepared starting from 8.0 to 22.0 ng of ¢cfDNA and from 23.0 to
100.0 ng of FFPE DNA using the KAPA Hyper Prep Kit with KAPA Dual-Indexed Adapters for
Illumina platforms (Roche). sSWGS libraries were prepared as follow: after sequencing adapter ligation
for 15 hours at 20 °C, DNA libraries were purified by double-sided size selection to selectively capture
DNA fragment size comprised between 150 and 350 bp. Adapter ligated libraries were amplified in 11
PCR cycles, for cfDNA, and in 8 PCR cycles for FFPE DNA. The clean-up of amplified libraries was
performed according to the manufacturer’s instructions and amplified DNA was eluted in 50 pL of
nuclease-free water and fluorometrically quantified with the Quantus Fluorometer (Promega, Madison,
WI, U.S.A.) with the QuantiFluor dsDNA Dye (Promega, Madison, WI, U.S.A.). The fragment size
analysis for the assessment of the median molecular weight and of the presence of primers dimers was
done with the Agilent 4200 TapeStation (Agilent Technologies, Santa Clara, CA, U.S.A.) with the High
Sensitivity D1000 ScreenTape. Libraries were diluted to a final concentration of 10 nM and samples

were pooled together in equimolar amount.

3.7.3 Targeted Sequencing of FFPE DNA from LARC Biopsies

Targeted DNA libraries for genetic characterization of primary LARC tissue biopsies were prepared by
means of the commercially available QIaSeq Colorectal Cancer Panel DNA kit (cat. DHS-002Z)
(Qiagen, Hilden, Germany) targeting the hotspot regions of 71 genes that are clinically relevant in CRC
and covering 215,328 bp. The detailed gene list is reported in Appendix S1. Targeted libraries were
prepared staring from 40 to 100 ng of FFPE DNA according to the QlaSeq Targeted Panel Handbook.
After the enzymatic fragmentation at 32 °C for 14 minutes, the FFPE DNA fragments were ligated at
their 5' ends with Illumina-specific adapters containing UMIs and sample index. The UMIs are made of
a 12-base fully random sequence that statistically provides 4'* possible indices per adapter, thus
ensuring that each DNA molecule in the sample receives a unique UMI sequence. Adapter ligated
libraries were amplified in the regions of interest by means of six cycles of PCR by using region-specific
primers and universal primers complementary to the adapter regions. Next, enriched libraries were
amplified in 25 PCR cycles. The clean-up of amplified libraries was performed according to the
manufacturer’s instructions and amplified DNA was eluted in 30 uL of nuclease-free water. The library
preparation workflow is depicted in Figure 5. Final libraries were quantified by means of Quantus
Fluorometer (Promega, Madison, W1, U.S.A.) with the QuantiFluor dsDNA Dye (Promega, Madison,
WI, U.S.A.) and the fragment size analysis was done with the Agilent 4200 TapeStation (Agilent
Technologies, Santa Clara, CA, U.S.A.) with the High Sensitivity D1000 ScreenTape. Libraries were
diluted to a final concentration of 10 nM and samples were pooled together in equimolar amount. At
the time of sequencing, pooled libraries were diluted at 4 nM, denatured with freshly prepared NaOH
0.1 M and diluted at a final concentration of 10 pM.
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Figure 5. QlaSeq Targeted DNA Panel workflow for libraries preparation (adapted from QlaSeq Targeted DNA
Panel Handbook ed. February 2020)

3.7.4 Targeted Sequencing of cfDNA and FFPE DNA from GIST Patients

Targeted DNA libraries for cfDNA and FFPE DNA sequencing of GIST patients were prepared by
means of the commercially available QlaSeq Actionable Solid Tumor Panel DNA kit (cat. DHS-101Z)
(Qiagen, Hilden, Germany), to set up the NGS workflow, and by means of the Custom Panel described
in the section Materials and Methods 3.6. The Actionable Solid Tumor Panel comprised the whole
exons of 6 genes and the hotspot regions of 13 genes with actionable mutations in human solid tumors,
spanning 15.160 bp. The detailed gene list is reported in Appendix S2. Targeted libraries were prepared
starting from 5 to 80 ng of cfDNA, with the following adaptation to cfDNA: adapter ligated libraries
were enriched in the regions of interest by means of eight PCR cycles and amplified with 23 PCR cycles.
Libraries were diluted to a final concentration of 10 nM and samples were pooled together in equimolar
amount. At the time of sequencing, pooled libraries were diluted at 4 nM, denatured with freshly

prepared NaOH 0.1 M and diluted at a final concentration of 6 — 8 pM.
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3.7.5 Targeted Sequencing of Genomic DNA from GIST Patients

The genomic DNA extracted from PBMC of GIST patients was used for the characterization of genomic
variants affecting drug’s metabolizing enzymes and transporters. While the majority of genes were
analyzed by means of a targeted allele discrimination assay based on PCR, the imatinib transporters
ABCBI and ABCG2 and the cytochrome CYP2C8 were analyzed by means of NGS. Sequencing
libraries were prepared starting from 100 ng of genomic DNA using a customized hybridization based
NimbleGen SeqCap EZ Choice Library (Roche, Inc., Madison, WI, USA) targeting the UTRs and the
coding sequence of 60 cancer related genes, according to the NimbleGen SeqCap EZ Library SR User’s
Guide v3.0 (Roche, Inc. Madison, WI, USA). Briefly, genomic DNA was enzymatically fragmented for
15 minutes at 37 °C, end repaired, A-tailed and ligated with Illumina indexed adapters. Ligated libraries
were size selected by means of Agencourt AMPure XP Beads (Beckman Coulter, Brea, CA, USA) to
retain fragments ranging between 300 and 350 bp and amplified in 12 PCR cycles. Final libraries were
quantified by means of Quantus Fluorometer (Promega, Madison, WI, U.S.A.) with the QuantiFluor
dsDNA Dye (Promega, Madison, WI, U.S.A.) and the fragment size analysis was performed using the
Agilent 4200 TapeStation (Agilent Technologies, Santa Clara, CA, U.S.A.) with the High Sensitivity
D1000 ScreenTape. Pooled libraries were obtained by putting together 45 ng of each sample that were
amplified in the regions of interest by using the SeqCap EZ Choice Library (Roche, Inc., Madison, WI,
USA) followed by 7 PCR cycles. At the time of sequencing, libraries were denatured with fresh NaOH
0.2 M and diluted to a final concentration of 10 pM.

3.8 Sequencing Platforms

For targeted sequencing, pooled libraries of 8 to 12 cfDNA samples and pooled libraries of 10 FFPE
DNA samples (LARC patients) were sequenced on an [llumina MiSeq (Illumina, San Diego, CA, USA)
using the V2 kit (300 cycles) by using a custom sequencing primer for Read 1 (QlaSeq A Readl Primer
I) and 151 bp paired end reads. Pooled libraries of 16 genomic DNA samples were sequenced on an
Illumina MiSeq using the V2 Nano kit (300 cycles) with 151 bp paired end reads. Pooled libraries of 2
to 4 FFPE DNA samples from GIST patients were sequenced on an Illumina MiSeq using the V2 Micro
kit (300 cycles) by using a custom sequencing primer for Read 1 (QlaSeq A Readl Primer I) and 151
bp paired end reads. For sWGS, pooled libraries of 33 FFPE DNA samples and of 44 to 56 cfDNA
samples sequenced per lane on an Illumina HiSeq4000 (Illumina, San Diego, CA, USA) with 100 bp

paired-end reads.

3.9 Bioinformatics Analysis

For targeted DNA sequencing with the QlaSeq Actionable and Custom Tumor Panel DNA (Qiagen,

Hilden, Germany), generated FASTQ files were automatically processed and analyzed by means of the
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QlaSeq Targeted DNA Panel Analysis software (Qiagen). Variants were called using smCounter v 2
with default parameters,'*' and identified variants were manual verified using Integrative Genomics
Viewer."** For targeted DNA sequencing with the NimbleGen SeqCap EZ Choice Library (Roche)
generated FASTQ files were processed by using the Variant Studio software (Illumina), for variants’
annotation. For sWGS, raw sequencing reads were processed and aligned using the automated pipeline

OTP.'*?

3.10 Variants’ Calling and CNAs’ Detection

Genome-wide copy number profiles and tumor fractions (TFx) were estimated from low coverage
sWGS data of cfDNA using the ichorCNA pipeline with default parameters.'** ichorCNA is an R tool
for estimation of tumor fractions in shallow whole genome sequencing (sWGS) and prediction of large-
scale CNAs. The ichorCNA algorithm uses a hidden Markov model (HMM) for the probabilistic

modeling and works in sequencing coverages down to 0.1X.

3.11 Droplet Digital PCR

Droplet digital PCR (ddPCR) was used to validate NGS results obtained from deep sequencing of
cfDNA. All reactions were performed in triplicates and the workflow was as follow: ddPCR reaction
mix was prepared at a final volume of 20 uL by using 2X ddPCR SuperMix for probes (No dUTP) (Bio-
Rad Inc., Hercules, CA), 1-20 ng of cfDNA quantified using the Quantus Fluorometer high sensitivity
assay kit (Promega, Madison, WI, U.S.A.) and 200X ddPCR specific assay containing the forward and
reverse primers and the FAM and HEX-labeled probes. Droplets were then generated in the QX200
droplet generator (Bio-Rad) by loading 20 pL of the reaction mixture and 70 uL of droplet generation
oil for probes (Bio-Rad) onto matched wells of a DGS8 cartridge (Bio-Rad). Approximately 85 uL of the
droplet/oil mixture (containing 12,000 — 20,000 droplets) were transferred to a semi-skirted 96-well
plate (Bio-Rad), which was sealed with a pierceable foil heat seal using a PX1 PCR plate sealer (Bio-
Rad). Generated droplets were processed using the following amplification protocol: 95°C for 10 min,
followed by 45 cycles: denaturation at 94°C for 30 seconds; annealing at 60°C for 1 minute; extension
at 65°C for 30 seconds. Upon completion of the PCR protocol, the plate was read using the QX200
droplet reader (Bio-Rad) with the following settings: channel 1 = FAM (mutated template) and channel
2 = HEX (wild type template). Droplet counts and amplitudes were then exported to and analyzed with
QuantaSoft™ software (Bio-Rad). Positive droplet concentrations were determined using manually
assigned fluorescence thresholds. Wild type and mutated copies were automatically calculated after
manually removal of false-positive calls (i.e. droplets containing both templates) and was expressed as
number of copies per ul loaded. Mutated allele frequency was manually calculated by dividing the

number of droplets containing mutated copies for the number of positive droplets.
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3.12 Computational Prediction of Splicing Defects

Six publicly available in silico tools were used to predict the impact of the splice-site mutation in 7P53
gene on pre-mRNA splicing. The backbone of all software relies on algorithms which predict the likely
position of exon-intron boundaries, based on the target sequence uploaded. According to the
mathematical algorithm used, each software provides a score rating the strength of the splice signal
identified, where a high score corresponds to a splice site that is easily recognized from the splicing
machinery. The software used are:

1) SpliceView (available at: http://bioinfo.itb.cnr.it/~webgene/wwwspliceview.html) is based on
the basic Position Weight Matrix (PMW) model proposed by Shapiro and Senapathy with the
advantage of considering mutual dependency between nucleotides in different positions.'**

i) GENSCAN (available at: http://hollywood.mit.edu/GENSCAN.html) exploits the Maximal
Dependence Decomposition (MDD) model and provides a probability score describing the
likelihood of identifying an exon-intron junction in the sequence provided by the user.'*’

iii) NetGene2: is based on an artificial Neural Network (NN) which is aimed at distinguishing true
splice sites from blunders.'**!*" This algorithm assigns a confidence score for each splice site
position.

iv) NNSplice 0.9 (available at: https://www.fruitfly.org/seq_tools/splice.html) is based on an
artificial Neural Network (NN) as well, generates a score to rank each splice site position.'*®

v) MaxEntScan (available at: http://hollywood.mit.edu/burgelab/maxent/Xmaxentscan _scoreseq.
html) is based on the Maximum Entropy Distribution (MED) model and provides a log-odd
ratio to the 5° and the 3 splice site."*” As recommended by Houdayer et al., the score of the
mutant splice site should be at least 20% lower than the score of the corresponding wild-type
splice site to be considered deleterious on splicing process.'*

vi) Human Splicing Finder (HSF, available at: http://www.umd.be/HSF/HSF.shtml) incorporates
both the PMW and the MED models to identify canonical splice sites, as well ESEs and ESSs.'"!

3.13 GIST Patients Genotyping and Phenotype Assignment

Enzymes and transporters with a role in imatinib metabolism were selected according to the PharmGKB
information available at https://www.pharmgkb.org/pathway/PA164713427."*> Nine CYPs and two
transporters were selected and the presence of genetic variants with a documented or suspected impact
on their metabolic phenotype was investigated. Selected genes were: CYP2B6, CYP3A4, CYP3AS,
CYP2D6, CYP2C9, CYP2C19, CYPI1A42, CYP2CS8, ABCBI and ABCG2. Genetic variants affecting the
DNA coding sequence and the 3’ and 5’UTRs were analyzed by means of NGS in CYP2C8, ABCBI
and ABCG?2, as described in the section Materials and Methods 3.7.5.
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Table 3. List of genes selected for the assessment of functional variants. For each CYP the presence of specific
SNPs with documented functional impact on the enzymatic activity was investigated. The allele ID (star), the

variant position along the coding sequence and the corresponding ID (rs) are displayed.

Gene
CYP2B6
CYP2B6
CYP2B6
CYP2CY9
CYP2CY9
CYP2CY9
CYP2CY9
CYP2C19
CYP2C19
CYP2C19
CYP2C19
CYP2C19
CYP2C19
CYP2C19
CYP2C19
CYP2C19
CYP2D6
CYP2D6
CYP2D6
CYP2D6
CYP2D6
CYP2D6
CYP2D6
CYP2D6
CYP2D6
CYP2D6
CYP2D6
CYP3A45
CYP3A45
CYP3A45
CYP3A44
CYP3A44
CYP3A44
CYPIA2
CYPI1A42
CYPIA2

Allele
*6/*9
*4/*16
*18
*2

*3

*5
*11
*2

*3
*4A/B
*5

*6

*8

*9
*10
*17
*xN
*3

*4

*5

*6

*8

*9
*10
*14A/B
*17
*4]
*3

*6

*7
*1B
*22
*1G
*1F
*1C
*1K

Variant ID
c.516G>T
c.785A>G
c.983T>C
c.430C>T
c.1075A>C
¢.1080C>G
c.1003C>T
c.681G>A
c.636G>A
c.1A>G
c.1297C>T
c.395G>A
¢.358T>C
c431G>A
c.680C>T
c.-806C>T
Gene duplication or multiplication
c.2549delA
c.1846G>A
Gene deletion
¢.1707delT
c.1758G>T
c.2615delAAG
c.100C>T
c.1758G>A
c.1023C>T
c.2988G>A
c.6986A>G
c.14690G>A
c.27131_27132insT
c.392A>G
c.522-191C>T
c.1023+12G>A
c.-164A>C
c.-3860G>A
c.-729C>T

Corresponding rs
1s3745274
152279343
1528399499
rs1799853
rs1057910
1528371686
1s28371685
1s4244285
rs4986893
1528399504
1s56337013
1s72552267
rs41291556
rs17884712
rs6413438
rs12248560
X
1s35742686
1rs3892097
X
1s5030655
rs5030865
1s5030656
rs1065852
rs5030865
1528371706
1s28371725
15776746
1s10264272
rs41303343
152740574
1s35599367
12242480
1s762551
152069514
1s12720461

The presence of a panel of thirty-six functional variants in the remaining seven imatinib-related CYPs

was investigated by means of allele specific probes, using validated KASP genotyping assays (LGC
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Genomics, Novato, CA, U.S.A.) in the semi-automated SNPline PCR Genotyping System (LGC
Genomics) and in the Applied Biosystems™ 7500 Real-Time PCR system (Applied Biosystem, Foster
City, CA, U.S.A.). The list of the thirty-six target variants is reported in Table 3. To each CYPs’ allele
an activity score was assigned, in order to provide a quantitative measure of its metabolic capacity, in
line with the CPIC recommendations.'*™*” Accordingly, a score of 1 was assigned for each normal
activity allele, 0.5 for each decreased activity allele, and 0 for no activity allele. Then, the predicted
metabolic phenotype was assigned to each CYPs based on the sum of the single alleles’ scores: 0, poor
metabolizer (PM); 0.5 — 1, intermediate metabolizer (IM); 1.5 — 2 normal metabolizer (NM) and >2
ultrarapid metabolizer (UM). For CYP2D6 the genotyping assay detected allele duplication, but not
which allele was duplicated or the number of allele copies. Therefore, ranged phenotypes were possible
(e.g. NM to UM). The detailed assignment of likely phenotypes based on genotypes is reported in
Appendix §3-S7. To provide a comprehensive measure of the individual metabolic capacity of imatinib,
a cumulative activity score comprising the activity score of each CYP was calculated and named
pharmacogenetics activity score (PGx-AS). The PGx-AS was calculated for each patient by summing

the activity score of single CYPs.

3.14 Acquisition of Data on Concomitant Administered Drugs

The detailed list of drugs, herbal products and food supplements taken by GIST patients during follow-
up was retrieved by patients’ clinical records. Moreover, at the time of periodical blood sampling,
patients were asked to fill a document to provide the following information:

1) smoking habits (nonsmoker, moderate smoker, heavy smoker);

i1) coffee intake over the last 24 hours;

iii) chronic drugs’ intake for morbidities aside of GIST;

iv) intake of other drugs beside of imatinib, herbal products or food supplements over the last seven

days;

v) intake of grapefruit juice.

3.15 Evaluation and Rating of Imatinib Interacting Drugs

A potential DDI with imatinib was defined by superimposing a period of exposure to imatinib with a
period of exposure to drugs that could interact with imatinib. Only drugs administered within the
timeframe of a week from the blood sampling were considered for the analysis of potential interaction.
The drugs that were administered in case of need (e.g. NSAIDs for pain relief) were considered as
potentially interacting. The mechanisms of DDI with imatinib were acquired from the drugs’ labels and

from five different databanks that were systematically interrogated to assess: 1) the impact of drugs on
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CYPs and transporters activity and ii) the evidence of documented interaction between drugs and
imatinib reported by in vitro, in vivo and clinical evidences. Screened databanks were:

i) DrugBank. This is an online comprehensive, open source, database containing information on
drugs and drug targets, displaying 2649 approved small molecules.'*® Although not primarily
developed for clinical use, DrugBank provides a set of 12,128 drug-drug interactions (DDIs),
asserted at the ingredient level, along with a brief textual description of the interaction, and
information about the possible molecular basis of the interaction (target-based, enzyme-based,
transporter-based). In the present thesis, the possible molecular basis of the interaction is
reported to be enzyme-based or transporter-based and the version used was the 5.0.

i1) Medscape. This is an online, open source software that provide information upon possible drug
interactions by means of the “Drug Interaction Checker” tool. Drug interactions are categorized
based on severity as minor (current medications can be continued), significant (close monitoring
is required), and serious (suggested for alternative medication). The mechanism of drug
interaction is classified as pharmacodynamic and/or pharmacokinetic. '*

iii) Flockhart Interaction Table. This is one of the most commonly employed data sources for
identifying drug interactions via CYPs and their clinical relevance and is curated by the
Department of Clinical Pharmacology of the Indiana University (IN, U.S.A.). In Flockhart
Interaction Table where all CYP450-relevant drugs in are classified into inhibitors, inducers or
substrates of specific isoenzymes. The level of drugs’ interaction with CYPs is reported as
strong, moderate or weak.'*

iv) FDA. The FDA website provides information on substrates, inhibitors and inducers of drugs’
metabolizing enzymes and transporters, also providing the level of evidence of reported
interactions, from in vitro to clinical reports."’

v) Lexicomp. Lexicomp is a subscription-based pharmacological database app that reports
comprehensive drugs’ monographs. It is a drug decision support system that is aimed at
providing clinicians, pharmacists, nurses and healthcare professionals with a point of care tool
to optimize the safety prescription of therapeutics. In the drugs’ monographs are reported the
likely DDIs based on clinical evidences.'*

For each drug, information upon the mechanism of possible interaction with imatinib’s metabolism
were reported into a dataset together with the level of evidence (clinical, in vivo, in vitro). An example
of the dataset for drug interaction data collection is reported in Figure 6. In case of lack of agreement
among different databanks, the interactions were considered significant only if supported by clinical

evidences, whilst they were discarded in case of evidences supported by in vitro/in vivo studies.
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Chapter 3. Materials and Methods
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Figure 6. Exemplary classification of interaction between co-administered drugs and imatinib metabolizing
enzymes and transporters. For each drug, the level of inhibition or induction of CYPs and transporters were
collected according to five different publicly available databank. The level of evidence of the interaction was then
rated into three levels (in vitro, in vivo and clinical) and the possible interaction with imatinib pharmacokinetic
was postulated according to the agreement of different databank used.

3.16 Calculation of the Drug’s Impact on CYP’s and Transporters’ Activity

A drug-interacting score (DIs) was assigned to each drug to rank their level of interaction with CYPs
and transporters. A DIs of 1.0 was assigned to each non interacting drug, 0.5 for each weak to moderate
inhibitor, 0 for each strong inhibitor, 1.5 to each weak to moderate inducer, and 2.0 to each strong
inducer. The DIs was used to refine the genotype predicted activity score of CYPs and transporters, by
multiplying the gene activity score and the DIs. For instance, the antipsychotic drug carbamazepine is
a strong inducer of the activity of CYP3A4 and CYP2B6, with documented clinical evidences, and a
DIs of 2.0 was assigned to carbamazepine to refine the gene activity score of CYP3A4 and CYP2D6.
Carbamazepine is also a weak to moderate inducer of CYP2C9 activity, thus its DIs on that enzyme was

scored 1.5.

3.17 Assessment of the Pathological Response to Treatment

The pathological response to nCRT was assessed on surgical specimens by evaluating residual tumor
size, differentiation grade, presence of necrotic and fibrotic content, lymph nodes status and the
development of metastatic lesions. The Mandard’s tumor regression grade (TRG) scoring system, which
evaluates the residual tumor content over fibrosis, was used to rank the response to nCRT into five
categories as follow: TRG1, complete pathological response with absence of residual cancer cells;

TRG2, presence of a few residual cancer cells; TRG3, increasing number of discernible cancer cells
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with predominant fibrosis; TRG4, predominance of cancer cells over fibrosis; TRGS, no regression

(Table 4).">

Table 4. Tumor regression grade (TRG) system according to Mandard.

Tumor Regression Grade Definition

TRG 1 Complete response with absence of residual cancer and fibrosis extending through
the tumor margin

TRG 2 Presence of residual isolated cells scattered through the fibrosis

TRG 3 Increase in the number of residual cancer cells, but fibrosis still predominant

TRG 4 Residual cancer outgrowing fibrosis

TRG 5 Absence of regressive changes

3.18 Assessment of Therapeutic Response to Imatinib

Computed tomography (CT) scans were routinely performed and used to assess GIST tumor’s
dimension and metabolic activity during pharmacological treatment with imatinib. The response to
therapy was evaluated through CT imaging based on changes in tumor volume and tumor density, as
well as on the appearance of new lesions. The response to imatinib was evaluated using the Response
Evaluation Criteria in Solid Tumors (RECIST) v.1.1, which assess single lesions’ dimensions based on
measurements of the longest axial diameter.'>* Table 5 summarizes the criteria used to assess the

tumors’ response to imatinib.

Table 5. Summary of RECIST criteria (v. 1.1) for treatment response evaluation in GIST.
Response Definition

Disappearance of all lesions
Reduction to <10 mm in short axis of any pathological lymph nodes

Complete Response (CR) (whether target or non-target)

No new lesions

At least a 30% decrease in SLD of target lesions, taking as reference
Partial Response (PR) the baseline SLD

No new lesions
Stable Disease (ST) Does not meet the criteria for CR, PR, or PD

At least a 20% increase in SLD of target lesions, taking as reference
the smallest sum on study

and at least 5 mm absolute increase in SLD

New lesions

Progression Disease (PD)

3.19 Immunohistochemical Analysis and Biomarkers’ Expression in LARC Biopsies

The immunohistochemical analysis was performed on 95 FFPE tumor biopsies collected during staging
colonoscopy from LARC patients. Three um-thick sections were cut, and one slide was hematoxylin
and eosin (H&E) stained to be reviewed by a trained pathologist. The remaining slides were used for

the evaluation of immunohistochemical expression of selected biomarkers, which was independently
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reviewed by two trained pathologists. Primary antibodies used for the tumor content assessment were:
MLHI1, GLUTI, Ki67, CA-IX, CXCR4, COX2, CXCL12, HIFlo, VEGF, CD44 and RADS5I.
Immunostaining was evaluated at the nuclear level for MLH]1, Ki67 and RADS51, at the membrane level
for CA-I1X, CXCR4 and CD44 and at the cytoplasmatic level for GLUT1, COX2, CXCL12, HIF 10 and
VEGF. Proteins’ expression was assessed by evaluating the intensity of staining (0, absent; 1, weak; 3,
moderate and 4, strong) and the proportion of cells presenting nuclear, cytoplasmic or membrane
staining positivity (ranging from 0 to 100%). The comprehensive immunoreactivity score (H-score) was
calculated using a widely accepted semi-quantitative method.'> Briefly, the percentage of positive cells
was ranked into five categories (0, 0% of positive cells; 1, 1 to 24% of positive cells; 2, 25 to 49% of
positive cells; 3, 50 to 74% of positive cells and 4, 75 to 100% of positive cells) according to the fraction
of cells exhibiting staining positivity, then the H-score was derived by multiplying the ranked
percentage of cells presenting immunostaining positivity by the staining intensity. H-score values

ranged from 0 to 12.

3.20 LC/MS-MS Quantification of Imatinib Plasma Concentrations

Data on imatinib plasma concentrations were kindly provided by the Bioanalytical research group of
the Experimental and Clinical Pharmacology Unit of IRCCS CRO Aviano (Italy). The quantification of
imatinib was obtained using a LC-MS/MS apparatus consisting in a Prominence UFLC XR (Shimadzu)
coupled with an API 4000 QTrap mass spectrometer (SCIEX). Imatinib was quantified after a simple
protein precipitation with methanol as extraction method. The analyte was separated on a Synergi
Fusion RP C18 chromatographic column 4 pum, 50 x 2.0 mm coupled with a C18 precolumn
(Phenomenex). Elution chromatography was carried out in gradient mode. The mass spectrometer was
equipped with an electrospray ionization interface and operated in positive ion mode. The biological
samples were analyzed in Selected Reaction Monitoring mode following three different transitions. The
quantifications were performed using the 494.4 > 394.2 imatinib transition and employing imatinib-D8
as internal standard. The developed method was validated according to the FDA and EMA guidelines
on bioanalytical method validation assessing linearity, recovery, limit of detection, limit of
quantification, matrix effect, inter- and intra-day precision and accuracy, selectivity, stability and

reproducibility.

3.21 Estimation of Imatinib Trough Levels

Imatinib plasma levels were quantified in samples taken preferentially after 24 hours from the last
imatinib administration, in order to ensure the homogeneous quantification of drug’s trough levels.
When imatinib was not precisely administered 24 hours before blood collection, a conversion algorithm

was used to extrapolate the imatinib trough concentration. The algorithm used was kindly provided by
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the Department of Clinical Pharmacy and Toxicology of Leiden Medical Center (NL) and allowed to
extrapolate the real imatinib trough concentration based on the imatinib average half-life, the quantified
plasma imatinib concentration and the time after the last dose administration. Samples collected up to
five hours or after thirty-five hours from the last imatinib dose were excluded from the analysis as they

were outside the algorithm’s range of linearity.

3.22 Statistical Methods

Differences of cfDNA levels between two groups were evaluated through the non-parametric Mann-
Whitney test, while differences of ¢cfDNA levels within more than three groups were assessed through
the Kruskal-Wallis test, with Dunn’s correction for multiple comparison. The sensitivity and specificity
of ctDNA and CEA to predict the local and distant relapse in LARC patients were evaluated by means
of Chi-squared test. The pathological tumor response to nCRT in LARC patients was defined according
to TRG score. For the assessment of protein biomarkers’ expression in pre-treatment LARC biopsies,
the complete responders (TRG1) were compared to non-complete responders (TRG2-4) and the
biomarkers’ expression level was considered as a continuous variable. Differences between TRG1 and
TRG2-4 patients were evaluated through the Mann-Whitney test. For each biomarker, a receiver
operating characteristic (ROC) analysis was performed to select the optimal cut-off level for response
prediction. The risk of complete response (odds ratio - OR) and corresponding 95% confidence intervals
(CI) were estimated by applying a multivariable logistic regression model., adjusting for cN stage at the
diagnosis, distance from anal verge (<7cm), and neoadjuvant chemotherapy scheme (5-FU-based alone,
5-FU-based in combination and none). To evaluate the potential interaction between biomarkers, a
classification and regression tree (CART) analysis was used to predict TRG1. Since a multiparameter
scoring system was used to rate the markers’ expression, the semiquantitative approach (H-score) was
used to perform the CART. A linear regression model was used to test the correlation between the
concentration of ¢cfDNA and the DNA integrity index (DIN) and between the input DNA for NGS
libraries’ preparation and the depth of coverage. To assess the impact of genotype-predicted metabolic
phenotype of GIST patients on imatinib trough levels, the average of imatinib trough concentrations for
each patient was considered to minimize the discrepancies of the non-homogeneous number of samples
collected per patient and the PGx-AS was analyzed as a dichotomic or as a discrete variable for the
association with the imatinib trough level. To this end, the non-parametric Mann-Whitney test or the
Kruskal-Wallis test were used to compare the differences of imatinib through levels between two or
more groups, respectively. The PGx-AS corrected for DDIs was analyzed as a continuous variable and
all the individual imatinib trough quantifications were considered to assess the correlation between the
gene activity score corrected and the imatinib trough levels by means of a linear regression model. The
Student’s t-test was used to evaluate the association between single genetic variants in the imatinib

transporters ABCBI and ABCG?2 and the imatinib plasma trough levels. All statistical analyses and data
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visualization were performed using GraphPad Prism version 6 (GraphPad Software, Inc. La Jolla
California USA, www.graphpad.com) and R software."*® Values of p < 0.05 (two-sided) were

considered statistically significant.
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CHAPTER 4. RESULTS

4.1 Locally Advanced Rectal Cancer: Patients’ Characteristics and Study Design

Between January 2017 and June 2019, 97 consenting LARC patients, attending the Radiotherapy Unit
at IRCCS Centro di Riferimento Oncologico of Aviano (PN) were recruited in a blood acquisition
protocol. Thereof, 40 cases were retrospectively selected according to the inclusion criteria for the
longitudinal analysis of ¢cfDNA. Clinical and pathological features of the 40 LARC patients are
displayed in Table 6.

Table 6. Characteristics of the 40 LARC patients selected for the cfDNA analysis.

Characteristic Patients (n) %
Age at diagnosis, median (range) 66 (44 — 85)

Gender

male 17 42.5
female 23 57.5

cT stage at diagnosis

T2 2 5.0
T3 33 82.5
T4 5 12.5

cN stage at diagnosis

NO 10 25.0
N+ 30 75.0
Chemotherapy

Capecitabine, monotherapy 29 72.5
Capecitabine + oxaliplatin 11 27.5

Capecitabine daily dose (mg)

2500 15 37.5
3000 13 32.5
other* 10 25.0

Radiotherapy cumulative dose (cGy)

5400 (45/54 Gy/fraction) 40 100
Surgery

yes 34 85.0
no** 6 15.0
Tumor Regression Grade (TRG)

1 14 35.0
2-3 17 42.5
4-5 7 17.5
N.A. 2 5.0
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* Other capecitabine daily doses include: 1500 mg (n = 1), 2000 mg (n = 2), 3300 mg (n = 1), 3500 mg (n = 2),
3800 mg (n = 1), 4000 mg (n = 2). ** 5 patients had a complete clinical response to nCRT and were selected for
surgery-spearing follow-up and 1 patient discontinued the treatment due to poor performance status.

Patients were equally gender distributed, with a slight prevalence of female over male (23 vs 17) and
the median age of diagnosis was 66 years. Patients were homogeneously treated with a radiotherapy
scheme entailing a cumulative dose of 5400 cGy, divided in 25 fractions over a period of five weeks.
29 (72.5%) patients received oral capecitabine in monotherapy, while 11 (27.5%) patients were
concomitantly administered with oxaliplatin as they were considered at higher risk to develop local and
distance recurrence, according to clinical and pathological tumors’ features that were assessed at the
time of diagnosis. Total mesorectal excision (TME) was delivered to 34 (85.0%) patients, while 5
(12.5%) patients, who presented an excellent tumor regression with no clinical evidence of residual
tumor cells after nCRT, were selected for a watch and wait surveillance protocol. One patient (#19939)
did not received surgery due to the scarce performance status developed as a consequence of fast disease
progression while on treatment. After completing nCRT, 14 (35.0%) patients achieved a TRG1 (pCR,
ypTONO), while 24 (60.0%) patients reported a partial or null tumor response. Thereof, 2/40 (5.0%) got
a TRG2, 13/40 (32.5%) a TRG3, 4/40 (10.0%) a TRG4 and 3 a TRGS5 (7.5%). For statistical purposes,
in the present thesis the 5 patients who achieved a clinical complete response were included in the TRG1
group, while the patient who developed PD while on treatment was included in the TRG5 group. With
a median follow-up of 27.9 months (range: 6.6 — 42.9), the local or distant 2-years recurrence rate was
34.6%, whereas the 2-years OS rate was 95.7%.

In Figure 7 is illustrated the time frame of the blood collection for LARC patients. Overall, 84 blood
samples were obtained from the 40 LARC patients, with a median of 2 samples per patient (range: 1 —

4).

diagnosis % % <\\\ % i‘\

CT staging —"—I—l—l— CT re-staging ——m
5FU-based nCRT Total Mesorectal
. (5 weeks) Excision

Figure 7. Time frame of the blood acquisition protocol from LARC patients. A baseline blood sample was
collected before nCRT (T1), a second sample was collected during nCRT (T2), and a third sample was collected
in between the end of nCRT and the surgery (T3). Patients received 5-FU based nCRT for five weeks and thereafter
they underwent surgery. (Created with BioRender.com).
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A first blood sample was collected for all patients before nCRT initiation (T, n = 40), a second sample
was taken in course of nCRT from 24 patients (T,) and a third sample was collected in between the end
of nCRT and the surgery from 15 patients (T3). Moreover, a treatment naive tissue sample, acquired

from a diagnostic staging colonoscopy by means of biopsy, was retrieved from 15 patients.

4.2 Molecular Characterization of Plasma ¢cfDNA of LARC Patients

4.2.1 Plasma cfDNA Levels in LARC Patients: Analysis and Clinical Considerations

cfDNA was successfully extracted from all 84 blood samples collected from the 40 patients included in
the study population. The cfDNA concentration in plasma, as well as its fragmentation pattern, were
assessed by means of fluorimetric quantification and capillary electrophoresis, as described in the
section Materials and Methods 3.3. The median cfDNA concentration in the T plasma samples from
LARC patients (n = 40; median, 30.98 ng/mL) was significantly higher than that recorded in the cfDNA
of the healthy donors (n = 16; median, 14.22 ng/mL) who volunteered their blood for research (Figure
8-A). Moreover, patients who were classified as low-risk (n = 29; median, 26.11 ng/mL) had lower
cfDNA plasma levels than patients classified as high-risk (n = 11; median, 34.91 ng/mL; p = 0.0031,
Mann-Whitney U-test) (Figure 8-B). However, after correcting the results for multiple comparisons, the

difference between the two patients’ groups lost their significance. The cfDNA concentrations in the

healthy donors’ group were slightly superior to that reported in previous studies.'””!*®
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Figure 8. A) Comparison of total plasma cfDNA levels in the T1 samples of healthy donors (n = 16) and in the
LARC patients (n = 40). The median cfDNA levels were 30.98 ng/mL (IQR range: 24.07 — 35.75 ng/mL) for the
patients’ group and 14.22 ng/mL (IQR range: 12.96 — 17.19 ng/mL) for the controls’ group (p <0.0001, two-tailed
Mann-Whitney U-test); B) Comparison of total plasma cfDNA levels in the T1 samples of healthy donors (n = 16)
and in the LARC patients stratified into low-risk (n = 29) and high-risk (n = 11). The median cfDNA levels were
26.11 ng/mL (IQR range: 23.21 — 32.67 ng/mL) for the low-risk group and 34.91 ng/mL (IQR range: 32.27 —
46.42 ng/mL) for the high-risk group. Significant difference was observed between the control group and the low-
risk and between the control group and the high-risk group (p <0.0001, Kruskal-Wallis test with Dunn’s correction
for multiple comparisons). Each dot represents one sample. Horizontal bars represent the median (+ interquartile
range).
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An optimal ¢cfDNA threshold of 17.39 ng/mL was identified to accurately discriminate LARC patients
from healthy donors with a sensitivity of 81.25% and a specificity of 97.5% by means of ROC analysis
(p < 0.0001). No differences were observed between the total cfDNA levels at T, and clinical or
pathological characteristics, such as ¢cTN stage at diagnosis or TRG (data not shown). Moreover, the
fluctuation of cfDNA levels throughout the treatment were not associated with clinical or pathological

features.

4.2.2 CNAs Profiling of Plasma cfDNA of LARC Patients

In order to evaluate the copy number profile of cfDNA in LARC patients before and throughout the
treatments, low-coverage whole genome sequencing was performed on the 84 cfDNA samples from the
40 LARC patients, as well as on the 16 cfDNA samples from the 16 healthy donors. A median of 12.3
x 10° (range 8.0 x 10° — 17.0 x 10°) sequencing reads per sample, corresponding to a median read depth
of 0.34 X (range 0.20 — 0.50) were obtained. Three healthy controls (#4, #5, #13) were excluded from
the analysis of CNAs as they had poor sequencing quality. The ichorCNA pipeline was applied to detect
the presence of CNAs through the genome and to estimate the tumor fraction (TFx) at the genome wide
scale. A positive TFx, i.e. TFx > 1%, was detected in 17 out 84 (20.2%) cfDNA samples. No CNAs
were detected in the cfDNA of healthy donors. The analysis of CNAs revealed alterations characteristics
of CRC and rectal adenocarcinoma, including gains of chromosomes 20q and 20p, 13q, 8q and 7, and

losses at chromosomes 4, 8p, 17p, 18p and 18q (Rectal Cancer MSK; n = 300 patients).'**'®

4.2.3 Distribution of CNAs in Pre-treatment cfDNA (T))

A positive TFx, i.e. TFx > 1%, was detected in the cfDNA of 6 out 40 (15.0%) patients at T;, with a
median estimated TFx of 10.41% (range 5.89% — 27.34%). Notably, the presence of CNAs was
exclusively evident in patients showing a cT stage of 3 to 4, with concomitant lymph nodes involvement
at the time of diagnosis. Moreover, the detected TFx in cfDNA was enriched and quantitatively higher
in the group of 11 patients who were classified at higher risk of disease recurrence than in the remaining
29 patients. In fact, a positive TFx was detected in 3 out 11 (27.3%) high-risk LARC, who exhibited an
average TFx of 18.03%, while it emerged in 3 out 29 (10.3%) low-risk LARC, who displayed an average
TFx of 9.06% (Table 7).

Table 7. Detection rate of CNAs and estimated TFx in the cfDNA T: samples of LARC patients (n = 40), well as
in the cfDNA of healthy donors (n = 13). LARC patients were stratified according to their clinical risk-category
into high-risk (n = 11) and low-risk (n = 29).

Group Patients (n) Pos:lti(\;z;l“ Fx A\:l;l;:ge
Low-risk LARC 29 3(10.3) 9.06
High-risk LARC 11 3(27.3) 18.03
Healthy Donors 13 0 (0.0) 0
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Next, the prognostic role of CNAs detection in plasma T; ¢cfDNA was investigated as a possible early
marker of treatment outcome. Notably, in the group of patients with a positive TFx at T}, the incidence
of pCR was the 16.7% (1 out 6 patients), against the 59.1% (13 out 22 patients) in the group without
detectable TFx. Moreover, 4 out 6 (66.7%) patients with positive TFx developed local or distant relapse
within two years from the diagnosis. Conversely, the diagnosis of relapse in the group without TFx was
reported in 5 out 17 (29.4%) patients. Despite the lower and higher rates of pCR and of relapse,
respectively, detected in the group with positive TFx in the cfDNA T; with respect to the other group,
the differences lacked to be significant due to the low sample size. However, when looking at the
concurrent presence of CNAs and of high baseline CEA levels (CEA > 5.0 ng/mL), the combination of
the two markers allowed the identification of recurrent patients with a sensitivity of 85.7% and a

specificity of 90.0% (Fisher’s exact test, p = 0.0006) (Table 8).

Table 8. Estimated TFx in the cfDNA of LARC patients at the baseline (T1) and CEA level at the diagnosis in
patients who developed distant or local recurrence within two years from the diagnosis (n = 9). In the last column
is indicated which marker (ctDNA or CEA) could be suitable to predict the tumor relapse.

Patient Positive TFx T, CEA (ng/mL) Prediction of relapse
#2020-01 yes 43 ctDNA
#19834 no n.a. n.a.

#19871 yes 4.4. ctDNA
#19948 no n.a. n.a.

#19947 no 2.0 None

#19946 no 68.0 CEA
#105-0019 yes 32.6 ctDNA + CEA
#19914 no 21.4 CEA
#19918 yes 22.5 ctDNA + CEA

4.2.4 Distribution of CNAs in cfDNA During nCRT (T>)

With the aim of assessing the ctDNA content in course of nCRT and its performance as a marker of
treatment outcome, the 24 cfDNA samples collected at T» were analyzed to check the presence of CNAs
and their trend with respect to the matched T, sample, when evaluable. T, samples were obtained at a
median time of 21 days from nCRT initiation (range: 13 — 28 days). The presence of CNAs was detected
in 8 out 24 (33.3%) T, samples, with a median identified TFx of 7.96% (range: 5.60% — 19.10%).
Specifically, the presence of positive TFx was detected in 5 out 9 (55.6%) patients who achieved a pCR
and in 3 out 14 (21.4%) patients without pCR. Moreover, 2 out 8 (25.0%) patients presented a reduction
of the detected TFx with respect to the T, while the remaining 6 (75.0%) showed an increased TFx
with respect to the Ti. Notably, an increase of the TFx detected during nCRT (T,) was positively
associated with a higher likelihood of achieving a pCR with respect to the absence or the decrease of
TFx (RR: 3.75; 95% CI 1.47 — 9.56; p = 0.0147) (Table 9). Only 1 out 6 (16.7%) patients who showed
an increased TFx in the plasma cfDNA T, had a poor treatment’s response (TRGS).
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Table 9. LARC patients achieving a pCR in the group with increased TFx (n = 6) or reduced or absent TFx (n =
18) in the cfDNA collected during nCRT (T2).

. pCR No pCR
Group Patients (n) n (%) n (%)
Total 24 9 (37.5) 15 (62.5)
Increased TFx at T 6 5(83.3) 1(16.7)
Reduced or absent TFx at T 18 4(22.2) 14 (77.8)

4.2.5 Distribution of CNAs in Post-treatment cfDNA (T3)

Next, the presence of ctDNA the 15 patients with available cfDNA collected between the end of nCRT
and surgery (T3) was evaluated to test the presence of CNAs as a possible marker of incomplete response
to nCRT. A positive TFx was detected in 3 out 15 (20.0%) patients at T3 and none of them achieved a
pCR (Table 10). However, no significant correlation between the CNAs status after nCRT and the TRG

was underscored, due to the small fraction of patients with positive TFx.

Table 10. LARC patients achieving a pCR in the group with detectable CNAs (n = 3) or non-detectable CNAs (n
= 12) in the cfDNA collected after nCRT (T3).

. pCR No pCR
Group Patients (n) n (%) n (%)
Total 15 5(33.3) 10 (66.7)
Presence of TFx at Ts 3 0(0.0) 3 (100)
Absence of TFx at T3 12 5(41.7) 7 (58.3)

LARC patient #19939 showed the presence of detectable TFx in the three serial plasma samples
collected during treatment. The patient was diagnosed at the age of 69 with a ¢cT4N2MO rectal
adenocarcinoma and was classified as at high risk of tumor relapse. Accordingly, he was treated with
capecitabine with concomitant oxaliplatin and radiotherapy in the neoadjuvant setting. The sWGS of
cfDNA sample T; revealed the presence of CNAs affecting the chromosomes 9p and 7p with an
estimated TFx of 7.3%. The T, sample, collected in course of nCRT, revealed a steep increase of the
TFx (14.1%) with a concurrent evident augment of the CNAs detectable at the genome scale. Notably,
after completing nCRT, the detected TFx in ¢fDNA sample T; underscored the permanence of
detectable TFx, which rose to 15.7% (Figure 9). The patient displayed a very poor outcome and
developed DP during treatment, which led to the discontinuation of further therapeutic strategies, e.g.

surgery. The patient died one month after the end of nCRT with disease spread to the liver and the lungs.
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Figure 9. Exemplary genome-wide copy number profiles inferred from sWGS of plasma cfDNA. Profiles of
patient #19939 illustrated detectable CNAs at baseline sampling (T1), during treatment (T2) and at the end of
treatment (T3), with concurrent increase of the estimated TFx.

4.3 Molecular Characterization of Primary tumor tissue of LARC

The FFPE primary tumor tissue was retrieved from 36 LARC patients who underwent a diagnostic
staging colonoscopy at IRCCS CRO Avaino (PN). Thereof, 15 samples derived from the 40 LARC
patients included in the c¢fDNA surveillance study. All FFPE samples were kindly provided by the
Pathology Division of CRO Aviano, directed by Prof. Dr. Vincenzo Canzonieri, and were analyzed by
an experienced pathologist to estimate the fraction of tumor content present in the sample. The 15
samples with matched plasma cfDNA were analyzed by means of sSWGS, to test the specificity of CNAs
detection in the cfDNA of LARC. Moreover, they were also analyzed by means of targeted deep
sequencing to characterize the presence of tumor specific SNVs. Tumor DNA was extracted from the
36 FFPE tissues and its amount was assessed spectrophotometrically by means of NanoDrop (Thermo
Fisher Scientific, Wilmington, DE, U.S.A.) (n = 33) as well as fluorometrically by means of Quantus
Fluorometer (Promega, Madison, WI, U.S.A.) (n=36). The DNA showed a highly heterogeneous yield
in term of amount, showing a median concentration of 7.6 ng/uL (range: 1.2 — 98.0 ng/uL) with the
Quantus and of 67.2 ng/uL (range: 10.9 — 588.5 ng/uL) with the NanoDrop. The two means of DNA
quantification showed a huge disagreement, with the Nanodrop overrating the DNA amount over the
Quantus. However, a linear correlation between the two measures was observed (Figure 10-A) The
DNA quality was assessed by analyzing the fragmentation’s degree of the DNA by means of capillary
electrophoresis with High Sensitivity TapeStation (Agilent Technologies, Santa Clara, CA, U.S.A.)
with the Genomic DNA kit. For each sample, the DNA integrity index (DIN) was recorded as a
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quantitative measure of the level of the DNA fragmentation. The DNA resulted to be moderately to
highly fragmented (median DIN, 2.3; range, 1.7 - 3.3), consistently with the quality of DNA commonly
recovered from FFPE tissues. The DIN showed a positive linear correlation with the DNA concentration

(p < 0.0001) (Figure 10-B).
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Figure 10. A) Correlation between DNA concentrations measured with fluorometric assay (Quantus, Promega)
and spectrophotometrically (NanoDrop, Thermo Fisher Scientific) in 36 DNA samples extracted from FFPE tumor
tissue of 36 LARC patients. x-axis indicates the DNA concentration measured with the Quantus (ng/pL) and the
y-axis indicates the DNA concentration measured with Nanodrop (ng/uL). B) Correlation between the DNA
integrity index (DIN) and the DNA concentration according to the spectrophotometric quantification. Each dot
represents a single DNA sample. The black lines represent the linear regression curve and the dashed black lines
indicate the 95% confidence interval.

4.3.1 CNAs Profiling of Primary Tumor DNA and Comparison with ¢fDNA in LARC

First, the 15 tissue DNA with available matched plasma ¢fDNA were analyzed by means of sWGS. A
median of 15.8 x 10° (range 4.3 x 10° — 20.1 x 10°) sequencing reads per sample, corresponding to a
median read depth of 0.51 X (range 0.47 — 0.56) were obtained. The ichorCNA pipeline was applied to
detect the presence of CNAs through the genome and to estimate the tumor fraction (TFx) at the genome
wide scale, using the same parameters of the cfDNA. As expected, all 15 tumor samples presented a
positive TFx, spanning between 19.0% to 59.0%. The most frequently genomic regions affected by the
presence of CNAs comprised gains of chromosomes 20q and 20p, 13q and 13p, 7p, which contains the
genetic locus of EGFR and was amplified in 9 out 15 (60.0%) samples, 8q and 17q, as well as losses of
8p, 18p and 18q. The overall scenario of CNAs identified in the primary tissue was in agreement with
the most common CNAs reported in LARC.*

Moreover, the majority of identified CNAs in the cfDNA samples with matched primary tumor DNA
available (n = 8) recapitulated the aberrations identified in the primary tumor, proving the specificity of
the analysis also in the clinical context of a non-metastatic disease. Figure 11 shows a graphical
representation of the genome wide copy number profile of the plasma cfDNA sample collected at T}
and its matched tissue DNA of a patient (#19871) with LARC diagnosis cT3NO. In both samples it can
be observed the presence of chr20 and chrl3 gain, as well as the loss of 1p, 8p, 17p and 18. Moreover,
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in the primary tumor, other significantly amplified and deleted regions were recorded, such as the gain

of chromosome 1q, 5q, 7, 11q, 12 and 17 and the deletion of 10p.
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Figure 11. Copy number and tumor fraction from sWGS. A) Genome wide copy number from 0.4X sWGS of
cfDNA from a healthy donor. B) Genome wide copy number from 0.4X sWGS of T1 ¢cfDNA from a LARC patient
(#19871) and 0.4X sWGS of the matched tumor tissue from the same patient.

4.3.2 Genetic Variants in Primary Tumor DNA of LARC

The molecular genetic background of the primary tumors was profiled to characterize point mutations
and small indels by means of targeted deep sequencing, using the QlaSeq Colorectal Cancer Panel DNA
kit (Qiagen, Hilden, Germany). 19 primary tumor samples from LARC patients were analyzed,
including the 15 samples derived from the study population here described (n = 40). The median output
per sample on MiSeq Illumina platform was 1,874,386 sequence reads (range 1,169,761 — 4,191,498)
and 952 x depth of coverage (range 58 — 7,106). A total of 129 COSMIC mutations were identified in
the 19 patients, 53 of which were excluded as suspected germline variants that will be reconsidered after
the sequencing of matched PBMC isolated genomic DNA. Other 28 mutations were also excluded as
they were predicted as non-pathogenic according to ClinVar, Polyphen2 and FATHMM prediction
tools.'*" 1% A panel of 59 COSMIC mutations were finally selected in the 19 patients. Thereof, 38
mutations were private for a single tumor sample and 11 were shared among two or more tumor samples.
The 59 COSMIC mutations included 23 mutations of APC, 11 of TP53, 10 of KRAS, 6 of PIK3CA, 4
of FBWX7, 3 of BRAF and 2 of EGFR (Figure 12). The most frequently mutated gene was APC, whose
mutations emerged in 16 out 19 (84.2%) patients, followed by 7P53, which was mutated in 11 (57.9%)
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patients and KRAS, detected in 10 (52.6%) patients. Both PIK3CA and FBWX7 presented mutations in
4/19 (21.1%) patients, while other identified mutated genes were BRAF and EGFR, detected in 3/19
(15.8%) and in 2/19 (10.5%) patients, respectively. The median number of significant mutations per

patient was 3 (range 2 — 7)

APC 23
TP53 11
KRAS 10
PIK3CA 6
FBXW7 4
BRAF 3
EGFR 2

0 5 10 15 20 25
Mutations (#)

Figure 12. Number of significant mutations per gene identified in 19 screened LARC patients. A total of different
45 mutations were identified in the genes of interest by means of QIaSeq Colorectal Cancer Panel DNA kit
(Qiagen, Hilden, Germany).

Detailed data for each gene is reported in Figure 13. Comparison with samples annotated as rectum in
the TCGA Rectum Adenocarcinoma (READ) cohort (n =91), showed similar frequencies of mutations
in known CRC-related genes to our cohort, with 4PC and TP53 being the most frequently mutated
genes (TCGA, APC 91.1% and TP53 84.8%). Notably, in our cohort we observed a higher incidence of
KRAS and BRAF mutations, with respect to TCGA cohort (our cohort, KRAS 52.6% and BRAF 15.8%;
TCGA, KRAS 41.8% and BRAF 2.9%).

Next, the presence of specific mutational patterns affecting the primary tumor was investigated as a
possible marker of response to treatment. In Table 11, the distribution of mutated genes in patients
presenting pCR and incomplete response is reported. Specifically, the achievement of the pCR was
considered in this regard. Among the 19 tumors characterized, the pCR was achieved by 7 (36.8%)
patients. Notably, patients presenting KRAS/BRAF mutations showed a lower incidence of pCR with
respect to patients with KRAS/BRAF wild type tumors (mutant, pCR 23.1% vs wild type, pCR 66.7%).
In fact, among the 13 out 19 (68.4%) patients with KRAS/BRAF activating mutations, 3/13 (23.1%)
achieved a pCR, while 4 out 6 (66.7%) patients without KRAS/BRAF mutations achieved a pCR. Results

were not significant due to the small sample size.
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Table 11. Distribution of mutated genes identified in the 19 LARC tumor biopsies. For each gene, the number of
patients with detected variants is reported, as well as the distribution of mutated genes in patients with pCR (n =
7) and in patients with incomplete response (n = 12).

Gene Patients (n) pClI:(E';S 7 No p(ljllt 021) =12)
KRAS 10 2(286) 8 (66.7)
BRAF 3 1(143) 2(167)
APC 18 6 (85.7) 12 (100)
TP53 7 3(42.9) 4 (33.3)
PIK3CA 4 2 (28.6) 2 (16.7)
EGFR 2 2 (28.6) 0
FBWX7 4 1(14.3) 3(25.0)
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Figure 13. Details of 59 significant mutations associated with rectal cancer for each patient. 47 types of mutations
were detected in 19 screened patients. Black boxes indicate mutations identified in tumor samples by means of
QIlaSeq Colorectal Cancer Panel DNA kit (Qiagen, Hilden, Germany).
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4.3.3 Immunohistochemical Analysis of Pre-treatment Tumor Tissue of LARC

Moreover, an ancillary analysis, which involved a retrospective population of 95 LARC patients with a
pretreatment tumor biopsy available, was performed in order to identify protein markers that are
differentially expressed in responder (pCR) and in non-responder patients. To this end, a panel of 11
tumor related markers (MLH1, GLUT1, Ki67, CA-IX, CXCR4, COX2, CXCL12, HIFla, VEGF,
CD44, and RADS51) with a potential role in the response to nCRT was investigated by
immunohistochemistry (IHC) in the pretreatment biopsies of the 95 LARC patients and the biomarkers’
level of expression was evaluated to identify the best cut-off value of expression to accurately predict
the response to nCRT. Moreover, the potential interaction among the investigated biomarkers and the
patients clinical-pathological features in defining the tumor response phenotype was assessed by a
classification and regression tree (CART) analysis. All patients were homogeneously treated with 5-FU
based nCRT for five weeks. After completing nCRT, 25/95 (26.3%) patients achieved a pCR (ypTONO)
(responders), while 70/95 (23.7%) patients reported a partial or null tumor response (non-responders).
No patient reported a TRGS. The markers’ expression was assessed by means of cellularity (% of
positive cells), intensity of immunostaining and by their combination (H-score), as described in the
section Materials and Methods 3.19. Table 12 reports the optimal cut-off values according to ROC
analysis, to discriminate between responders and non-responders. The multivariate odds ratio to get a
pCR to nCRT were calculated for each marker based on those cut-off values. A successful
discrimination based on the H-score cut-off values was achieved for five markers, i.e. Ki67, CXCR4,
COX2, HIFla and RADSI. Specifically, Ki67, HIFlo and RADS51 were overexpressed in non-
responders, while CXCR4 and COX2 were overexpressed in responder patients. Among the 34/95
patients showing low expression of Ki67 (H-score < 7), 14/34 (41.1%) were responders, while among
61/95 showing high expression of Ki67 (H-score > 7), only 11/61 (18.0%) patients were responders.
Similarly, low levels of HIF 1o expression (H-score < 5) were more favorable of pCR than high levels
(35.4% vs 17.0%), and patients expressing low levels of RAD51 (H-score < 2) also exhibited a greater
incidence of pCR (50.0% vs 19.4%). By contrast, the high expression of CXCR4 (H-score > 2) was
more favorable of pCR than low expression (34.0% vs 9.7%), as well as the high expression of COX2
(H-score > 6), with patients reporting COX2 levels above the optimal cut-off were more likely to be
responders (37.2% vs 17.3%). H-score summarizes [HC cellularity and immunostaining intensity
parameters. However, when looking at the association of these single parameters, it can be observed
that the association between the H-score parameter and tumor response for Ki67 is exclusively driven
by its cellularity, which allowed discriminating responders from non-responders with a greater
specificity than the H-score (81.4% vs 71.4%) but with a lower sensitivity (48.0% vs 56.0%). Ki67
staining intensity did not change between responders and non-responders. Conversely, for CXCR4 the
staining intensity alone allowed the discrimination of responders with a higher specificity (75.4% vs

45.9%) but a lower sensitivity (60.0% vs 85.0%) with respect to H-score, while for COX2 the stain
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intensity underlined a lower specificity (58.6% vs 61.4%) and a higher sensitivity (68.0% vs 64.0%)
than the H-score.

A CART analysis, including all the protein H-scores and clinical and demographic variables, was
performed on the 95 patients study cohort for the prediction of pCR. A classification and regression tree
was generated (Figure 14). It identified Ki67 H-score as the major factor associated to pCR and CXCR4
H-score as the secondary significant discriminating marker. A cut-off H-score value for Ki67 and a cut-
off for CXCR4 identified three distinct subgroups presenting a different probability of reporting a
TRG2-4. Patients ranked with Ki67 > 8 represent the terminal node with the lowest chance of pCR (18%
of patients got a pCR) and were chosen as reference group. The terminal node containing the
intermediate risk group is composed by patients presenting Ki67 < 8 with concomitant CXCR4 < 4,
with the 29% of included patients reporting a pCR (OR 1.85; 95% CI 0.57 — 5.97). On the other hand,
the terminal node comprising patients with Ki67 < 8 and concomitantly CXCR4 > 4 represents the group

with the highest percentage of complete responders (70%) (OR 13.49; 95% CI 2.64 — 68.99).

Ki67<8

Ki6728

Reference

CXCR424 CXCR4<3 or ND

OR: 1.85 (0.57-5.97)

OR: 13.49 (2.64-68.99)

Figure 14. CART representation of the biomarkers’ expression combination significantly predictive of pCR
(TRG1) in LARC patients. Fractions indicate the number of patients reporting a pCR vs patients reporting an
incomplete pathological response (TRG2-4). Black circles represent terminal nodes with high probability to have
TRG2-4 (ratio > 80%); gray circles represent terminal nodes with intermediate probability to have TRG2-4 (20%
< ratio < 70%); while white circles represent terminal nodes with low probability to report a TRG2-4 (ratio <
30%). Odds ratio and 95% CI were calculated for each group with respect to the reference group (high probability)
through logistic regression model.
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Table 12. Odds ratio (OR) and 95% confidence interval (CI)* for TRG 1 in 95 patients with non-metastatic rectal cancer.
H-score (Huang F)

MLH1
GLUT 1
Ki67
CAIX
CXCR4
COXx2
CXCL12
HIF10
VEGF
CD44
RADS1

Cut-off

<5
<3
<7

<2

TRG1
48.0%
16.0%
56.0%
84.0%
85.0%
64.0%
60.0%
68.0%
96.0%
68.0%
27.3%

TRG2-4
27.4%
7.1%
28.6%
74.3%
54.1%
38.6%
48.6%
44.3%
80.0%
64.3%
10.3%

OR (95% CI)
2.62 (0.93-7.39)
1.84 (0.37-9.27)
3.30 (1.19-9.13)
2.23 (0.62-7.98)
4.67(1.15-17.4)
3.21(1.14-9.09)
1.80 (0.67-4.85)
2.91 (1.01-8.40)
4.60 (0.55-38.7)
1.42 (0.49-4.06)
3.87(1.05-14.2)

Cut-off
<50
<50
<30

<5
>20
<80
<30
<40
<60
<60
<60

Cellularity (%)
TRG1 TRG2-4
48.0% 258%
60.0% 45.7%
48.0% 18.6%
56.0% 48.6%
81.8% 59.0%
92.0% 82.9%
68.0% 52.9%
32.0% 27.1%
84.0% 58.6%
52.0% 44.3%
95.5% 75.0%

OR (95% CI)
2.79 (0.98-7.92)
1.74 (0.64-4.76)
427 (147-12.5)
1.22 (0.46-3.29)
3.08 (0.89-10.6)
2.00 (0.38-10.5)
2.35(0.81-6.78)
1.07 (0.36-3.18)
2.86 (0.84-9.73)
1.60 (0.58-4.39)
7.18 (0.82-63.2)

Cut-off
M/S
M/S
M/S
M/S
M/S
M/S
M/S
M/S
M/S
M/S
M/S

Staining Intensity

TRG1
64.0%
84.0%
100%
52.0%
59.1%
68.0%
64.0%
36.0%
16.0%
92.0%
59.1%

TRG2-4
77.4%
82.9%

100%
48.6%
24.6%
41.4%
55.7%
55.7%
28.6%
84.3%
74.6%

OR (95% CI)
0.52 (0.17-1.60)
1.26 (0.35-4.62)
1.33 (0.49-3.63)
6.08 (1.98-18.7)
3.29 (1.15-9.43)
1.20 (0.45-3.23)
0.43 (0.15-1.21)
0.63 (0.18-2.19)
2.19 (0.41-11.6)
0.60 (0.20-1.78)

aAdjusted for cN (0, 1+), distance from anal margin<7cm, and neoadjuvant chemotherapy (none, 5-FU, 5-FU-+other). *Estimated through ROC analysis based on TRG1.
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4.4 Gastrointestinal Stromal Tumor: Patients’ Characteristics

Between March 2015 and May 2020, 39 consenting imatinib-receiving GIST patients, attending the
Medical Oncology Unit at IRCCS Centro di Riferimento Oncologico of Aviano (PN) and Ospedale
Ca’Foncello of Treviso (TV), were prospectively enrolled in a blood acquisition protocol. Clinical and
pathological features of the 39 GIST patients enrolled into the clinical protocol are displayed in Table
13. At recruitment, the median age was 61 years (range: 32 — 82), 19 patients were male and 20 were
female, thus showing an equal gender distribution. Primary tumor was located in the stomach in the
majority of cases (59.0%), followed by the small bowel (30.8%). Other primary tumor sites were pelvic

region (n = 1), abdomen (n = 1) and peritoneum (n = 2).

Table 13. Characteristics of the 39 GIST patients enrolled in the study.

Characteristic Patients (n) %

Age at enrollment, median (range) 61 (32 -282)

Gender

male 19 48.7
female 20 513

Primary tumor site

stomach 23 59.0
small bowel 12 30.8
other* 4 10.3

Primary tumor genotype

KIT exon 11 16 41.0
KIT exon 13 1 2.6
KIT exon 9 1 2.6
N.A. 21 53.8

Tumor dissemination at enrollment

localized 6 154
metastatic 16 41.0
no evidence of disease (NED) 17 43.6
Imatinib setting at enrollment

adjuvant 9 23.1
first line (400 mg/die) 28 71.8
first line (800 mg/die) 2 5.1

Disease progression/relapse during follow-up

yes 11 28.2
no 28 71.8

* Other primary tumor sites were pelvic region (n = 1), abdomen (n = 1) and peritoneum (n = 2)
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Despite the recommendations by the international guidelines, the primary tumor genotyping was
performed only on a small fraction of cases (46.2%) and all tested patients presented activating
mutations on KIT. Thereof, 16 patients had K/T exon 11 mutated, one patient had K/T exon 13 mutated
and one patient had KIT exon 9 mutated. The precise location of K/T activating mutations was available
only in a small proportion of patients. At the time of enrollment, 6 patients (15.4%) had localized active
disease, 16 (41.0%) had proven metastatic disease, and the remaining 17 patients (43.6%) had no
evidence of residual disease as a consequence of either surgical tumor removal or complete response to
imatinib. The main metastatic sites were liver (n = 10), peritoneum (n = 3), pelvic region (n = 1),
pancreas (n = 1) and lung (n = 1). In all cases, plasma samples were obtained while on imatinib
treatment, which was administered either in the adjuvant or in the first line setting. No patients were
recruited as treatment naive. The median length of follow-up was 22 months (range 2 — 61). Four
patients were lost at follow-up soon after the enrollment and for them only one blood sample was
collected. During the course of monitoring, 11 patients developed clinical diagnosis of disease’s
progression (n = 9) or tumor relapse (n = 2).

Imatinib treatment was interrupted by six patients during follow-up, with a median length of imatinib
suspension of 3.8 months (range: 10 days to 12 months). The causes of treatment interruption were
toxicity (n = 3), pregnancy (n = 1) and end of the three years of adjuvant treatment (n = 2). Eleven
patients discontinued imatinib during follow up as a consequence of toxicity (n = 3), switch to the

second line treatment with sunitinib (n = 5) and end of the three years of adjuvant treatment (n = 3).

4.5 Plasma cfDNA Levels in GIST Patients: Analysis and Clinical Considerations

During follow-up, 194 serial plasma samples were collected from the 39 GIST patients, with a median
of 4 samples per patient (range 1— 11). The ¢cfDNA from 188 plasma samples was successfully extracted
from 1 — 4 mL of plasma and quantified fluorometrically. The median cfDNA concentration in the
population was 9.33 ng/mL of plasma (range: 0.82 — 70.20 ng/mL). The distribution of cfDNA plasma
level was investigated as a possible marker related to the presence of active DNA-shedding disease.
Therefore, patients were stratified according to the presence or the absence of active measurable disease,
assessed by means of computed tomography (CT) scan, during follow-up. Twenty patients presented
active disease, i.e. metastatic spread disease or localized disease, and contributed 103 plasma samples,
while seventeen patients did not show the presence of measurable GIST as a consequence of complete
response (CR) to imatinib or of complete surgical tumor’s eradication and contributed 79 plasma
samples. Two patients were excluded from the analysis as their tumors’ dimensions were not available
(#11 and #40). The cfDNA extracted from sixteen healthy donors was used as a negative control. Results

of cfDNA quantifications in the three groups are summarized in Table 14.
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Table 14. cfDNA levels measured in GIST patients with active measurable disease (n = 20), with no evidence of
residual disease (n = 17) as well as in healthy plasma donors (n = 16). Median cfDNA levels and interquartile
range in the three groups are reported.

Grou Patients (n) cfDNA levels, median cfDNA levels, interquartile
P (ng/mL) range (ng/mL)

Active Disease 20 9.46 6.36 —17.06

No Evidence of Disease 17 9.02 7.36-12.34

Healthy Donors 16 14.22 12.96 —17.01

GIST patients with active disease did not show a significant difference in cfDNA plasma levels with
respect to patients with no imaging-based evidence of disease. Moreover, although not significant, the
median cfDNA levels in healthy donors were higher than in GIST patients, suggesting that the
quantification of total cfDNA is not a reliable marker to replace or refine the imaging-based detection
of residual GIST tumor cells (Figure 15). Some patients exhibited higher cfDNA levels in multiple
repeated samples than most of other patients, both in the group with active disease and in the group with
no evidence of disease. Specifically, in the last group, two patients (#2 and #20) reported cfDNA levels
above 35.0 ng/mL, thus standing out in the plot. Patient #2, who was under imatinib since 2002 with
good tolerance and CR, presented extremely high ¢cfDNA concentrations in the two first plasma
samples, i.e 70.47 ng/mL in #2.1 and 74.90 ng/mL in #2.2, that dropped thereafter and ranged between
2.22 and 9.35 ng/mL in the following seven samples. Notably, the sample #2.1 was collected in course
of concomitant prostate cancer, which might partially explain the detection of such a high cfDNA
amount at that time point. Patient #20 was receiving first-line imatinib treatment since 2015 with CR
and reported cfDNA levels of 37.50 ng/mL (sample #20.1), 66.84 ng/mL (#20.2) and 82.40 (#20.4),
with an average of 32.64 ng/mL in the seven samples collected. Notably, he reported PD in
concomitance of imatinib interruption, when the cfDNA detected amount was 8.01 ng/mL. In the group
of patients with measurable disease, 4 patients reported cfDNA levels during treatment above 35.0
ng/mL. Patient #22 presented a cfDNA amount of 70.70 ng/mL in the first plasma sample (#22.1), while
showing a SD (lesions’ dimensions are not available at that time point) and of 79.20 ng/mL in the fifth
sample (#22.5) in concomitance of PD. Other three samples collected in course of SD had cfDNA levels
ranging between 1.21 and 6.98 ng/mL. Patient #27 showed an increase of cfDNA levels (60.00 ng/mL)
in concomitance to the clinical diagnosis of DP (sample #27.2) with respect to other available samples
collected in course of SD or PR. Similarly, patient #31 showed high cfDNA amount in two out three
samples taken in course of DP (sample #31.2, 64.68 ng/mL and sample 31.4, 55.20 ng/mL). Conversely,
patient #32 reported high cfDNA levels (61.68 ng/mL) in course of PR to imatinib (sample #32.2),

while no ¢fDNA increase was identified during PD developed in course of follow-up (sample #32.7).
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Figure 15. cfDNA levels measured in 103 plasma samples from GIST patients with active measurable disease (n
= 20), in 79 plasma samples from GIST patients with no evidence of residual disease (n = 17) as well as in 16
plasma samples from healthy plasma donors (n = 16). The non-parametric Kruskal-Wallis test with Dunn’s
correction for multiple comparisons was used to analyze the tree groups (p = n.s.)

In the GIST study cohort, it emerged that the total cfDNA levels were not associated with clinical or
pathological characteristics and that only in selected cases their increase actually reflect the
development of PD. Specifically, the lack of differences in ¢fDNA plasma concentrations between
patients with active measurable disease and patients with no evidence of disease hamper the possibility
to exploit the amount of total cfDNA as a surrogate of tumor volume. Moreover, the fluctuation of
cfDNA levels, which were recorded in course of follow-up, did not reflect the response or the lack of
sensitivity to imatinib, showing a trend that was independent on the tumors’ shrinkage or progression
in most cases. However, the tumors’ volume of patients bearing measurable disease were hugely
heterogenous and comprised patients with localized GIST and patients with metastatic disease involving
different anatomical districts. The tumors’ dimensions at the time of blood collection for patients with
measurable disease was retrieved from patients’ clinical records and the sum of the longest diameters
of lesions was calculated and used as a surrogate of tumor size. The calculated tumor size ranged from
a minimum of 9 mm to a maximum of 662 mm, with a median of 55 mm. Patients were stratified based
on their tumor size by applying a cut-off of 50 mm. Accordingly, 11 patients presented a tumor size
greater than 50 mm and 6 patients had a tumor size below 50 mm. Six patients with active disease were
excluded from the analysis as their tumors’ dimensions were not available. The cleven patients
belonging to the first group provided 27 plasma samples during follow-up, which showed a median
cfDNA concentration of 12.36 ng/mL (range: 9.29 — 21.8), while patients from the second group
provided 24 plasma samples having a median cfDNA concentration of 7.89 ng/mL (range: 5.33 — 12.16)
(Figure 16). All plasma samples from the seventeen analyzed patients were considered as single
variables for statistical purposes as the tumor dimensions have changed in course of follow-up.

Notably, patients exhibiting a greater tumor burden (above 50 mm) reported significantly higher cfDNA
levels with respect to patients with smaller disease, suggesting a possible contribution of the tumor to

the total amount of the cfDNA shed in the circulation.
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Figure 16. Distributions of cfDNA levels in plasma samples taken from patient with tumor size greater than 50
mm (n = 27) and smaller than 50 mm (n = 24). Dots represent single cfDNA values and the horizontal bars indicate
the median and the interquartile ranges. Two-tailed Mann Whitney test was used to compare the two groups (p =
0.0127).

Also, the five patients presenting cfDNA levels above 25.0 ng/mL, who stand out in the plot, were all
presenting metastatic spread disease at the time of sampling with peritoneum involvement in all but one
cases and liver metastasis in two cases. The difference between the two groups remained significant

after the removal of the top five high-cfDNA samples.

4.6 Dynamic Monitoring of ctDNA in GIST Patients

cfDNA was extracted from 188 plasma samples and the targeted deep sequencing was performed on
168 cfDNA samples that met the quantity and quality requirements for NGS. ¢fDNA samples were
analyzed by means of amplicon-based targeted deep sequencing with UMIs to underscore the presence
of ctDNA. ¢fDNA samples derived from five patients (#3, #4, #7, #21, #22) were firstly analyzed by
using the commercially available QlaSeq Actionable Solid Tumor Panel DNA kit (Qiagen, Hilden,
Germany) to test the workflow’s feasibility and the analytical sensitivity. The remaining samples were
sequenced by using a QlaSeq Custom Panel DNA kit (Qiagen, Hilden, Germany), comprising the most
relevant genes playing a role in GIST onset and response to TKIs. Details on panel design are reported
in the section Materials and Methods 3.6.

An average of 18.8 ng of cfDNA (median: 16.2 ng, range: 2.5 to 50 ng) was used to prepare amplicon-
based libraries. The median output per sample on MiSeq Illumina platform was 1,874,386 sequence
reads (range 1,169,761 —4,191,498) and an average depth of coverage of 14,509 X was achieved before
duplicated reads removal (Figure 17-A). After duplicates removal, an average depth of UMI-based
coverage 0f 4,409 X (median: 3751 X, range: 518 to 12,467 X). A linear direct correlation was observed
between the input of ¢cfDNA used for library preparation and the UMI depth of coverage (p<0.0001;
Spearman » = 0.68; Figure 17-B).

62



B
50000- 14000+

® Spearman r=-0.14 ° Spearman r=0.68
_ 12000~ 'S ° °
< 40000- e ° °
@ < 10000~
g ..0 o ° o $ o
g 300004 ® . 2 8000 % @ °
o [ ) -
o 3 0 e ° 3 0 s °
- ° ° 2 6000 ° e - °
4 .0 [ ] o
S 200009 o_” ° 3 s 08 o = o’ 8% /""..o oo
2 %% o - o @ __g S 4000- o J e
3 10000 M&“ X o ©
e® o o 2000{ -
'Y}
0- ol ®® @
0 10 20 30 40 50 0 10 20 30 40 50
DNA Input (ng) DNA Input (ng)

Figure 17. Correlation between cfDNA amount used for library preparation and depth of coverage (A) and UMI-
based coverage obtained after duplicate reads’ removal (B). Amplicon-based libraries from cfDNA were prepared
with the QlaSeq Actionable and the QlaSeq Custom panels. Each dot represents a single cfDNA sample and the
dashed red line is the linear regression curve.

The presence of ctDNA was detected in three plasma samples obtained from two patients in course of
disease progression (#16 and #21). The panel failed to detect ctDNA in the 17 patients with no evidence
of residual disease at the time of diagnosis. Thereof, two patients (#7 and #20) developed PD in course
of follow-up. Patient #7 were receiving imatinib in the adjuvant setting and after three years of relapse-
free survival (RFS) she discontinued imatinib, according to the standard of care. Eighteen months after
treatment interruption she developed GIST hepatic relapse and imatinib first line was started at the
standard dose of 400 mg/die, promptly leading to excellent tumor regression and CR at the time of the
following imaging check-up, three months after imatinib reintroduction. No plasma samples were taken
for patient #7 at the time of PD, which might have elucidated the underling mechanisms of recurrence,
while no ctDNA was detected in the other samples collected. Patient #20, after two years of CR while
on first line imatinib treatment, reported hepatic relapse as a presumed consequence of poor compliance
in drug’s intake. In this case also, no ctDNA was detected in concomitance of tumor relapse. The six
patients with localized disease did not reported PD during follow-up and no ctDNA was detected in
their plasma. Conversely, among the seventeen patients presenting metastatic disease, the presence of
ctDNA was detected in two of them in course of PD. The ctDNA detection rate in the present study
cohort was pretty low, as it was detected only in 2 out 39 patients (5.1%). However, when considering
patients with metastatic and PD, the ctDNA detection rose to the 22.2% as it was found in 2 out 9
patients. Moreover, in the two positive cases, the ctDNA identified was informative upon the
mechanism leading the progression of the disease. The identified mutations were a KIT exon 13
resistance mutation (#16, KIT ¢.1971T>C), known to drive an imatinib-resistant phenotype, and a TP53
splice-site indel that had never been described before (#21, TP53 ¢.560-7_560-2delCTCTTAinsT).'®

Single patients’ cases are described below.
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4.6.1 Case Report #16

The patient #16 is a 39 years-old woman, who was diagnosed with metastatic GIST in February 2005
in another hospital. The primary tumor was localized in the duodenum along with metastatic sites
affecting liver and bones. Due to the metastatic disease, the patient underwent surgery and the first line
imatinib treatment was initiated at the standard dose of 400 mg/die. The mutational status of
KIT/PDGFRA was not assessed on the primary tumor tissue at the time of diagnosis. The
pharmacological treatment was well tolerated and allowed an excellent disease control and the
stabilization of residual disease. The patient was enrolled in the cfDNA monitoring protocol in July
2015, when the first blood sample was collected. In November 2017, PET imaging revealed liver disease
progression and the imatinib dosage was increased to 800 mg/die. In January 2018, in light of the further
liver and bones progression, the patient was switched to sunitinb, which allowed the stabilization of the
active disease till the last follow-up in March 2019.

For patient #16, three serial blood samples were collected while on imatinib (#16.1, #16.2 and #16.3)
and one additional sample was drawn during sunitinb (#16.4). From all samples the cfDNA was
extracted and fluorometrically quantified. Sequencing libraries were prepared using the QlaSeq Custom
Panel DNA (Qiagen, Hilden, Germany) and sequenced on MiSeq platform (Illumina, La Jolla, CA,
USA). Details upon samples and sequencing output are summarized in Table 15. The NGS output
underscored the presence of a somatic variant in the cfDNA sample #16.3 (KIT ¢.1961T>C) with an
allele frequency of 0.9%. NGS did not to reveal the presence of further tumor derived mutations in the

other analyzed cfDNA samples.

Table 15. Date of sampling of available blood samples for patient #16, response to treatment according to RECIST
criteria and cfDNA concentration in plasma are shown. For each sample the mean read coverage and the mean
Unique Molecular Index (UMI) depth are reported. The identified somatic K/7 mutation in sample #16.3 and the
relative allele fraction is shown.

Sample Sampling Response cfDNA Mean Read Mean UMI Tumor MAF
ID Date (RECIST) (ng/mL) Depth Depth Mutations (%)
#16.1 17/07/2015 SD 11.23 10,383 882 =
#16.2 11/08/2017 PD 17.64 11,635 721 ==
#16.3 20/11/2017 PD 5.18 11,519 746 KIT c.1961T>C 0.9
#16.4 14/03/2019 SD 19.99 11,797 1,393 ==

The identified KIT ¢.1961T>C (COSM12706) is a missense variant located in KI/T exon 13 that leads
to the amino acid substitution in KIT protein’s position 654 (p.V654A). This specific mutation had
already been described in GIST and has been associated with the development of an imatinib-resistant
phenotype. Notably, this mutation was detected while the patient was receiving imatinib double daily
dose (800 mg/die) as a consequence of the clinical diagnosis of disease progression and its presence in
the cfDNA is consistent with the lack of clinical response to imatinib dose implementation. The clinical

and molecular history of patient #16 is graphically summarized in Figure 18.
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Figure 18. Clinical and molecular summary of the case report of patient #16. In the upper part of the figure the
treatment outcome (RECIST criteria) and the time from enrollment are shown. At the bottom, the plot represents
the allele frequency of the KIT c.1961T>C mutation tracked in the cfDNA (red line), as well as the
pharmacological treatments.

The NGS results were validated by using a commercially available ddPCR specific assay targeting the
mutation KIT ¢.1961T>C, developed and validated by BioRad (Hercules, CA, U.S.A.). As a wild type
control, the genomic DNA derived from a GIST patient previously sequenced to rule out the presence
of the same mutation was used, while a synthetic oligonucleotide bearing the K/7 ¢.1961T>C was used
as a mutated control. The ddPCR analysis recapitulated the NGS output, revealing the presence of KIT
¢.1961T>C only in the sample #16.3 with an allele frequency of 0.8% (Figure 19).
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Figure 19. ddPCR plots reporting the signals registered from the two channels (Chl and Ch2) that are generated
from the wild-type (green dots) and the mutated (blue dots) DNA are shown. The four cfDNA samples from
patient #16 are reported in chronological order.

The analysis of the primary tumor tissue was not feasible as the patient underwent surgery long before
the enrollment into the clinical study at another hospital. The biological origin of the KIT resistance
mutation remains therefore to be clarified. However, it is reasonable to assume that it could be arose
spontaneously during the twelve years of imatinib first line treatment, while its presence in the primary
tumor tissue and its clonal selection under imatinib is less conceivable given the very long period of

disease control.
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4.6.2 Case Report #21

The patient #21 was a 53 years-old male diagnosed with gastric GIST in May 2015 at another hospital
for which he underwent a total gastrectomy with no evidences of residual disease. The tumor tissue
examination revealed the characteristic spindle cells morphology of GIST and displayed a low mitotic
index (<1/50 HPF). Immunohistochemical stain revealed positivity for Ki67 and CD117 (¢-KIT)
antigens, confirming the diagnosis of GIST, whereas stains for smooth muscle alpha-actin, desmin,
CD34 and S-100 were negative. The mutational status of KIT/PDGFRA was not assessed and, according
to the risk classification criteria of GISTs, the patient was classified as a low risk of recurrence and the
wait and see approach was preferred to adjuvant treatment with imatinib. In November 2015 magnetic
resonance showed the presence of six hepatic nodules with maximum diameter of 2.5 ¢cm consistent
with metastatic GIST lesions, so imatinib first-line therapy was started at the standard dosage of 400
mg/die. In March 2016 the patient accessed medical care at IRCCS Centro di Riferimento Oncologico
of Aviano (PN), where a magnetic resonance showed hepatic disease progression. The GIST derivation
of hepatic lesions was confirmed through the IHC examination of tissue biopsy (Figure 20), therefore
imatinib dosage was increased to 800 mg/die. In October 2017 PET imaging revealed further hepatic
disease progression in addiction to bone and intra-abdominal metastatic spread. The patient was
therefore switched to sunitinib, but the treatment was interrupted soon due to the scarce performance

status. The patient died for disease progression in March 2018.

N .

Figure 20. A) Immunohistochemical staining for CD117 (¢c-KIT) and B) tumor composition of spindle cells and
eosinophilic cytoplasm (hematoxylin and eosin) on the metastatic hepatic lesion.

The patient was enrolled into the cfDNA monitoring protocol while on imatinib 800 mg/die, in course
of active disease progression. Two serial blood samples (#21.1 and #21.2) were collected six months
apart from each other and the total cfDNA was extracted from plasma. The two cfDNA samples were
fluorometrically quantified showing a concentration of 2.48 ng/mL (#21.1) and of 27.48 ng/mL (#21.2).
Sequencing libraries were prepared using the QlaSeq Actionable Solid Tumor Panel DNA (Qiagen,
Hilden, Germany) and sequenced on MiSeq platform (Illumina, La Jolla, CA, USA). The NGS output
revealed the presence of a somatic 7P53 indel (¢.560-7 560-2delCTCTTAInsT), affecting the exon 6
flanking site of TP53 gene at nucleotide position ¢.560-2 — ¢.560-7, with a growing allele frequency in
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the two serial samples (MAF: 2.7%, #21.1; 9.7%, #21.2) (Table 16). The presence of the identified

variant was manually checked on the bam files by means of IGV software (Figure 21-B).'*°

Table 16. TP53 somatic mutation identified by NGS. Genomic coordinates of the mutation and the read depth are
reported. The total number of reads bearing the same Unique Molecular Index (UMI) and those reporting the
mutation (Variant Mutational Fraction, VMF) was used to calculate the mutation frequency in each sample.

Genomic Read MAF Type of

Sample ID Coordinates = Depth UMt VMF (%) ¢DNA change mutation
#21.1 17:7,578,291 6672 1023 28 2.7 ¢.560-7_560-2delCTCTTAinsT Indel
#21.2 17:7,578,291 5868 876 85 9.7 ¢.560-7_560-2delCTCTTAinsT Indel

To confirm the somatic nature of the 7P53 indel, the genomic DNA extracted from lymphocytes and
the DNA extracted from the primary tumor tissue were analyzed with the same gene panel. The tumor
tissue was kindly provided by the Pathology Unit of Ulss 17 Monselice-Este, Padova (Italy), where the
patient underwent gastric surgery. As expected, the NGS output revealed the absence of the 7P53 indel
in the genomic DNA, proving its somatic nature, as well as its presence in the tumor DNA, with an
allele frequency of the 0.1%. These analyses confirmed that the indel detected in the cfDNA were
actually shed from the tumor’ cells and allowed the quantification of the ctDNA over time. Notably, no
other clinically relevant mutations were identified in the primary tumor DNA, whose genotype for
KIT/PDGFRA was wild type. However, the tumor tissue analyzed, although having a high tumor
content, might not represent the whole mutational status of the tumor itself as a consequence of the
spatial limitation provided by the sampling and might introduce a bias when assessing the presence of
imatinib sensitizer mutations.

Since the ctDNA was detected in course of active disease progression, which were mainly localized in
the liver, the DNA extracted from the metastatic hepatic lesion was also interrogated to assess the 1) the
presence of the TP53 indel and ii) the genotype of the relapsed tumor, with specific interest to the
presence of druggable mutations that might have guided the therapeutic decisions. NGS output revealed
the almost exclusive presence of the 7P53 indel in the metastatic lesion, which exhibited an allele
frequency of > 99.0%. Consistently with the genotype of the primary tumor, also the metastatic tissue
was proven to be KIT/PDGFRA wild type. Moreover, no actionable mutations were identified in the
relapsed tumor DNA. The clinical and molecular history of patient #21 is graphically summarized in

Figure 21-A.
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Figure 21. A) Clinical and molecular summary of the case report of patient #21. In the upper part of the figure
the biological samples taken and examined by targeted NGS are represented. Below are reported the treatment
outcome, according to RECIST criteria and the time from diagnosis. At the bottom, the plot represents the allele
frequency of the 7P53 indel (c.560-7_560-2delCTCTTAinsT) tracked in the tumor DNA (blue line) and in the
cfDNA (red line) and the imatinib dosage (adapted from Dalle Fratte et al. 2020). B) TP53 ¢.560-7_560-
2delCTCTTAInsT visualization of IGV in the cfDNA sample #21.2.

The NGS results were validated by using a custom ddPCR assay, developed by BioRad (Hercules, CA,
U.S.A)) and targeting the 7P53 indel. As a wild type control, the genomic DNA derived from a GIST
patient previously sequenced to rule out the presence of the same mutation was used, while a synthetic
oligonucleotide bearing the TP53 ¢.560-7 560-2delCTCTTAInsT was used as mutated control. The
analysis was performed on metastatic tumor DNA, on primary tumor DNA and on the cfDNA sample
#21.2, while the cfDNA sample #21.1 had been used for NGS and no residual DNA was available for
further analysis. ddPCR assay confirmed the presence of the TP53 indel in the cfDNA #21.2, revealing
the presence of 16 mutated DNA copies/uL of sample, corresponding to 277 mutated DNA copies/mL
of plasma. Therefore, the estimated ddPCR MAF was 17%, superior to that reported by NGS (MAF,
9.7%). The allele frequencies of the TP53 indel detected by ddPCR in the primary tumor and in the
metastatic tumor were comparable to that obtained by NGS (Figure 22).
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Figure 22. ddPCR plots reporting the signals registered from the two channels (Chl and Ch2) that are generated
from the wild-type (green dots) and the mutated (blue dots) DNA are shown. In chronological order the primary
tumor DNA, the metastatic DNA and the #21.2 ¢fDNA are reported.
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The identified 7P53 indel had never been reported in literature before and was not included in the latest
release of the International Agency for Research on Cancer (IARC) TP53 Mutation Database (Database
R19, released on August 2018).'®> The functional impact of the TP53 indel was unknown, although it
was supposed to be deleterious given its localization in a splice acceptor site. Molecular biology
analyses to confirm the indel’s impact on TP53 mRNA splicing were attempted on the cDNA derived
from the metastatic tumor tissue, but not feasible due to the very poor quality of FFPE RNA (data not
shown). Therefore, an in-silico prediction model was exploited to predict the effect of the 7P53 indel at
mRNA level by using publicly available bioinformatic tools (Table 17). The six different predictive
tools used were specifically developed to assess the functional impact of mutations on mRNA splicing
by scoring and comparing the presence of splice acceptor or donor site in the wild-type and in the
mutated DNA sequence. All but one tools agree in identifying the canonical splice site in the wild-type
TP53 sequence and all of them predicted the splice site destruction in the mutated sequence. NetGene2

failed to detect the wild-type TP53 splice site.

Table 17. Computational prediction of the effect of the mutation on the TP53 splice site by the use of six different
bioinformatic tools. The wild-type DNA sequence was compared with the mutated one and the effect was
predicted by comparing the two generated scores.

Tool Output Wild-type Score = Mutated Score Eg}éicitcted Ref.
SpliceView Score (0-100) 83 Not detected Deleterious 134
Genscan Probability Score (0-1) 0.120 Not detected Deleterious 135
NetGene2 Confidence Score 0.00 Not detected Not Evaluable = 136, 137
NNSplice 0.9 Score (0-1) 0.94 Not detected Deleterious 138
HSF Score (0-100) 80.49 Not detected Deleterious 141
MaxEntScan Maximum Entropy Score = 1.08 -2.91 Deleterious 139

Moreover, the activation of an alternative splice site was predicted by HSF that identified a likely new
splicing acceptor site located thirty nucleotides downstream from the canonical site. The new splice site
was scored 50.40 by HSF, and it is weaker than the canonical ones, which was scored 80.49. The
activation of the new cryptic splice site would lead to an in-frame deletion of ten amino acids from the
mature protein. The description of the TP53 indel and its predicted effect on mRNA strand are depicted
in Figure 23. The in-silico prediction of the functional impact of 7P53 indel might partially explain the
highly aggressive phenotype of the GIST here described, whose lack of sensitivity to imatinib at any
time point is consistent with the KIT/PDGFRA wild type genotype.
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Figure 23. (A) The normal sequence and exon splicing of TP53 pre-mRNA (exon 5-6) and (B) aberrant splicing
caused by the ¢.560-7_560-2delCTCTTAInsT (red) likely to generate an in-frame deletion of thirty nucleotides
from mRNA due to the activation of a cryptic splice site (blu).

4.7 Imatinib Pharmacogenetics

4.7.1 Genotyping of CYPs and Transporters in GIST Patients

33 GIST patients were selected to study the impact of the genotype of CYPs and transporters and of the
potential DDIs on imatinib plasma exposure. Non-Caucasian patients (n = 1) and patients administered
with imatinib daily dose different from 400 mg (n = 5) were excluded from the analysis to minimize the
number of covariates and to improve the uniformity of raw data for statistical analyses.

Genotyping of imatinib metabolizer CYPs (CYP344, CYP3A45, CYP2C8, CYP2B6, CYP1A2, CYP2(C9,
CYP2C19 and CYP2D6) and transporters (ABCBI and ABCG2) was successfully performed in all the
33 genomic DNA samples analyzed. For each protein, the genotype was translated into the predicted
gene AS and thereafter into the metabolic phenotype, in accordance to the PGx information provided
by the CPIC and the Dutch Pharmacogenetic Working Group (DPWG) of the Royal Dutch Pharmacists
Association, as described in the section Materials and Methods 3.13). For CYP3A44, CYPIA2, CYP2CS,
ABCBI and ABCG2, since no genotype-predicted phenotype has been proposed from PGx working
groups so far, the functional interpretation of detected genetic variants was based on literature evidences
that had previously investigated the effect of PGx variants on these CYPs and transporters’ activity. In
the present work, the impact that CYPs and transporters might have on imatinib pharmacokinetic has
been analyzed separately owing to the functional heterogeneity of CYPs and transporters in drug’s
metabolism, where the firsts are devoted to the bio-inactivation (i.e. catabolism) of the substrate drug,
while the latter are in charge to regulate the drug’s intake and extrusion from the blood stream, thus

affecting the bioavailability.

4.7.2 Assessment of the Metabolic Phenotype of CYPs

The predicted metabolic phenotypes of CYPs is reported in Table 18. Notably, the vast majority of
patients were extensive metabolizers (EM) for the CYPs analyzed, thus showing a proficiency capacity
of imatinib bio-inactivation. The CYP2D6 has emerged as the most polymorphic gene, with 14 out 33
(42.4%) patients classified as intermediate metabolizers (IM) and 3 (9.1%) classified as poor
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metabolizers (PM). On the other side, CYP344 and CYP3A45 were the less frequently polymorphic
genes, with 2 (6.1%) patients scored as IM (CYP3A4) and 2 (6.1%) classified as ultrarapid metabolizers
(UM).

Table 18. Number of GIST patients (n = 33) with different metabolic phenotypes of cytochromes. For each gene
is reported the number and, in brackets, the fraction of patients being scored poor metabolizers (PM), intermediate
metabolizers (IM), extensive metabolizers (EM) or ultrarapid metabolizers (UM).

Cytochromes’ Genotype

Phenotype 3A4 3A5 2D6 209 2C19 2B6 1A2 2C8
PM 3(9.1) 2(6.1) 1(3.0)
M 2(6.1) 14(424)  9(273)  9(273) 14(424) 15(45.5)
EM 31(93.9)  31(93.9) 16(48.5) 22(66.7) 22(66.7) 18(54.5) 18(54.5) 25(75.8)
UM 2(6.1) 2(6.1) 8(24.2)

The phenotype of CYP3A4, CYP1A2 and CYP2CS8 was assigned according to literature evidences due
to the lack of a universal agreement upon PGx alleles’ nomenclature for these genes. To this end, two
heterozygous carriers of the CYP344%*22 allele, which is characterized by the functional SNP CYP3A4
¢.522-191 C>T in intron 6 (rs35599367), were classified as intermediate metabolizers (IM) as the *22
allele has been associated with a reduced CYP3A4 protein expression.'®*!%” Fifteen patients were
heterozygous carriers of the CYPIA2 rs762551 variant, which had been previously associated with the

197 and were classified as IM. Targeted NGS analysis

need for imatinib dose reduction in GIST patients,
on CYP2C8 revealed that 8 patients were heterozygous carriers of the CYP2C8*3 allele, which is
composed by two missense variants that are in /inkage disequilibrium (¢.1196A>G and ¢.416G>A) and
leads to an increased enzymatic activity of CYP2CS. Consistently, the presence of CYP2C8*3 allele in
imatinib-receiving patients had been previously associated with a faster imatinib metabolism and to a
higher imatinib/nor-imatinib ratio.'®® Accordingly, carriers of the *3 allele were classified as ultrarapid

metabolizers (UM) (Table 19).

Table 19. Prediction of the functional impact of identified genetic variants on genes CYP3A44, CYPIA2 and
CYP2C8. For each evaluated variant, its position on the coding sequence (CDS) and its rs ID are reported.

Gene CDS Position Allele ID rs Functional Impact Ref.
CYP344  ¢.522-191 C>T *22 1s35599367 Loss-of-function 166,167
CYP344 = c.1026+12G>A *1G 152242480 Neutral 166
CYPIA2 c.-163C>A *1F 1s762551 Loss-of-function 107
CYP2CS8 Cc'zllgf(’?jf *3 ;:i?gggggé Gain-of-function 168
CYP2C8 c.¥24C>T --- --- Neutral

4.7.3 Assessment of the Metabolic Phenotype of Transporters
The predicted metabolic phenotypes of transporters are reported in Table 20. As for CYPs, the majority
of patients were classified as EM. With respect to ABCBI, 2 out 33 (6.1%) of patients were considered
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UM and 9 (27.3%) were classified as IM. For ABCG2, 1 out 33 (3.0%) patient was classified as PM
and 10 (27.3%) were classified as IM. The remaining patients were wild types for the genetic variants

that were considered for the phenotype assignment.

Table 20. Number of GIST patients (n = 33) with different metabolic phenotypes of the transporters ABCB1 and
ABCGQG2. For each gene is reported the number and, in brackets, the fraction of patients being scored poor
metabolizers (PM), intermediate metabolizers (IM), extensive metabolizers (EM) or ultrarapid metabolizers (UM).

Transporters Genotype

Phenotype ABCBI1 ABCG2
PM 0 1 (3.0%)
IM 9(27.3) 10 (27.3)
EM 22 (66.7) 22 (66.7)
UM 2(6.1) 0

The interpretation of ABCB1 and ABCG2 metabolic activity has required a careful appraisal of the
functional impact of identified variants. The functional effect of ABCBI variants has been largely
investigated as a determinant of drugs’ efficacy and toxicity both in patients’ study cohorts and in cell
lines. However, since the activity of ABCBI as a transporter is highly dependent on the drug substrate,
the assessment of its AS has been deduced according to evidences reported in the framework of imatinib
and TKIs. A few studies have investigated the impact of ABCB1 variants on imatinib exposure.'®'"!
Specifically, major attention has been devoted to the role of the three most common variants in the
ABCBI coding region, ie. rs1128503 (c.1236C>T, Gly412Gly), rs2032582 (c.2677G>T/A,
Ala893Ser/Thr) and rs1045642 (c.3435C>T, Ile11451le). These variants present a minor allele
frequency (MAF) in the Caucasian population of approximatively 50% and are in [inkage
disequilibrium. A general consensus has been achieved upon the evidence that carriers of 1236C-
2677G-3435C wild-type haplotype shows a lower sensitivity to imatinib, which was assessed by
evaluating the major molecular response to the drug, the imatinib plasma concentrations,'” and the
cellular resistance to imatinib.'”" Consistently with those evidences, in our study cohort the presence of
ABCBI haplotype has been associated to a reduced ABCBI1 activity and homozygous carriers of
rs1045642 variant allele were classified as IM. Further evidences support the role of the ABCBI
rs2229109 (c.1199G>A, Ser400Asn) as a gain-of-function variant, allowing a more efficient imatinib
transport by the ABCBI1 variant carriers (Asn400) compared with the wild-type carriers (Ser400).'7* In
our study cohort, patients carrying the ABCBI1 ¢.1199G>A variant were considered as UM. Other
identified genetic variants on ABCBI were not considered for the phenotype’s prediction due to the
paucity of literature data but were independently considered as single variables in the formal statistical
analysis.

The sequencing of ABCG?2 coding regions has revealed the presence in the study cohort of two common

missense variants with a previously documented functional impact on ABCG2 protein. The ABCG2
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rs2231142 (c.421C>A, GInl41Lys) was reported in heterozygosity in 9 out 33 (27.3%) patients and in
homozygosity in 1 (3.0%) patient, showing a MAF of 16.7%. This is a loss-of-function variant located
in the ATP binding domain and it is the most extensively investigated ABCG?2 variant because of its
high allele frequency in the Caucasian population (MAF 12.1%). The presence of the A allele in imatinib
receiving patients have been associated with an increase of imatinib plasma levels, whereas the wild
type genotype (CC) has been associated with lower plasmatic exposure of rosuvastatin when compared
to CA or AA genotypes.'”* ' The variant ABCG2 152231137 (c.34G>A, Vall12Met) was reported in
heterozygosity in 4 out 33 (12.1%) patients, showing a MAF of 6.06% in the study population. This
variant, which has been reported in the Caucasian population with a MAF of 11.0% has been associated
with a reduced transporter’s activity and to a reduction in the resistance to TKIs.'® In the present thesis,
the ABCG?2 variants rs2231142 and rs2231137 were considered as affecting the ABCG?2 protein activity
and the gene AS were calculated accordingly (Table 21).

Table 21. Prediction of the functional impact of identified genetic variants on genes ABCBI and ABCG2. For each
evaluated variant, its position on the coding sequence (CDS) and its rs ID are reported.

Gene CDS Position s Functional Impact Ref.
ABCBI c.1236C>T rs1128503 Neutral 169
ABCBI c.3435C>T rs1045642 Loss-of-function 169
ABCBI c.2677G>T 1s2032582 Neutral 169
ABCBI c.1199G>A rs2229109 Gain-of-function 172,181
ABCG2 c421C>A 1s2231142 Loss-of-function 173-179
ABCG2 c.34G>A 1s2231137 Loss-of-function 180

Other identified genetic variants affecting ABCBI and ABCG2 were not considered for the estimation
of transporters’ phenotypes due to the paucity of literature data available but were independently

considered as single variables in the formal statistical analysis.

4.7.4 Description of Imatinib Interacting Drugs in the Study Population

Among the 33 patients exposed to imatinib and selected for the pharmacogenetic analysis, 23 (69.7%)
had at least one drug co-prescription during follow-up that could interact with imatinib. Overall, 33
drugs with proven or suspected imatinib interaction were recorded. Table 22 shows the distribution of
patients according to drugs that could interact with imatinib. The most frequent was pantoprazole
(15.2%) and its interaction with imatinib might result in an increased imatinib exposure. The mechanism
of TKIs interaction with proton pump inhibitors (PPIs) is a matter of open debate among
pharmacologists since the increase of gastric pH from the PPIs intake dramatically reduces the
solubility, and thus the absorption, of many TKIs (e.g. sunitinib, dasatinib). At the same time, most PPIs
also act as inhibitors of the drugs’ transporters ABCB1 and ABCG2 and may reduce the fraction of

substrate drugs that are transported outside the systemic circulation.'” Since imatinib absorption is
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independent on the intragastric pH, PPIs were exclusively considered as transporters’ inhibitors. Four
patients also had potential DDIs with paracetamol (12.1%) that may increase the imatinib exposure by

inhibiting CYP3A4 and ABCBI activity.

Table 22. Number of patients who had received at least one of the potentially imatinib interacting drugs. The 33
GIST patients administered with imatinib 400 mg/die were considered. Single drugs, the therapeutic class and the
effect on imatinib pharmacokinetics are reported.

Drugs that could interact with Patients Predicted Effect on
imatinib Class N=33 Imatinib exposure
n (%)
Pantoprazole PPIs 5(15.2) 7 imatinib
Paracetamol NSAIDs 4(12.1) 7T imatinib
Levothyroxine Thyroid Hormones 3(9.1) 7 imatinib
Bisoprolol Beta blockers 3(9.1) 7 imatinib
Colecalciferol Vitamin D3 2 (6.1) 7 imatinib
Aspirin NSAIDs 2(6.1) { imatinib
Allopurinol Antigout Agents 2(6.1) 7 imatinib
Amlodipine Calcium channel Blockers 2(6.1) 7T imatinib
Lansoprazole PPIs 2 (6.1) 7 imatinib
Omeprazole PPIs 2 (6.1) 7 imatinib
Ciprofloxacine Fluoroquinolones 2(6.1) 7 imatinib
Insulin Glucose Lowering Agents 2(6.1) { imatinib
Ranitidine H2 receptor blockers 1(3.0) 7T imatinib
Carbamazepine Antiepileptics 1(3.0) 4 imatinib
Esomeprazole PPIs 1(3.0) 7 imatinib
Enalapril ACE Inhibitors 1(3.0) 7T imatinib
Telmisartan Sartans 1(3.0) 7 imatinib
Simvastatin Statins 1(3.0) 7 imatinib
Atorvastatin Statins 1(3.0) 7 imatinib
Flecainide Antiarrthythmics 1(3.0) 7T imatinib
Edoxaban Anticoagulants 1(3.0) 7 imatinib
Doxazosin Alpha blockers 1(3.0) 7T imatinib
Venlafaxin SNRIs 1(3.0) 7 imatinib
Ketoprofen NSAIDs 1(3.0) 7 imatinib
Losartan Sartans 1(3.0) 7 imatinib
Warfarin Vitamin K Antagonists 1(3.0) 4 imatinib

PPI = proton pump inhibitors; NSAIDs = non-steroidal anti-inflammatory drugs; SNRIs = serotonin noradrenaline
reuptake inhibitors

In addition to the recorded drugs, tobacco smoke was classified as an inducer of CYP1A2 activity,
potentially leading to a reduced imatinib exposure. Three patients (9.1%) were moderate smokers and

were considered for the interaction.
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4.7.5 Assessment of Imatinib Trough Levels
Imatinib was successfully quantified in 127 plasma samples of the 33 imatinib receiving patients by
means of a LC-MS/MS validated method. Data on imatinib plasma concentrations were kindly provided
by the Therapeutic Drug Monitoring group of the Experimental and Clinical Pharmacology Unit of
IRCCS CRO Aviano (Italy) headed by Dr. Bianca Posocco.
Imatinib and nor-imatinib trough levels (ng/mL) at the steady state were calculated from the raw
concentration data by extrapolating the imatinib trough levels from the imatinib concentration-time
algorithm, as described in the section Materials and Methods 3.21. The imatinib trough levels (ng/mL)
quantified in the 127 plasma samples are reported in Figure 24.
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Figure 24. Distribution of imatinib trough levels (ng/mL) at 400 mg/die at steady state in 127 serial plasma
samples from the 33 GIST patients. X-axis represents the imatinib trough level and y-axis indicates the number
of samples. The black dashed lines indicate the first, the second (median) and the third quartile of imatinib trough
levels in the study population.

The calculated imatinib trough levels ranged between a minimum of 0.0 ng/mL to a maximum of 3494.6
ng/mL, with a median value of 980.0 ng/mL, highlighting a huge interpatient variability in imatinib
exposure at the same administered dose. One patient (#27) showed imatinib trough levels above 3000
mg/mL in three distinct blood samples (individual values: 3082.1, 3494.6 and 3294.6 ng/mL), while
another patient (#20) exhibited extremely low imatinib trough levels in six different blood samples
(maximum value: 383.2 ng/mL). Overall, the 38.8% of analyzed samples (47 out 121) were above the
threshold level of 1100 ng/mL, which is the recommended trough level of imatinib in GIST patients to
guarantee a clinically effective drug exposure as a precondition for good clinical response.'® By
contrary, the majority of analyzed samples were below the optimal threshold level of 1100 ng/mL,
confirming the huge variability of imatinib plasma concentration at the standard dose of 400 mg/die.

To better investigate the interpatient variability of imatinib trough levels and to minimize the effect of
multiple sampling over time, which was not homogeneous for all patients, the average imatinib trough
concentration for the 33 patients while on imatinib 400 mg/die was calculated and plotted in Figure 25.

The imatinib trough levels in the population ranged between a minimum of 89.1 ng/mL in patient #20
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and a maximum of 2452.8 ng/mL in patient #27, with a median concentration of 991.5 ng/mL. It
emerged that 13 (39.4%) patients exhibited an average imatinib trough level above the recommended
threshold of 1100 ng/mL, while the majority of patients analyzed (60.6%) had an average imatinib

trough concentration during follow-up below the optimal cut-off.
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Figure 25. Distribution of average imatinib trough levels (ng/mL) at 400 mg/die at the steady state in 127 plasma
samples from 33 GIST patients. X-axis represents the average imatinib trough level and y-axis indicates the
number of patients. The black dashed lines indicate the first, the second (median) and the third quartile of imatinib
trough levels in the study population.

4.7.6 Impact of Pharmacokinetic Variability on the Disease Progression

The impact of imatinib plasma exposure on treatment efficacy have been investigated to assess the
probability of having PD in patients with imatinib trough levels below or above the recommended
threshold level of 1100 ng/mL while on 400 mg/die. To this end, the 33 GIST patients were divided in
two groups: group A, including the 13 patients with average imatinib trough levels above 1100 ng/mL,
and group B, comprising the 20 patients with average imatinib trough levels below 1100 ng/mL. In
group A, a clinical diagnosis of PD during follow-up was reported in four patients (#22, #31, #32, #34).
#22 is a female patient who was receiving imatinib 400 mg/die from April 2016, for the management
of metastatic disease affecting liver, peritoneum and bones. In October 2018 a radiological progression
of liver metastases was observed and the imatinib daily dose was increased at 800 mg. No clinical
benefit was gained from the dose’s doubling, as in January 2019 the NMR underlined a further PD and
the patient was switched to sunitinib. Afterwards, the follow-up was discontinued. Four plasma samples
were collected while on imatinib surveillance, with individual imatinib trough levels of 2473.1 ng/mL
(sample 1), 945.7 ng/mL (sample 2), 849.9 ng/mL (sample 3) and 1155.6 ng/mL (sample 4),
corresponding to an average (+ sd) concentration of 1356.1 (+ 755.4) ng/mL (Figure 26-A). #31 was a
female patient who was receiving imatinib 400 mg/die from May 2018 for the treatment of liver
metastatic disease. In December 2018 the clinical diagnosis of hepatic PD led to the doubling imatinib

daily dose (800 mg/die), which was soon reduced at 600 mg/die due to severe grade 3 cutanecous toxicity
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and diffuse lymphoedema. In April 2019, in light of the further PD and the weak tolerance to imatinib
higher dose, the treatment with sunitinib was started but it was soon interrupted due to scarce
performance status and liver impairment. The patient died for PD in June 2019. For patient #31, two
serial plasma samples were collected while on imatinib 400 mg/die, with individual plasma trough levels
of 1397.6 ng/mL (sample 1) and 1335.3 ng/mL (sample 2), and an average of 1366.5 ng/mL. Only one
sample was obtained on 800 mg/die, corresponding to a plasma trough concentration of 2756.0 ng/mL
(Figure 26-B). #32 is a female patient treated with imatinib 400 mg/die from April 2018 for the
metastatic liver disease. In August 2019 hepatic PD was diagnosed and in October 2019 the patient
underwent debulking surgery for liver metastases removal. Afterwards, the first line treatment with
imatinib 400 mg/die was re-started from January 2020. For patient #32, six serial plasma samples
collected while on imatinib before and concomitantly to the diagnosis of PD were collected, with
nominal values of trough plasma concentrations of 1443.3 ng/mL (sample 1), 1559.1 ng/mL (sample
2), 1480.8 ng/mL (sample 3), 1200.8 ng/mL (sample 4), 1393.7 ng/mL (sample 5) and 1147.8 ng/mL
(sample 6). The average plasma trough level (£ sd) was 1370.9 (£ 162.5) ng/mL (Figure 26-C). #34 is
a female patient in treatment with imatinib from August 2018 for the metastatic spread disease affecting
liver, peritoneum and abdominal lymph nodes. After showing a remarkable clinical benefit from
imatinib therapy at the beginning of treatment, with clinical reduction of tumor’s metabolic activity, the
patient experienced a dramatic PD with abdominal rupture of the major abdominal lesion that required
urgent surgery in March 2019. The molecular analysis was carried out by means of NGS panels QlaSeq
Actionable and QlaSeq Custom Panel DNA kits on two tumor entities obtained from surgery,
comprising a fresh tissue slice from the major abdominal mass and a fresh tissue slice from a lymph
node. The analysis revealed the absence of clinically relevant mutations affecting KIT, PDGFRA and
BRAF genes, thus partially explaining the lack of sensitivity to imatinib. Given the absence of imatinib
sensitizer mutations in tumor tissue, the second line sunitinib treatment was started from April 2019,
showing good tolerance and disease control. The patient was lost at follow-up a few months later as she
moved to another place. For patient #34, three serial plasma samples were collected while on imatinib
400 mg/die, which showed imatinib trough levels of 1204.7 ng/mL (sample 1), 1439.0 ng/mL (sample
2) and 973.0 ng/mL (sample 3), and an average (+ sd) concentration of 1205.6 (+ 233.0) ng/mL (Figure
26-D).

In group B, the clinical diagnosis of PD during follow-up was reported in four patients (#4, #10, #16,
#20). #4 is a male patient in treatment with imatinib 400 mg/die from June 2011 for metastatic liver
disease. In February 2017 he developed PD of hepatic lesions and imatinib daily dose was increased to
800 mg, but soon reduced at 600 mg due to gastrointestinal toxicity. PET/CT revealed further PD in
April 2017 and in January 2018. Afterwards, the patient was lost at follow-up. The two plasma samples
collected while on imatinib 400 mg/die exhibited a trough imatinib concentration of 1005.3 ng/mL
(sample 1) and of 849.2 ng/mL (sample 2), with an average of 927.3 ng/mL (Figure 26-E). #10 is a male

patient in treatment with imatinib 400 mg/die from September 2013 for the management of not operable
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metastatic disease, with primary tumor site in the abdomen and metastatic involvement of liver. After
showing stable disease (SD) for almost six years, he developed liver progression in March 2019, for
which he was treated with imatinib 800 mg/die. After the imatinib dose was increased, diagnostic
imaging showed disease’s stabilization and partial tumor regression till the date of last follow-up
(February 2020). Six plasma samples were collected from patient #10 in course of imatinib 400 mg/die.
The imatinib trough levels were extremely low and showed nominal values of 146.3 ng/mL (sample 1),
124.9 ng/mL (sample 2), 264.1 ng/mL (sample 3), 326.8 ng/mL (sample 4), 289.5 ng/mL (sample 5)
and 383.2 ng/mL (sample 6), with an average (£ sd) trough concentration of 255.8 (= 101.6) ng/mL
(Figure 26-F). #16 is a female patient whose clinical history has been described in the section Results
4.6.1. For patient #16, two serial plasma samples were available while on 400 mg/die, yielding an
imatinib trough concentration of 1266.8 ng/mL (sample 1) and 843.1 ng/mL (sample 2), with an average
of 1055 ng/mL, while the sample taken during imatinib 800 mg/die showed that the drug’s trough
concentration was 3053.2 ng/mL (Figure 26-G). #20 is a male patient in treatment with imatinib 400
mg/die from September 2014 for the management of metastatic spread disease involving gastric region
and abdomen, exhibiting a clinical response to treatment. In November 2019 the NMR revealed the
presence of multiple relapsed regions affecting liver, pancreas and abdomen and the imatinib dose was
increased to 800 mg/die with disease’s stabilization till the date of last follow-up in April 2020. For
patient #20, four serial plasma samples were taken while on imatinib 400 mg/die and individual imatinib
trough levels were 350.7 ng/mL (sample 1), 3.5 ng/mL (sample 2), “below detection limit” (sample 3)
and 2.0 ng/mL (sample 4) (Figure 26-H).

Notably, in the group of patients with higher imatinib trough levels (group A), the clinical diagnosis of
PD was reported in 4 out 13 (30.7%). Conversely, in the group B, 4 out 20 (20.0%) patients developed
PD. Although the onset of PD did not show a remarkable prevalence in one of the two groups, it might
be observed that the mechanism by which the PD was promoted could be ascribable for some extent to
an extremely deficient imatinib bioavailability at the steady state. Indeed, if the development of PD
cannot be ruled out from a proficient imatinib exposure, at the same time the patients’ exposure to sub

therapeutic imatinib levels represents a risk factor for a poor treatment outcome.
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Figure 26. Trend of imatinib through levels (ng/mL) in the 8 patients who reported PD in course of follow up.
The black line represents the single imatinib measures while the dashed red line indicates the clinical diagnosis of
PD. The gray background represents the treatment with imatinib 800 mg/die, while the white background refers
to the treatment with imatinib standard dose (400 mg/die).

4.7.7 Impact of the Metabolic Phenotype of CYPs on Imatinib Pharmacokinetics

4.7.7.1 The Pharmacogenetics Activity Score (PGx-AS) approach

First, the impact of the metabolic phenotype of CYPs was investigated as a possible decisive factor in
determining the pharmacokinetic of imatinib and, thus, the drug’s plasma exposure. Ideally, patients
presenting a slow metabolic phenotype of CYPs were supposed to have a reduced imatinib clearance
that results in higher drug’s plasma concentration when compared to patients with a proficient metabolic
activity. In the first place, the impact of the global phenotype of CYPs was considered to test whether
the overall activity of CYPs involved in imatinib metabolism could explain for some extent the
interindividual variability in imatinib trough concentrations. To this end, the PGx-AS of CYPs was
calculated as described in the section Materials and Methods 3.13. Briefly, the metabolic phenotype of
every single CYP, quantified by means of the gene activity score system, was summed up to generate a
comprehensive activity score of CYPs that was aimed at recapitulating the grade of proficiency of the
imatinib catabolism for each patient and that was called PGx-AS. The PGx-AS of CYPs ranged between

the 11 of the patients with a reduced metabolic function, and the 16 of patients with a higher metabolic
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activity. Owing to the small sample size, which hampered the possibility of multiple stratifications, to
statistical purposes the patients were divided into two groups according to their PGx- AS. Therefore,
patients presenting a PGx-AS of 11 to 13 were classified as intermediate metabolizers (IM), while those
with PGx-AS of 14 to 16 were classified as extensive metabolizers (EM). Imatinib trough levels in the

two groups are reported in Table 23.

Table 23. Imatinib trough levels (median and interquartile range) in the 33 GIST patients according to their PGx-
AS. The PGx-AS was translated into a metabolic phenotype (IM and EM) that summarizes the overall patients’
proficiency in imatinib catabolism.

PGx-AS Metabolic Patients Imatinib Trough Level, Interquartile range
Phenotype (n) median (ng/mL) (ng/mL)
11-13 M 9 1292.0 946.9 - 1972.0
14-16 EM 24 886.0 750.7 - 1220.0

Notably, the IM group presented a median imatinib trough level that was significantly higher than that
reported in the EM group (IM, 1292.0 ng/mL; EM, 886.0 ng/mL; p < 0.05) (Figure 27), suggesting that
the genetic makeup of cytochromes actually contributes in determining the average plasma exposure to

imatinib at the steady state.
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Figure 27. Imatinib trough levels (ng/mL) in intermediate metabolizers (IM, n = 9) and in extensive metabolizers
(EM, n = 24) predicted according to the PGx-AS model for CYPs. The average trough concentration of imatinib
during follow-up was considered for the 33 GIST patients. Boxes represent the data distribution within the first
and the second quartile, while the whiskers represent the highest and the lowest values. The non-parametric Mann-
Whitney test was used to compare the two groups.

4.7.7.2 The Single Gene Approach

Despite the observation that the CYPs’ genotype plays actually a substantial role in defining different
pharmacokinetic phenotypes in patients who receive imatinib, the extent to which every single CYP
takes part to the imatinib’s catabolism is not equally shared between CYPs. Therefore, to ponder the
individual contribution of every CYP in imatinib pharmacokinetic, the impact of the metabolic

phenotype in imatinib trough levels was independently analyzed for each CYPs to identify the most
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relevant determiners of the interindividual pharmacokinetics’ variability. To this end, a multilevel

regression model was exploited to precisely infer the impact of each CYP on exposure (Table 24).

Table 24. Association between gene activity score (AS) of CYPs and Imatinib trough level in 33 patients
undergoing treatment with imatinib 400 mg/die. Associations are estimated on 127 plasma samples from 33
patients using multilevel regression model. The £ value indicates the slope of the linear regression curve and
quantifies the increase (f > 0) or the decrease (f < 0) of imatinib trough levels for each unit of gene AS gained.

Gene B D
CYP3A4 85.4 0.8096
CYP3AS -103.8 0.7542
CYP2D6 -331.2 0.0128
CYP2C9 88.7 0.5516

CYP2C19 -134.1 0.4063
CYP2B6 -210.3 0.1815
CYP1A2 56.1 0.6522
CYP2C8 -220.2 0.2925

Remarkably, an inverse association between the CYP2D6 metabolic phenotype and the plasma exposure
to imatinib has emerged, suggesting that patients expressing a reduced CYP2D6 metabolic activity are
more likely to present higher imatinib plasma concentrations, with respect to patients with proficiency
CYP2D6 activity. Specifically, the calculated /3 score suggested that each point of CYP2D6 activity
score gained resulted in a decrease of imatinib level of 331.2 ng/mL. Among the 33 analyzed patients,
3 (9.1%) presented a CYP2D6 activity score of 0.0 (PM), thus having an almost completely ineffective
enzymatic activity, 14 (42.4%) had a CYP2D6 activity score of 1.0 (IM), as a consequence of only one
functional allele, and the remaining 16 had an activity score of 2.0, being therefore extensive
metabolizers for the CYP2D6 substrates. Consistently with the regression model, patients who showed
a CYP2D6 reduced activity (AS = 0 — 1) presented a median imatinib Ctrough of 1292 ng/mL (IQR
range: 991.5 — 1568.0 ng/mL) with respect to those with CYP2DG6 proficiency activity (AS = 2) who
had a median Ctrough of 771.9 (IQR range: 682.3 — 998.4 ng/mL) (p < 0.005) (Figure 28-A). No other
significant associations between imatinib Ctrough and the other CYPs were underscored. However, the
concomitant presence of CYP2D6 and CYP2B6 loss of function alleles seemed to identify a subgroup
of patients bearing an extremely high imatinib Ctrough. In fact, the 9 out 33 (27.3%) patients with
concomitant CYP2D6 and CYP2B6 reduced activity (AS = 0 — 1) showed a higher imatinib Ctrough
(median: 1359.0 ng/mL) when compared with those with CYP2D6 reduced activity (AS =0 — 1) and
concurrent CYP2B6 proficiency (AS = 2) (median: 1023 ng/mL) (Figure 28-B). Although this
difference was not statistically significant, the selection of concomitantly poor metabolizers for
CYP2D6 and CYP2B6 allowed the identification of the three patients presenting the highest imatinib
trough levels (#15, #27 and #29). Moreover, among the 5 patients with the highest imatinib trough

levels, i.e. those showing a mean concentration during follow-up greater than 1568.0 ng/mL, all of them
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(100%) displayed a low activity of CYP2D6 and 4 (80.0%) had concurrent low activity of CYP2D6 and
CYP2B6.
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Figure 28. A) Imatinib trough levels (ng/mL) in GIST patients with proficient CYP2D6 metabolic activity (n =
16) and in patients with reduced to null CYP2D6 metabolic activity (n =17). The gene activity score was used to
quantify the impact of genetic variants on CYP2D6 metabolic phenotype. The Mann-Whitney non-parametric test
was used to compare the two groups. B) Imatinib trough levels (ng/mL) in GIST patients with concurrent
decreased function of CYP2D6 and CYP2B6 (n =9), as well as in patients with reduced activity of only CYP2D6
(n = 8) and with reduced activity of only CYP2B6 (n = 6). The average trough concentration of imatinib during
follow-up was considered. Boxes represent the data distribution within the first and the second quartile, while the
whiskers represent the highest and the lowest values. The non-parametric Kruskal-Wallis test with Dunn’s
correction for multiple comparison was used to compare the three groups.

4.7.8 Impact of the Metabolic Phenotype of Transporters on Imatinib Pharmacokinetics

Next, the metabolic phenotype of the imatinib transporters ABCB1 and ABCG2 was considered as a
possible determiner of drug’s exposure. The application of a PGx-AS for imatinib transporters failed to
underscore a correlation between the predicted metabolic phenotype of ABCB1 and ABCG2 and
imatinib trough level (data not shown). Consistently, also the single-gene approach aimed at evaluating
the association of every single transporter with the imatinib trough level by means of a multilinear
regression model, did not highlight a correlation between the transporters’ predicted phenotype and the
imatinib C trough (Table 25).

Next, since the sequencing of transporters reported many genetic variants in addition to those considered
for the metabolic phenotype assessment, the impact of single SNPs affecting the drug transporters

ABCBI and ABCG?2 on imatinib trough levels was analyzed.
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Table 25. Association between gene activity score (AS) of transporters and Imatinib trough level in 33 patients
undergoing treatment with 400 mg/die. Associations are estimated on 127 plasma samples from 33 patients using
multilevel regression model. The f§ value indicates the slope of the linear regression curve and quantifies the
increase (ff > 0) or the decrease (f < 0) of imatinib trough levels for each unit of gene AS gained.

Gene B D
ABCB1 99.6 0.5860
ABCG2 -207.1 0.5236

The results of the associations are reported in Table 26. Notably, a SNP located in the 3°’UTR of the
ABCBI gene (¢.*89T>A, rs17064) was found significantly associated with a decreased imatinib trough
level in the study population. The variant rs17064 was identified in heterozygosity in 4 out 33 patients
(12.1%), showing a MAF of 6.1% in the study population (European MAF, 8.5%). Patients bearing the
identified ABCBI variant presented an average imatinib plasma trough level of 580.7 ng/mL, with
individual values of 89.1 ng/mL (#20), 502.9 ng/mL (#24), 634.2 ng/mL (#11) and 1096.6 ng/mL (#26).
The functional impact of rs17064 has not been elucidate yet, albeit previous reports has underscored an
association between rs17064 and the plasma exposure to vitamin D3 in 39 healthy subjects.'® In our
study cohort, the presence of rs17064 was detected in 3 out the 5 patients who showed the lowest

imatinib plasma levels, thus allowing the identification of a high-risk category for treatment inefficacy.

Table 26. List of the SNPs in ABCBI and in ABCG2 whose association with imatinib trough levels was tested in
the 33 GIST patients. The position along the coding sequence (CDS) of identified variants in ABCBI and ABCG2
was reported, as well as the SNPs’ ID and the minor allele frequency (MAF) in the European population. Student
t-test was used to assess the association between identified variants and the imatinib trough levels.

Gene CDS Position SNP ID E“”}‘;’;‘;‘(‘:lx:f) (%) p-value
ABCBI ¢.1236C>T rs1128503 54.5 0.2778
ABCBI ¢.3435C>T rs1045642 51.1 0.9264
ABCBI ¢.2677G>T 152032582 54.9 0.2778
ABCBI c.61A>G 159282564 7.5 0.1613
ABCBI c.1199G>A 152229109 2.7 0.6313
ABCBI ¢.287-25G>T 152235015 18.2 0.3146
ABCBI c-1T>A 1s2214102 94.5 0.5463
ABCBI ¢.-129T>C 1s3213619 53 0.5434
ABCBI ¢.*193T>C 1s3842 15.4 0.1346
ABCBI C.*89T>A rs17064 8.5 0.0406
ABCG2 c421C>A rs2231142 12.1 0.3385
ABCG2 c.34G>A 152231137 11.0 0.7126
ABCG2 c.77A>G 15373683219 0.003 0.5657
ABCG2 ¢.263+10A>G rs2231138 7.5 0.6760
ABCG2 C.*530T>G 15778502653 0.04 0.5348
ABCG2 C.-476T>C 1s2231135 5.1 0.1338
ABCG2 c.-29A>G 1545630471 0.2
ABCG2 c.273A>G 0.6106
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4.7.9 Concurrent Impact of DDI and Genotype on Imatinib Pharmacokinetics

Next, the impact of imatinib-drugs interactions was investigated in the study population of 33 GIST
patients as a possible element to refine the prediction of patients’ metabolic phenotype based on
genetics. To this end, the impact of concurrently administered drugs in course of imatinib on the
function of single CYPs and transporters was calculated as described in the section Materials and
Methods 3.15. According to the coadministration of enzymes’ inducers or inhibitors, the activity score
of CYPs and transporters was refined to take into account at the same time the contribution of genetics
and of DDIs. In Figure 29 is reported a graphical representation of the electronic worksheet used to
calculate the DDIs-corrected activity score for each gene. The two red boxes are aimed at drawing the
attention to two specific cases in which the gene activity score was modulated by DDIs that had an
impact on that specific enzyme. Patient #8 was a full metabolizer for CYP3A45 (gene AS = 2.0). At the
time of second blood sampling (#8.2) he was taking an inhibitor of CYP3AS5, the antimicrobial drug
ciprofloxacin, whose correction factor was scored 0.5 and that yielded a CYP3A45 corrected AS of 1.0.
At the time of the third blood sampling (#8.3), no DDIs affecting CYP3AS5 activity were recorded and
the correction factor was scored 1.0, yielding a neutral effect on the CYP3A45 corrected AS (= 2.0).
Patient #10 was a full metabolizer for CYP3A4 (AS = 2.0), but at the time of the third blood sampling
(#10.3) he was concomitantly treated with a strong CYP3A4 inducer, the antiepileptic drug
carbamazepine, which contributed a correction factor of 2.0 and increased the AS of CYP344 to 4.0. At
the time of fourth sampling (#10.4) the patient was taking, together with the carbamazepine, also a weak
CYP3A4 inhibitor, i.e. pantoprazole, whose effect modified the correction factor to 1.5, thus making

the corrected CYP344 AS equal to 3.0.

A B c D E F G H 1 ] K L M N o P
Patient_ID Gender Age at Age at Sample_ID Sampling Date Number of CYP3A4 Gene CYP3A4 Corrected CYP3AS5 Gene CYP3AS Corrected CYP2D6 Gene CYP2D6 Corrected
diagnosis  sampling Concomitant  ActivityScore Correction  CYP3A4 Gene ActivityScore Correction  CYP3AS Gene Activity Score Correction  CYP2D6 Gene
1 date Drugs Factor Activity Score Factor Activity Score Factor Activity Score
2 1m_8 M 61 67 IM_8.2 16/09/2015 1 2.00 0.50 l,zj 2.00 0.50 1.00| 2.00 1.00 2.00
3 M8 M 61 69 IM_8.3 12/09/2017 2 2.00 0.50 1 2.00 1.00 2.00 2.00 0.50 1.00
4 1M_8 M 61 70 IM_8.4 29/03/2018 2 2.00 0.50 1.00 2.00 1.00 2.00 2.00 0.50 1.00
5 IM_8 ™M 61 70 IM_8.5 14/09/2018 2 2.00 0.50 1.00 2.00 1.00 2.00 2.00 0.50 1.00
6 IM_8 M 61 71 IM_8.6 20/03/2019 2 2.00 0.50 1.00 2.00 1.00 2.00 2.00 0.50 1.00
7 m_8 M 61 71 IM_8.7 27/09/2019 2 2.00 0.50 1.00 2.00 1.00 2.00 2.00 0.50 1.00
8 IM_9 F 72 73 1M_9.1 12/05/2015 1 2.00 1.00 2.00 2.00 1.00 2.00 2.00 1.00 2.00
9 IM_10 M 58 59 1M_10.1 20/05/2015 2 2.00 2.00 4.00 2.00 1.50 3.00 2.00 1.00 2.00
10 m_10 M 58 60 IM_10.2 23/09/2015 2 2.00 2.00 4.00 2.00 1.50 3.00 2.00 1.00 2.00
11 Mm_10 M 58 61 IM_10.3 11/04/2017 2 2.00 2.00 4.00 2.00 1.50 3.00 2.00 1.00 2.00
12 IM_10 M 58 62/1M_10.4 12/09/2017 5 2.00 1.50 3.00 2.00 1.50 3.00 2.00 1.00 2.00
13 IM_10 M 58 62 IM_10.5 06/02/2018 3 2.00 1.50 3.00 2.00 1.50 3.00 2.00 1.00 2.00
14 IM_10 ™M 58 63 IM_10.6 08/08/2018 3 2.00 1.50 3.00 2.00 1.50 3.00 2.00 1.00 2.00
15 Im_10 M 58 63 IM_10.7 15/05/2019 6 2.00 1.00 2.00 2.00 0.50 1.00 2.00 0.50 1.00
16 M_10 M 58 64 IM_10.8 23/09/2019 6 2.00 1.00 2.00 2.00 0.50 1.00 2.00 0.50 1.00
17 IM_10 M 58 64 1M_10.9 24/02/2020 7 2.00 1.00 2.00 2.00 0.50 1.00 2.00 0.50 1.00
18 IM_11 M 68 68 IM_11.1 25/05/2015 4 2.00 1.00 2.00 2.00 1.00 2.00 1.00 1.00 1.00
19 m_12 M 62 751M_12.3 24/11/2017 1 2.00 1.00 2.00 2.00 1.00 2.00 1.00 1.00 1.00
20 IM_12 M 62 76 IM_12.4 24/05/2018 1 2.00 1.00 2.00 2.00 1.00 2.00 1.00 1.00 1.00
21 1M_13 F 32 35 1M_13.1 25/06/2015 0 2.00 1.00 2.00 2.00 1.00 2.00 2.00 1.00 2.00
22 1M_13 F 32 35 1M_13.2 19/11/2015 [ 2.00 1.00 2.00 2.00 1.00 2.00 2.00 1.00 2.00
23 1M_13 F 2 391M_13.3 09/12/2019 [ 2.00 1.00 2.00 2.00 1.00 2.00 2.00 1.00 2.00
24 1m_14 F 71 76 IM_14.1 13/07/2015 2 2.00 1.00 2.00 2.00 1.00 2.00 2.00 1.00 2.00
25 IM_14 F 71 77 IM_14.2 08/05/2017 2 2.00 1.00 2.00 2.00 1.00 2.00 2.00 1.00 2.00
26 IM_14 F 71 78 1M_14.3 06/11/2017 2 2.00 1.00 2.00 2.00 1.00 2.00 2.00 1.00 2.00
27 IM_14 F 71 78 1M_14.4 07/05/2018 2 2.00 1.00 2.00 2.00 1.00 2.00 2.00 1.00 2.00
28 I1M_14 F 71 79 IM_14.5 12/11/2018 2 2.00 1.00 2.00 2.00 1.00 2.00 2.00 1.00 2.00
29 IM_14 F 71 79 IM_14.6 13/05/2019 5 2.00 0.50 1.00 2.00 0.50 1.00 2.00 1.00 2.00
30 IM_14 F 71 80 IM_14.7 11/11/2019 5 2.00 0.50 1.00 2.00 0.50 1.00 2.00 1.00 2.00

Figure 29. Exemplary corrected gene activity score calculation model. For the 33 patients, the impact of DDI on
every CYPs (i.e. correction factor) was used to refine the genotype guided gene activity score by using a
multiplicative model. Red boxes indicate that the corrected gene activity score may vary within the same patient
as a consequence of the administration of different interacting or non-interacting drugs during follow-up.
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For each patient, the PGx-AS corrected per DDIs was calculated at each time point. The transporters
were not considered for the DDI analysis due to the paucity of drugs’ transporters inhibitors and inducers
recorded in the study population. To statistical purposes, the PGx-AS corrected per DDIs was analyzed
as a continuous variable, as it ranged from a minimum of 7.5 to a maximum of 21.5. Moreover, all 127
plasma samples were considered as independent variables since the administration of interacting drugs
was varying within individual patients during imatinib treatment. An inverse linear correlation between
the PGx-AS and the imatinib trough levels (p = 0.0002; Spearman » = — 0.35) highlighted that patients
with a lower metabolic activity driven by both the genotype and the DDIs were more likely to have high
imatinib trough concentrations than patients with a higher metabolic activity (Figure 30-A). Then,
patients were stratified within three groups according to their PGx-AS corrected to identify a possible
association between the metabolic phenotype and the exposure to imatinib. Stratification criteria and
imatinib trough levels in the three groups are reported in Table 27. Notably, intermediate metabolizers
showed significantly higher imatinib trough levels (median, 1296.0 ng/mL; IQR range, 846.6 — 1630.0
ng/mL) when compared with extensive metabolizers (median, 943.4 ng/mL; IQR range, 666.6 — 1205.0
ng/mL; p < 0.05) and with ultrarapid metabolizers (median, 559.8 ng/mL; IQR range, 276.8 — 913.8
ng/mL; p <0.0001) as indicated in Figure 30-B.
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Figure 30. A) Distribution of imatinib trough levels (ng/mL) in accordance to the PGx-AS corrected for DDIs in
127 plasma samples from 33 GIST patients. In x-axis the PGx-AS corrected is reported. In y-axis, imatinib plasma
trough levels (ng/mL) are reported. Dashed red line indicates the regression line curve and dots indicates the
individual imatinib trough quantifications. B) Distribution of imatinib trough levels (ng/mL) in accordance to the
metabolic phenotype of CYPs corrected for DDIs. 42 plasma samples were attributed to IM patients, 72 to EM
patients and 13 to UM metabolizer patients. Dots represent the individual imatinib trough levels and the horizontal
bars indicate the median and the interquartile rage. The non-parametric Kruskal-Wallis test with Dunn’s correction
for multiple comparison was used to compare the three groups.
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Table 27. Imatinib trough levels and interquartile range in the 127 plasma samples from the 33 GIST patients
according to their PGx-AS corrected for DDIs. The PGx-AS was ranked and translated into the metabolic
phenotype (IM, EM and UM) that summarizes the overall patients’ proficiency in imatinib catabolism.

PGx-AS Corrected II:’lllit:;)t(;lri; Sar(rllll))les Imartril:(iil;a'flr(()nlzgg/l;li;avel, Inter(zzgzt;llle)range
7.5-12.0 M 42 1296.0 846.6 — 1630.0
12.5-16.0 EM 72 943.4 666.6 — 1205.0
17.0-21.5 UM 13 559.8 276.8-913.8

Next, the association between the DDIs-corrected gene AS of every CYP and the imatinib trough levels
was investigated to better clarify the impact that DDIs might have in modulating the metabolic
phenotype of CYPs and, thus, in describing the pharmacokinetic variability of imatinib. As previously
described for CYPs and transporters, a multilinear regression model to the DDIs-corrected CYPs AS
was used to infer a possible association between the two variables. However, the model failed to refine
the previously described association between the activity of CYPs and the imatinib exposure, partially

due to the narrow variability of different DDIs affecting the activity of CYPs (Table 28).

Table 28. Association between corrected gene activity score (AS) of CYPs and Imatinib trough level in 33 patients
undergoing treatment with 400 mg/die. Associations are estimated on 127 plasma samples from 33 patients using
multilevel regression model. The f§ value indicates the slope of the linear regression curve and quantifies the
increase (5 > 0) or the decrease (f < 0) of imatinib trough levels for each unit of gene AS gained.

Gene B D
CYP3A4 -205.7 0.3626
CYP3AS -214.8 0.3626
CYP2D6 -327.2 0.0091
CYP2C9 93.8 0.5007
CYP2C19 -72.6 0.5877
CYP2B6 -229.4 0.1475
CYP1A2 -59.5 0.6060
CYP2C8 -102.3 0.5553

Only the CYP2D6 corrected genotype remained significantly associated with imatinib exposure, but the

observed trend was exclusively driven by the genotype over the DDIs.

4.7.10 Impact of Carbamazepine on Imatinib Pharmacokinetics: the Role of CYP3A4

A clear example of DDI with a clinically relevant impact on imatinib exposure was observed in patient
#10. Patient #10, whose clinical history was described in the section Results 4.7.6, presented extremely
low imatinib trough levels throughout multiple sampling and was concurrently treated with imatinib
and the antiepileptic drug carbamazepine. Carbamazepine is known to be a strong inducer of CYP3A4
and CYP2B6 enzymatic function. By a genetic point of view, the patient resulted wild type for all but
two CYPs, the CYP2B6 and CYPIA2, which presented a loss-of-function allele (AS = 1.0). The
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induction of CYP2B6 from carbamazepine determines a CYP2B6 metabolic phenotype that is equal to
a CYP2B6 wild type carrier (AS = 2.0), in light of the contrasting effect between genotype and
carbamazepine. Therefore, the dramatically low imatinib plasma trough levels could be mainly
attributable to the induction of CYP3A4, which is the main enzyme involved in the metabolism of
imatinib. In Figure 31 are reported the imatinib trough levels registered for patient #10 in course of
imatinib and carbamazepine treatment. The patient developed PD after 40 months from enrollment as a
suspected consequence of the very fast imatinib clearance triggered by carbamazepine activity on CYPs.
Imatinib trough levels have risen after dose implementation to 800 mg/die with clinical benefit (SD).

However, at the time of last follow-up the administration of carbamazepine had not been discontinued.
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Figure 31. Changes of imatinib plasma trough levels of patient #10. In x-axis is reported the time from enrollment
(months). In y-axis is reported the imatinib plasma trough level (ng/mL). Dashed vertical line indicates the
diagnosis of PD. On the top of the plot the clinical disease status is indicated in accordance to RECIST criteria.
White background indicates the administration of imatinib daily dose of 400 mg, grey background indicates
imatinib daily dose of 800 mg.

In the summary of imatinib product characteristics, it is clearly reported that the concomitant use of
imatinib and products that induce CYP3A4 (e.g. dexamethasone, phenytoin, carbamazepine, rifampicin,
phenobarbital or Hypericum perforatum) may significantly reduce exposure to imatinib, potentially
increasing the risk of therapeutic failure. Therefore, concomitant use of strong CYP3A4 inducers and
imatinib should be avoided. In the study population here described, no other strong CYP3A4 inducers

besides carbamazepine were recorded.

4.7.11 Impact of the Tobacco Smoke on Imatinib Pharmacokinetics: the Role of CYP1A2

A noteworthy association was found between the consumption of tobacco smoke and the imatinib
exposure. Tobacco is classified as a strong inducer of CYP1A2, potentially hampering the
pharmacokinetic of CYP1A2 substrates. The association between the tobacco smoke and imatinib
exposure or efficacy has never been described so far, partially because CYP1A2 plays a minor role in

imatinib catabolism. In Figure 32-A is reported the impact that CYP1A2 genotype had on imatinib
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exposure. Notably, no difference has emerged between patients having a CYP1A2 proficient metabolic
activity (EM) and those classified as IM (median EM, 1039.0 ng/mL; median IM, 957.0 ng/mL, p =
n.s.), proving again that the genetic makeup of CYP1A2 is not a major determiner in imatinib
pharmacokinetic. Conversely, when stratifying patients’ according to the refined CYP1A2 phenotype
in presence of regular tobacco consumption, a significant difference in imatinib exposure was observed
between imatinib plasma levels in smokers and in non-smokers (Figure 32-B). The regular smoke habit
was registered in 3 patients (#7, #24, #28) who contributed 17 serial plasma samples. As a reference
control group, 15 patients with CYP1A2 proficiency activity who were not administered with
concurrent CYP1A2 inducers or inhibitors were considered. Smoker patients presented lower imatinib
trough levels when compared with the other group (smokers, median: 696.3 ng/mL, IQR range: 556.3
—930.7 ng/mL; non-smokers, median: 984.5 ng/mL, IQR range: 742.4 — 1210.0 ng/mL; p = 0.0008),
suggesting a likely involvement of the tobacco smoke in fasting the catabolism of imatinib throughout

a CYPI1A42-mediated mechanism.

A 4000+ B _ 40004 n

0 -

£ £

) 2

£ 3000- < 3000 °

< 2

3 3
o

£ 2000 £ 20004

[=2] [=2]

]

% 1000- . S E 1000 %@%

E %908 £ o

od  ©000° -0
T T T T
IM EM Yes No
(n = 50) (n=77) (n=17) (n=51)

CYP1A2 Phenotype Smoking Status

Figure 32. A) Impact of the metabolic phenotype of CYP1A2 predicted by the CYPIA2 genotype on imatinib
plasma trough levels. Individual imatinib plasma trough levels are displayed for 15 IM patients (n = 50 samples)
as well as for 18 EM patients (n = 77 samples). B) Impact of the CYP1A2 corrected phenotype according to the
concomitant tobacco habit on imatinib plasma trough levels. Individual imatinib plasma trough levels are
displayed for 3 smokers (n = 17 samples) and for 15 non-smokers patients who were wild type for CYP1A2 and
did not intake CYP1A2 inducers/inhibitors (n = 51 samples). Dots represent individual imatinib levels and the
horizontal bars represent the median and the interquartile range. The Mann-Whitney non-parametric test was used
to compare the two groups.
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CHAPTER 5. DISCUSSION

The clinical application of highly sensitive and specific technologies able to describe and monitor the
genetic landscape of tumors offers new opportunities for the early treatment intervention and therapy
personalization. The possibility to apply customized therapeutic strategies based on the molecular
characteristics of tumors and to stratify patients according to their genetic background represents a
valuable and precious tool to implement the efficacy and safety profile of oncological treatments. For
LARC patients, the use of multimodal therapeutic approaches based on clinical and pathological
tumors’ features has significantly improved the prognosis of patients.*” However, the improvement of
long-term survival outcomes is still limited to selected subgroup of patients and the occurrence of local
and distant relapse remains the first cause of death for LARC patients. Therefore, the identification of
early biomarkers to predict patients’ prognosis is urgently needed. Pioneering studies provided initial
evidences for the possibility of interrogating ctDNA as a liquid biopsy to predict the outcome of nCRT.*°
Despite the detection of ctDNA after surgery was clearly associated with poor clinical outcomes, its
validity as an early molecular marker to refine the patients’ stratification remains questionable. For
GIST patients, inhibitors targeting KIT and PDGFRA receptors are approved and ensure excellent
disease control and good tolerance. However, the secondary tumor resistance during the first line
imatinib treatment occurs in a half of patients with active disease and represents the leading cause of
disease progression within two years from treatment initiation.”* Moreover, the interpatient variability
in imatinib plasma exposure represents a major challenge for the implementation of personalized
imatinib dosage and can significantly reduce the clinical prognosis of patients.'** The aim of the present
doctoral thesis is devoted to identifying early prognostic markers for LARC patients by means of ctDNA
analysis and primary tumor characterization. Moreover, the possibility of exploiting the ctDNA
detection as a low-invasive marker to identify imatinib-resistant subclones in GIST patients was
investigated as a possible tool to optimize the clinical decision making for treatment selection. Then,
the issue related to the pharmacokinetic variability of imatinib was analyzed to test whether the host
genetic variability and specific environmental factors (i.e. co-administered drugs and tobacco smoke)

might represent concurrent elements in driving the pharmacokinetics imatinib phenotype.

5.1 ctDNA Monitoring in LARC Patients to Predict nCRT Outcome and Prognosis

In LARC, the pathological complete response to nCRT is commonly observed in a minority of patients
and has been associated with improved OS and RFS.*"'** The necessity to predict the outcome of nCRT
at the very beginning of nCRT treatment is of pivotal relevance to select and optimize the downstream
therapeutic strategies. In fact, the early stratification of patients according to the risk categories would
allow the implementation of multimodal treatment strategies that entail the delivery of intensified

treatment schemes for the high-risk groups or the application of organ preserving approaches for the
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low-risk groups. With the aim of identifying early markers that could refine the selection of good and
poor responder patients, the clinical prognostic role of ctDNA has been investigated in a study cohort
of 40 LARC patients receiving nCRT. As a complementary approach, a panel of genetics and protein
markers was investigated in baseline LARC biopsies to identify possible candidate to implement the
currently available risk-stratification algorithms.

We observed that the total plasma levels of ¢cfDNA in newly diagnosed LARC patients allowed the
effective discrimination of patients with confirmed diagnosis of rectal cancer from healthy subjects with
a sensitivity of 81.25% and a specificity of 97.5% (p < 0.0001). Moreover, the presence of higher
cfDNA levels in patients classified at high-risk with respect to the low-risk was observed, even though
the association was lost after conditional analyses for multiple groups. In the context of LARC, a high
cfDNA level at the time of patients’ diagnosis was significantly associated with a shorter time to
progression and with a worst DFS.'® In our study cohort, the total cfDNA levels were not associated
with prognostic outcomes, such as the response to nCRT or the survival, but provide first evidence upon
a possible application to implement the currently available risk stratification algorithms. The evidence
that cancer patients present significantly increased cfDNA plasma concentration than non-cancer
subjects has been known for a long time and hold the promise to serve as a potential complementary
diagnostic biomarker.'®” Although significantly related to the presence of disease, the clinical validity
of total cfDNA quantification in plasma to diagnose cancer remains questionable for two main reasons.
First, the total cfDNA levels do not represent a cancer specific biomarker, thus hampering its clinical
application in oncology.'™ Then, the sensitivity of the total cfDNA quantification to accurately
discriminate cancer from non-cancer patients is deeply affected by analytical and pre-analytical factors,

from the blood collection to the techniques used for cfDNA measurement.'

The difficulty in making
reproducible the workflow cfDNA analysis at the inter- and intra-laboratory level dramatically
demolishes the identification of universally recognized clinically actionable cut-off levels of total
c¢fDNA both for diagnostic and for patients’ stratification. Furthermore, the identification of a validated
control group (i.e. healthy subjects, patients with non-malignant diseases) is always required to test the
analytical specificity of total ¢cfDNA quantification. Therefore, the detection of tumor-associated
molecular markers in the cfDNA represents an extremely specific approach to interrogate the tumor’s
genome in a minimally invasive fashion. Moreover, it allows following the dynamics of the tumors in
course of treatment. The greatest advantage of whole genome analysis over targeted approaches is the
fact that no prior knowledge of tumor-specific alterations is required. Moreover, since somatic CNAs
affect a greater fraction of the genome than SNVs, this method might better recapitulate the overall
circulating tumor fraction than a limited number of target mutations. Furthermore, since CNAs are a
relevant component of genetic alterations in almost all tumors and are deeply connected to the genomic
instability, this un-targeted approach can be applied to almost all tumor entities. The application of
sWGS to depict the presence of CNAs in ¢cfDNA of LARC patients had never been investigated so far

and remains mainly devoted to metastatic tumors entities. The CNA analysis of ¢cfDNA samples
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revealed alteration characteristic of colorectal cancer and rectal cancer.*’ Specifically, it was observed
that chromosome 20 and 13 underwent gains most frequently and chromosome 18 and 8p underwent
number losses. The specificity of the analysis found a further confirmation in the analysis of matched
primary tumor DNA, suggesting that the cfDNA might actually represent a suitable candidate for the
identification of somatic CNAs in a tumor-agnostic way. Notably, the copy number analysis of pre-
nCRT cfDNA samples of LARC patients revealed a tight association with the disease stage at the time
of diagnosis, highlighting the presence of CNAs only in patients with c¢T stage of 3 to 4, with
concomitant lymph nodes involvement. Even though this association might be hampered by the limited
number of patients without lymph node involvement in the study population, it is consistent with the
evidence that tumors of higher stages are more prone to release detectable quantities of ctDNA.'”°
Moreover, an increase of the detectable TFx in course of nCRT, with respect to the baseline cfDNA,
was positively associated with a higher probability to have a pCR after nCRT, whereas the persistence
of the TFx after nCRT was identified only in the non-responders (RR: 3.75; 95% CI 1.47 — 9.56; p =
0.0147). These results are consistent with previous evidences reporting that the presence of ctDNA after
nCRT in LARC is an independent prognostic marker of incomplete pathological response,’® and with
the observation that an increased ctDNA release in course of treatment might indicate a massive DNA
release from dying cancer cells, and that might represent a reliable marker of tumor sensitivity to
chemotherapy.'®"'*> However, whether or not the midterm ctDNA detection might serve as early
estimator of pCR needs to be further sustained by focused analyses. In fact, the precise time point for
cfDNA collection after treatment initiation for the early assessment of prognosis remains to be clarified
and further studies entailing a closer cfDNA monitoring at the very beginning of the treatment are
warranted to clarify the biological meaning of the ctDNA release from cancer cells. In the present study,
the time point of cfDNA collection from nCRT initiation showed a median of 21 days, but it was not
strictly uniform for all patients (range: 13 — 28 days), thus representing a limitation for the results’
reproducibility. On the contrary, the identification of TFx in pre-nCRT cfDNA was not predictive of
nCRT outcome, but it was positively associated with the risk to develop disease recurrence within two
years from the diagnosis. Furthermore, a combined analysis of pre-nCRT TFx and pre-nCRT CEA
serum levels revealed that the number of risk factors (only TFx, only CEA or both) has a cumulative
effect on predicting the risk of local and distance recurrence and that patients presenting positive TFx
or high CEA levels had higher risk to develop tumor relapse within two years from diagnosis (p =
0.0006). These findings add further evidence to that reported by Murahashi ef al., who showed how the
presence of postoperative ¢tDNA and CEA in a cohort of 85 LARC patients were independent
prognostic markers for risk of recurrence after surgery and showed a cumulative effect on the prediction
of recurrence free survival.'"”® The possibility to identify patients who are at higher risk to develop a
poor outcome in term of RFS at the time of diagnosis is of much interest for the application of intensified
therapeutic protocols or to schedule a closer monitoring during postoperative patients’ follow-up. The

results of a study involving 47 patients with LARC with 243 available plasma samples collected
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pretreatment, in course of nCRT, after completing nCRT and after surgery suggest that recurrence-free
survival is shorter in patients with detectable ctDNA after completion of chemoradiotherapy (HR 7.1,
95% CI12.4—21.5; P<0.001) and even shorter in patients exhibiting permanence of ctDNA pre-, during
and after nCRT (HR 11.5, 95% CI 3.3 — 40.4; P < 0.001)."** In line with this finding, we observed that
patient #19939, who reported a positive TFx throughout the whole follow-up exhibited a very poor
sensitivity to nCRT and experienced a fast disease progression to distant organs.

Several parameters have been reported as possible early predictors of pCR and recurrence status in
patients with LARC, including CEA levels, the distance of the tumor from the anal verge, presence of
ctDNA and biomarkers’ level in tumor cells."”>"*” Some studies have identified an association between
the concurrence of KRAS/BRAF and TP53 mutations in primary tumors and the lower sensitivity no
nCRT in LARC patients. The development of KRAS/BRAF mutations, which are mutually exclusive,
are reported to occur in a very early phase of tumor development and their role in the response to nCRT
in rectal cancer is conflicting.'”®!”” On the contrary, TP53 mutations occur later in rectal and colorectal
cancer development and have been reported to lead to a reduced sensitivity to radiotherapy.””® In our
study cohort, the targeted analysis of the primary tumor tissue revealed mutation frequencies that were
in line with those determined in the TCGA rectal cohort.*” The most frequently mutated gene was 4PC,
a key oncogenic driver mutated in most CRC and that mediates the activation of the Wnt signaling
pathway.”®' It was reported that the in vitro activation of the Wnt signaling pathway mediates

chemoradiotherapy resistance in CRC cell lines.*"?

However, our results did not demonstrate any
significant alteration in the frequency of APC mutations between responders and non-responders. On
the contrary, patients presenting activating mutations of KRAS/BRAF genes showed a lower incidence
of pCR with respect to patients with KRAS/BRAF wild type tumors (mutant, pCR 23.1% vs wild type,
pCR 66.7%). Despite a trend has emerged, the results were not statistically significant (»p > 0.05) and
our data did not identify substantial difference in response to nCRT between patients with KRAS/BRAF
wild-type and mutant tumors, nor did our data validate the enrichment of concurrent KRAS/BRAF and
TP53 mutations in non-responders vs responders.

To identify potential predictive markers of pCR, we also evaluated the IHC expression of twelve
candidate proteins with relevant biological implication in LARC. For five markers (Ki67, CXCR4,
COX-2, HIF1la, RADS51) we identified a cut-off value of protein expression that could successfully
discriminate patients achieving a pCR from non-responder patients. In our study cohort, a high Ki67
was associated with a bad tumor response after nCRT (OR 3.30; 95% CI: 1.19-9.13). Ki67 is a well-
known proliferation marker, which overexpression is commonly recognized as a marker of highly
malignant phenotypes in several type of tumors.”***** The prognostic role of Ki67 in LARC has not
been clarified yet. A similar trend was previously reported by Jacob et al., who compared the Ki67
protein levels in pre- and post-treatment LARC biopsies and demonstrated that its overexpression at

any time point is an early marker of poor tumor regression.’”> On the other hand, other studies showed
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that a higher rate of Ki67 positive cells in treatment naive LARC biopsies was associated with a greater
incidence of pCR.?%%2"7

Moreover, we observed that the tumor expression of the chemokine receptor CXCR4 was increased in
patients with pCR (OR 4.67; 95% CI: 1.15-17.4). Despite some data are available on CXCR4 prognostic
effect,”® it was poorly investigated for its role in contributing the sensitivity toward nCRT in LARC. It
is reasonable to assume that the high proliferation rate of cells overexpressing CXCR4 might increase
the local effectiveness of chemo-radiation treatments. A recent study, which investigated the predictive
role of CXCR4 expression in 85 LARC patients before nCRT, highlighted that, beside its expression
level, an important role is played by its cellular localization, with the nuclear, or combined cytoplasmic
and nuclear localization, related to the greater chance of tumor response.’” Unfortunately, this
information is not available in our study and further investigations are probably needed to shed light
upon the biological interplay between CXCR4-mediated pathways and tumor response to nCRT and its
predictive role. Moreover, we observed that Ki67 significantly interact with CXCR4, that notably
characterize highly proliferating tumor cells, to discriminate responders from non-responders by CART
analysis.

Our results support also a predictive potential for COX2 that appears to be associated with a higher
chance of pCR when expressed above the herein defined cut-off value (OR=3.21; 95% CI: 1.14-9.09).
Despite the well accepted role of COX2 in supporting tumor’s growth and development,*'” literature

data are conflicting regarding its predictive significance in LARC, with some studies sustaining,*'' '3

and others disproving, *'*!?

a COX2 involvement in predicting the nCRT efficacy. These discrepancies
might be partially attributable to the heterogeneities of study cohorts and/or therapeutic schemes as well
as to the huge methodological heterogeneity in the scoring system used to classify COX2 expression.
Consistently with other investigators,”'® we classified tumors as COX2-overexpressing when the
immunostaining intensity was defined by the pathologists as ‘strong’ to ‘moderate’. However, when
looking at the rate of COX2 positive cells, we noticed that tumors with an extremely high percentage
of expressing cells (> 80%) were more likely to get a bad tumor response to treatment (data not shown).
While the research on the mechanism by which COX2 modulates the sensitivity to nCRT in LARC
remains a matter of open investigation, our data lead to reconsider its predictive significance as an early
biomarker of treatment outcome.

In our cohort, HIF1a as well as RADS1 overexpression, assessed by means of the H-score and based
on specific cut-off values, were associated to a bad tumor response. Consistently with the biological
connection between RADS51 and HIFla, our results sustain their matched clinical value as early
predictors of poor treatment outcome. Specifically, RAD51 plays an essential role in DNA repair via
homologous recombination and many studies have suggested that the RADS51 expression increased
cellular resistance to chemotherapy and radiotherapy.”'” HIF 1a plays a key role in the cellular adaptation
to hypoxia. A few studies reported conflicting findings upon the predictive role of HIFla in pre-
treatment LARC biopsies. In a cohort of 86 LARC patients, Havelung ef al. showed that the HIF1a
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expression has no predictive impact on the response to chemoradiotherapy.?'® Similarly, Shioya et al.,
who quantified the percentage of HIF1a positive cells in 50 LARC patients, did not find significant
associations with the pathological grading or pCR.®' The semi-quantitative scoring system (H-score) we
applied in our study, which couples the fraction of positive cells with their staining intensity, possibly
allows a more comprehensive assessment of HIF1a expression and could have helped to highlight
previously overlooked associations.

In the framework of complex phenotypic traits, it is of crucial importance to define the mutual
interaction between the different players in driving the clinical phenotype. As mentioned above, we
exploited a CART analysis to put together clinical variables and biomarkers expression and found that
the combination of Ki67 and CXCR4 expression assessment enabled the stratification of LARC patients
into three distinct categories according to response to treatment. A correlation between the level of

CXCR4 and Ki67 mutual expression was reported in other cancers,?'***

supporting their cross-
interaction in defining the proliferative and metastatic cells phenotype. However, despite the reported
biological interplay between Ki67 and CXCR4, their expression levels were proven to change

1

considerably depending on the location of the primary tumor,”' rising the need for devoted

investigations focused on LARC.

5.2 Clinical Application of ctDNA Monitoring in GIST Patients

GIST represents a paradigmatic model to study the oncogenic addiction to targeted therapies, and the
possibility to interrogate ctDNA for the early identification of imatinib-resistant tumor’s subclones
would ideally represent a promising strategy to improve the efficacy of available treatments.*** Despite
these premises, the clinical utility of ctDNA monitoring in GIST is facing many hurdles that hamper
the clinical translation of ctDNA-based liquid biopsy into the routine clinical practice. Beside the great
specificity of ctDNA in recapitulating the mutations of the primary tumor, the molecular approaches
attempted so far for the ctDNA tracking and monitoring in GIST exhibited a limited sensitivity with
respect to the ctDNA detection.”” Specifically, the application of high-sensitivity techniques, such as
the barcode-aware deep sequencing and the ddPCR, revealed that the ctDNA detection rate was deeply
dependent on the tumor’s dimension, with tumors greater than 10 cm were more likely to shed detectable
quantities of ctDNA.?***?* This evidence, accompanied by the higher sensitivity of ddPCR over
NGS,¥* reduces the clinical validity of ctDNA for the detection of MRD or for the monitoring of
advanced disease in a tumor-agnostic scenario. The primary aim of this work was to test the feasibility
of ctDNA detection in a cohort of 39 GIST patients as a tool to early identify the occurrence of disease
progression to imatinib within different setting of treatment.

In the global GIST population (n = 39), the overall ctDNA detection rate was 5.1%. However, the
detection rate rose to 22.2% (2 out 9 patients) when considering patients with metastatic and PD. These

results are consistent with previously reported evidences that described the lack of detectable ctDNA in
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GIST patients suffering from localized or small disease. Conversely, the ctDNA detection rate in
patients with advanced GIST was reported to be 45.0%. and 56.3% in two independent study cohorts
comprising 243 and 32 advanced GISTs, respectively.”?**** Our analysis showed a lower sensitivity in
ctDNA detection with respect to previous reports, partially due to the lack of knowledge on primary
tumor’s mutations in our study cohort and the impossibility to perform a cross-platform comparison
(e.g. NGS and ddPCR) for ctDNA detection in selected point regions. However, the results of cfDNA
analysis of our GIST cohort draws the attention upon some molecular mechanism governing the
imatinib failure. Accordingly, the two cases herein reported illustrate 1) a case of primary resistance to
imatinib (case #21) and ii) an example of secondary acquired resistance to imatinib (case #16). In the
first scenario, the lack of activating mutations in imatinib related genes (KIT, PDGFRA, BRAF) in the
primary tumor might explain the lack of sensitivity toward imatinib, as well as the fast onset of a
dramatic disease progression that culminated in a fatal outcome for the patient. This evidence urges the
need for the routinely genotyping of primary tumor DNA in newly diagnosed GIST patients for the
characterization of tumor’s mutational status and for the identification of actionable mutations capable
of ensuring the sensitivity to imatinib. Despite widely recommended from the good clinical practice
guidelines, the genotyping of primary GIST is performed only in referral centers for GIST management,
partially owing to the rarity of the disease. Furthermore, the administration of imatinib in KI7/PDGFRA
wild type GISTs is a matter of heated debate as most of the patients, who are classified as wild type,
tend to display an indolent tumor’s behavior and might benefit for some extent from imatinib intake.
Although only few studies have investigated the role of TP53 somatic mutations as a possible risk factor
in GIST, a general consensus upon their association with imatinib resistance has been achieved.®® The
first evidence demonstrating the correlation between TP53 mutations and imatinib insensitivity was
described by Wendel et al. in BCR-ABL positive leukemic cells, where they observed that the
mechanism of imatinib resistance was independent of the chemical inhibition of BCR-ABL kinase by
imatinib, suggesting a downstream involvement of TP53 mutations in leading the resistance
phenotype.”” Further studies confirmed the loss of TP53 in chronic myeloid leukemia as a molecular
marker, which is likely associated with imatinib resistance.”?® Furthermore, in a study aimed at
identifying genes involved in imatinib resistance in GIST-T1 cells through a CRISP-Cas9 knockout
genome-wide screening, Cao et al. identified TP53 as one of the main genes associated to imatinib
resistance.””’ These evidences suggest that genomic alterations in genes related to the apoptosis pathway
might represent an escape route exploited by tumor cells to evade imatinib therapy. In KIT/PDGFRA
mutant GISTs there is no doubt upon the origin of the oncogenic signaling and the development of
imatinib resistance is mainly restricted to the acquisition of secondary KIT/PDGFRA mutant clones
bearing novel mutations. In these groups of GISTs, the overall 7P53 mutation rate was reported as low,
emphasizing the oncogenic reliance on kinase-mediated signaling. However, a straightforward
association between presence of TP53 aberrations and GIST malignancy has been observed, with a

significant increase of TP53 aberrations in high-risk rather than in low-risk tumors.””***° On the other
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hand, 7P53 has emerged as one of the main mutated genes in wild-type GISTs, supporting its possible
role not only as a determiner of malignant behavior, but also in the pathogenesis of wild-type GISTs.>!
In this case, the rapid metastatic evolution is consistent with the 7P53 mutant clonal selection from the
primary to the relapsed tumor. The homozygous presence of 7P53 indel (c.560-7 560-
2delCTCTTAInsT) in fundamentally all hepatic relapsed cells suggests once again the association
between TP53 deleterious mutations in GIST and the establishment of an aggressive phenotype
insensitive to imatinib. Moreover, the observation of no clinically actionable mutations, which might
represent a molecular target for currently available therapeutic options, corroborates the lack of
sensitivity toward imatinib reported here and implies the impossibility of prescribing further targeted
drugs. Indeed, the administration of targeted therapies is limited to the presence of specific
overexpressed or mutated molecular targets in tumor cells, thus making the management of wild-type
tumors a challenging task. In this case, the clinical tumor progression was well recapitulated by the
longitudinal sequencing of ctDNA, which revealed the presence of 7TP53 ¢.560-7 560-
2delCTCTTAInsT at increasing allele frequency over six months. This finding is significant, since it
sustains the feasibility of relying on information obtained by liquid rather than tissue biopsies for the
assessment of genetic features in metastatic GISTs. A good concordance between mutated cfDNA and
tumor tissue in GIST patients was reported by previous studies that observed a higher detection rate of
ctDNA in patients with active disease and high tumor burden, rather than in patients with complete
response or localized disease.””***? In this framework, the allele frequency of ctDNA was shown to
increase according to disease progression, allowing the dynamic monitoring of tumor changes in
advanced GIST. On the contrary, the case of patient #16 brilliantly recapitulates the development of
secondary resistance to imatinib as a consequence of the proliferation of a tumor resistant subclone.
Although the primary tumor genotype was unknown, it is reasonable to assume that the patient should
have presented a sensitizer mutation in imatinib targeted genes, given the excellent disease control she
has displayed for more than ten years. The detection of KIT ¢.1961T>C mutation, affecting the imatinib
binding domain of KIT receptor, in concomitance to disease progression shed light upon the mechanism
of GIST escape from the imatinib’s control. This observation is consistent with the lack of sensitivity
to imatinib daily dose doubling as a first clinical strategy to postpone imatinib interruption and with the
disease stability observed after the switch to the second therapy line with sunitinib, in line with other
recent report.”” Overall, the ctDNA detection did not anticipate the clinical diagnosis of disease
progression but represented instead an excellent marker capable to recapitulate the clinical progression,

in case of increased VAF, or response, in case of decreased VAF.

5.3 Pharmacogenetics and DDIs

The efficacy of drugs is deeply influenced by both pharmacodynamics and pharmacokinetics

parameters.”” Accordingly, the pharmacodynamics of imatinib is affected by the genetic makeup of its
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molecular targets, i.e. TKI receptors KIT and PDGFRA, with the development or the selection of
resistance subclones being the leading cause of treatment failure as a consequence of a
pharmacodynamic imbalance between the drug and its target.”*®> As a counterpart, the pharmacokinetic
of imatinib plays an equally important role in ensuring the exposure of tumor cells to adequate drugs
concentrations capable to guarantee the clinical efficacy, while at the same time preventing toxic effects
as a consequence of over-dosage. Imatinib presents an unpredictable interpatient pharmacokinetic
variability, which might expose patients to the risk of treatment inefficacy or, more rarely, toxicity.>**
With the aim of identifying potential factor that might contribute to the huge heterogeneity of imatinib
exposure, two specific aspects were investigated in the present work. First, the impact of the host’s
genetic variants affecting imatinib metabolizing enzymes (CYPs) and transporters was considered as a
possible genetic factor capable to determine the fluctuation of imatinib levels in the study population.
Then, the co-administration of drugs, which are known to modulate the activity of specific CYPs and
transporters, was considered as a possible non-genetic factor that might concur the variability of
imatinib exposure. Consistently with previous findings,'™ the study population selected for the
pharmacokinetic analysis (n = 33) exhibited a huge variability in term of imatinib exposure (range 89.1
to 2452.8 ng/mL) in presence of the same imatinib daily dose (400 mg) and this was reported to partially
explain the development disease progression in patients with sub-therapeutic imatinib trough levels.

Notably, the development and the application of a PGx-AS to rank the CYPs metabolic proficiency
level, revealed a correlation between the activity of CYPs and the imatinib trough levels. Specifically,
patients presenting a higher PGx-AS were shown to have lower imatinib trough levels when compared
with patients with a lower PGx-AS (p < 0.05), suggesting that the presence of genetic variants affecting
the activity of imatinib metabolizing enzymes could actually have some clinically relevant implications
on imatinib clearance. More specifically, the metabolic phenotype of CYP2D6 has emerged as the major
genetic determiner of the interindividual variability of imatinib exposure, with patients presenting a
decreased number of CYP2D6 functional alleles showing higher imatinib concentrations when
compared with the CYP2D6 extensive metabolizers (1292 ng/mL vs 771.9 ng/mL; p < 0.005). This is
the second time that the CYP2D6 genotype was found significantly associated with the interpatient
variability of imatinib pharmacokinetic at the clinical level, as a previous study including 82 GIST
patients identified how the presence of at least one CYP2D6*4 allele might potentially reduce the
apparent oral clearance of imatinib.'* In line with these findings, the CYP2D6*4 allele, which yields a
non-functional truncated protein due to an aberrant spicing defect, was identified in our study cohort
with a minor allele frequency of 21.2%, thus representing the most frequently detected loss-of-function
CYP2DG6 allele. Furthermore, a restricted subgroup of patients (n = 9), who were simultaneously carrier
of decreased metabolic activity of CYP2D6 and CYP2B6, exhibited extremely high imatinib trough
levels (median: 1359.0 ng/mL), allowing the identification of four out the five patients with the highest
imatinib plasma trough concentrations in the entire patients’ cohort. Although the investigation of

imatinib’s safety profile is beyond the aims of the present work, the preemptive identification of
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patients, who are more likely to exhibit an extremely remarkable imatinib overexposure, might help to
early select the subject that are at higher risk to develop dosage-related side effects. Imatinib shows an
excellent safety profile with respect to other cytostatic agents, with the most frequently reported
toxicities being oedema, asthenia and gastrointestinal toxicity that rarely reach the CTCTAE grade 3,2
and whose symptoms can be usually managed without resorting to the patient’s hospitalization.**
However, the onset of non-hematological low-grade chronic toxicities throughout a lifelong imatinib
administration might lead to the frequent treatment’s interruption, as well as to a reduction of the
patient’s quality of life."® This might negatively impact not only on the personal and social lives of
patients, but could also ultimately result into a poor patient’s compliance in the routinely imatinib intake.
Although CYP2D6 plays a minor role on the metabolism of imatinib, it might be reasonable to assume
that the inhibition of CYP344 by imatinib itself could actually gather to a central role of the other
enzymes in the catabolism of imatinib and that the presence of non-functional alleles in CYP2D6, and
optionally in CYP2B6, could become of pivotal relevance in influencing the imatinib clearance.''” An
association with low imatinib levels and A-allele in rs17064 ABCBI was found in patients who showed
the A-variant allele having a lower imatinib exposure when compared with the wild type carriers (580.7
ng/mL vs 980.0 ng/mL; p = 0.0406). The ATP-binding cassette sub-family B member 1 is encoded by
the ABCB1 gene and it functions as a cellular transmembrane transporter able to excrete xenobiotic

molecules,'®

and imatinib is known to be transported through this molecule in the intestinal
epithelium.'” Association between rs17064 and imatinib pharmacokinetics parameters had never been
described before, partially owing to the centralized efforts paid towards the role of pharmacogenetic
variants that affect the gene codifying sequence or that were already reported as clinically relevant.'”’
However, the reduced plasma exposure to vitamin D3 in 39 healthy subjects bearing the A-allele
1517064 had been previously described,'® but the mechanism by which this SNP may lead to altered
plasma levels of xenobiotics is still uncertain. The 3’UTRs of mRNA transcripts are known to exhibit
important sequences regulating the fate of mRNA and thus, proteosynthesis. A previous in vitro study
showed that rs17064 did not alter ABCB1 mRNA stability,”’ but further research is needed to evaluate
whether this variant can influence ABCBI1 protein function or expression levels through other
mechanisms, e.g., microRNA-mediated gene regulation. Based on these findings, we can speculate that
rs17064 might have an implication on ABCBI1 expression, which may lead to a faster imatinib transport
and, thus, extrusion from the blood stream. Other single SNPs in transporters previously reported to be
associated with imatinib trough levels in GIST patients were not associated to the pharmacokinetic
endpoint here considered.''*!7*->%

In the context of a complex phenotypic trait, such as the systemic exposure to an oral cytostatic agent,
multiple genetic and non-genetic factors may concurrently contribute and interact with each other to
define a clinical outcome. In the present work, the impact of drugs on imatinib metabolism was analyzed

throughout an imatinib-independent approach, by evaluating the impact of single drugs as inducer or

inhibitor of the activity of each enzyme and transporter involved in the imatinib metabolism, regardless
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to the previous knowledge of clinical interactions between imatinib and the other drugs. Notably, after
adjusting the PGx-AS of CYPs for DDIs, an inverse linear correlation between the corrected PGx-AS
and the imatinib exposure was observed, suggesting that considering the genotype together with
concurrent DDIs might help to comprehensively describe the overall imatinib exposure. A similar
approach has shown excellent results with respect to the CYP2D6 and the exposure to the analgesic
drugs codeine and tramadol. In fact, the adjustment of CYP2D6 activity score per DDIs in patients
receiving codeine or tramadol, which are CYP2D6 substrate, significantly improved the identification
of patients at risk of poor treatment efficacy when compared to the only CYP2D6 genotyping.”’
However, it is difficult to precisely identify any one factor of small to modest effect and the clinical
validity of every single factor to predict the clinical endpoint might be little, especially in a small sample
size. Therefore, the identification of an association between specific DDIs and imatinib exposure has
been possible only in specific cases, and further investigations involving wider study cohorts will be
needed to clarify and quantify the impact of single drugs and their combination on the imatinib exposure.
Imatinib is mainly metabolized by CYP3A4, into its main metabolite desmethyilimatinib. It is well
documented that the concomitant administration of CYP3A4 strong inducers could lead to clinically
significant interactions, resulting in lower plasma concentrations of imatinib. In the case here presented,
the patient #10 was concomitantly taking imatinib and the strong CYP3A4 inducer, carbamazepine.
Consistently, the trough concentrations of imatinib in the plasma of patients were much lower than the
concentrations measured in the whole population

It is reasonable to assume that the extreme phenotype observed could be for large extent mediated by
the CYP3A4 activation by carbamazepine, in agreement with previous case reports.”*” Notably, the
imatinib dose implementation to 800 mg/die, gathered to a clinical benefit and to the disease
stabilization, suggesting that the suspension of carbamazepine administration might not be the only
viable solution to restore the clinically effective imatinib plasma levels. Even though the summary of
product characteristics of imatinib recommend to avoid the concomitant administration of imatinib and
strong inducer of CYP3A4, a careful appraisal of the pharmacokinetic parameters of the single co-
treated patients might be considered, and the imatinib dose adjustment could represent a valuable
therapeutic strategy in spite of the switch to sunitinib or to another medicament to treat the concurrent
morbidity. Tobacco smoke is a potent inducer of the CYPIA2 and may therefore affect the
pharmacokinetics of drugs metabolized by that isoform. In the present work, current smokers were
shown to present lower imatinib plasma trough concentrations when compared to the control group
(696.3 ng/mL vs 984.5 ng/mL, p = 0.0008) sustaining a possible mechanism of imatinib increased
clearance throughout a CYP1A2-mediated mechanism. A few studies have investigated the impact of
tobacco smoke on the disposition of TKIs, but results were not conclusive. Consistently with our
observation, Hamilton ef al. have shown a major increase of erlotinib clearance in smokers versus non-
smokers. Notably, erlotinib is metabolized by CYP3A4 and, for a minor extent, by CYP1A2, thus

showing an overlap with the catabolic pathway of imatinib.?*' On the contrary, Van Erp et al.
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investigated the impact of smoking habit on imatinib pharmacokinetic parameters (i.e. oral clearance,
AUC, distribution volume and elimination half-life) in 45 GIST patients administered with imatinib,
without finding any association between the smoke habit and imatinib exposure.’*> A possible
explanation for the lack of association in the study of Van Erp ef al. could be that the imatinib exposure
was measured after a single oral dose administration and not at the steady state. Consequently, it might
be assumed that at the beginning of the treatment with imatinib a major role with respect to its
elimination is played by CYP3A4, whose inhibition from imatinib is time and dose dependent.'”

Therefore, the contribution of CYP1A2 to imatinib metabolism might be neglectable in presence of a

fully functional CYP3A4 activity, and the impact of tobacco smoke could be therefore irrelevant.

5.4 Conclusions and Outlooks

This thesis aimed at investigating the clinical validity of ctDNA analysis as an early prognostic marker
in LARC patients receiving nCRT and as a possible biomarker to early identify the development of
disease progression in GIST patients administered with imatinib in different setting of treatment.
Moreover, the secondary aim was to assess the impact on imatinib pharmacokinetics of (i)
pharmacogenetic variants affecting the activity of CYPs and transporters involved in imatinib
catabolism and distribution and of (ii) drugs that can potentially interact with the clinical
pharmacokinetics of imatinib. The main findings of the present work suggest that the detection of
ctDNA by means of sWGS is feasible in LARC and provides information upon the detectable fraction
of ctDNA present in the blood at the time of diagnosis, during and after treatment. Specifically, the
detection of ctDNA at the time of diagnosis was associated with the tumor burden and with the risk to
develop disease recurrence within two years from the diagnosis, showing also an additive prognostic
value with the CEA. This finding shed light upon a possible application of the CNAs quantification in
newly diagnosed LARC patients into the clinical decision support algorithms for risk stratification at
the aim of tailoring the following therapeutic strategies. Moreover, the presence of an increasing TFx
in course of nCRT was associated with a greater sensitivity to the chemoradiation treatment. Even
though this observation requires further investigation upon the kinetic of ctDNA release in radiated
tumor cells, it might suggest that the monitoring of CNAs in LARC patients while on nCRT could
provide early evidences on the patients’ sensitivity to chemoradiation, which might complement the
imaging-based follow-up. The presence of detectable CNAs after nCRT was associated with a partial
tumor response to treatment and indicates the permanence of residual tumor cells after nCRT. Even
though the sensitivity of ctDNA detection after nCRT is narrow, it might be useful to exclude the
achievement of pCR and represent a decisive factor for planning the delivery of surgery. Further studies
are needed to clarify the prognostic role ctDNA detection in LARC, and future plans include the
application of targeted deep sequencing approaches for the joint identification of CNAs and SNVs in
the cfDNA, as well as the plasma profiling of a larger study population.
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In the context of GIST, the application of liquid biopsy for the ctDNA monitoring in course of imatinib
has revealed that the ctDNA detection can serve as a tumor-specific marker to monitor the tumor’s
progression in a subset of metastatic patients, also providing information upon the mechanism
governing the imatinib resistance phenotype. However, use of ctDNA as an early marker to anticipate
the clinical diagnosis of disease progression seems to be limited, as in the present work it was detected
after the clinical diagnosis of disease progression. However, the precise time frame for cfDNA
collection to anticipate the imaging-based identification of progression has not been defined, and a
closer cfDNA monitoring in high-risk patients might represent a valuable strategy to implement the
clinical translation of liquid biopsy into the routine clinical practice. The pharmacokinetic analysis of
imatinib in patients administered with imatinib standard dose has revealed a major contribution of the
patients’ genotype, and specifically of CYP2D6, in determining the interpatient variability of imatinib
clearance. This evidence suggests that the personalised imatinib dosing might improve treatment
outcomes when compared to a “one-dose-fits-all” approach, with a potential additional role for
pharmacogenetics. Moreover, dedicated attention should be devoted to the concomitant administration
of imatinib and strong CYPs’ inhibitors or inducers, which might expose the patients to a high risk of
imatinib under-dosage. Specifically, in the study population here described, the concomitant
administration of carbamazepine and the smoke habit were shown to have a clinically relevant
interaction with the imatinib pharmacokinetics. These evidences lead to reconsider the straightforward
association between genotype and predicted phenotype and shed light upon the relevance of a drug-

induced phenoconversion into the routine clinical practice.
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Appendix

Table S1. Gene List QlaSeq Colorectal Cancer Panel DNA kit (cat. DHS-002Z) (Qiagen, Hilden, Germany)
Colorectal Cancer Panel

BRAF ACVRI1B CDC27 FGFR3 MLH3 PTEN
FBXW7 AKTI CDHI1 FLCN MSH?2 PTPNI12
KRAS ATM CDK4 FZD3 MSH3 RET
CTNNBI ATP6VOD2 CDKN2A GALNTI12 MSH6 RPS20
NRAS AXIN2 CHEK2 GPC6 MUTYH SLCI9A9
PIK3CA BAX CTNNAI GREMI1 MYOI1B SMAD2
APC BLM DCC KIT PALB2 SRC
DMD BMPRI1A EGFR MAP2K4 PIK3R1 TCERGI
SMAD4 BRCALI ENG MAP7 PMS1 TGFBR2
STK11 BRCA2 EP300 MET PMS2 WBSCR17
TCF7L2 BUBIB EPCAM MIER3 POLD1 SCG5
TP53 CASP8 ERBB2 MLH1 POLE

Table S2. Gene List QlaSeq Actionable Solid Tumor Panel DNA kit (cat. DHS-101Z) (Qiagen, Hilden, Germany)
Actionable Solid Tumor Panel

BRAF AKTI GNAI1 RET
PDGFRA ALK GNAQ ERBB2
EGFR CTNNBI IDH1 PIK3CA
KRAS ERBB3 IDH2 TP53
NRAS ESR1 MET
KIT FOXL2 RAFI

Table S3. Assignment of likely CYP2C9 phenotypes based on genotypes '4°

Likely phenotype Genotypes Examples of CYP2CY9
diplotypes
Normal metabolizer = An individual carrying two normal function alleles Sl
Intermediate An individual carrying one normal function allele plus one decreased = *1/*2 *[/*3, *2/%2
metabolizer function allele; OR one normal function allele plus one no function
allele OR two decreased function alleles
Poor metabolizer An individual carrying one no function allele plus one decreased = *2/*3 *3/*3
function allele; OR two no function alleles
Indeterminate An individual carrying allele combinations with uncertain and/or = *1/*7, *1/*10, *7/*10,
metabolizer unknown function alleles *1/*¥57

Table S4. Assignment of likely CYP2D6 phenotypes based on genotypes 46

Likely phenotype Genotypes Examples of CYP2D6
diplotypes

Ultrarapid An individual carrying more than two copies of functional alleles *[/*IxN, *1/*2xN

metabolizer

Extensive An individual carrying two alleles encoding full or reduced function; = *1/*1, *1/*2, *2/*2,

metabolizer or one full- function allele together with either one nonfunctional or = *1/*41, *1/*4, *2/*5,

one reduced-function allele *1/*10

Intermediate An individual carrying one reduced-function and one nonfunctional = *4/*10, *5/*41

metabolizer allele

Poor metabolizer An individual carrying no functional alleles *q4/x%4,  *4/%5, EK5/%5,
*4/%6
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Table S5. Assignment of likely CYP2C19 phenotypes based on genotypes'#*

Likely phenotype

Ultrarapid
metabolizer: normal
or increased activity
(~5-30% of patients)
Extensive
metabolizer:
homozygous  wild-
type or normal
activity (~35-50% of
patients)
Intermediate
metabolizer:
heterozygote or
intermediate activity
(~18-45% of
patients)

Poor  metabolizer:
homozygous variant,
mutant, low, or
deficient activity
(~2-15% of patients)

Genotypes

An individual carrying two increased activity alleles (*17) or one
functional allele (*1) plus one increased-activity allele (*17)

An individual carrying two functional (*1) alleles

An individual carrying one functional allele (*1) plus one loss-of-
function allele (*2—*8) or one loss-of-function allele (*2—*8) plus one
increased-activity allele (*17)

An individual carrying two loss-of-function alleles (¥*2—*8)

Table S6. Assignment of likely CYP2B6 phenotypes based on genotypes '

Likely phenotype

Ultrarapid
metabolizer
Rapid metabolizer

Normal metabolizer

Intermediate
metabolizer

Poor metabolizer

Genotypes
An individual carrying two increased function alleles

An individual carrying one normal function allele and one increased
function allele
An individual carrying two normal function alleles

An individual carrying one normal function allele and one decreased
function allele OR one normal function allele and one no-function
allele OR one increased function allele and one decreased function
allele OR one increased function allele and one no-function allelea
An individual carrying two decreased function alleles OR two no-
function alleles OR one decreased function allele and one no-function
allele

Table S7. Assignment of likely CYP3AS5 phenotypes based on genotypes'*’

Likely phenotype

Extensive
metabolizer
(CYP3AS expresser)
Intermediate
metabolizer
(CYP3AS expresser)
Poor metabolizer
(CYP3AS
nonexpresser)
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Genotypes

An individual carrying two functional alleles

An individual carrying one functional allele and one nonfunctional
allele

An individual carrying two nonfunctional alleles

Examples of CYPCI9
diplotypes
*1/*17, *17/*17

*1/%1

*1/%2, *1/%3, #2/*17

*Q[RD, *2/E3, K3/*3

Examples of CYP2B6
diplotypes
*A[*4, %22/%22, *¥4/*22

*1/%4, *1/%22
*1/*%1

*1/%6, *1/*18, *4/%6,
*4/%18, *6/%22, ¥18/*22

*6/%6, ¥18/*18, *6/*18

Examples of CYP3AS
diplotypes
S

*1/%3, *1/%6, *1/*7

*3/¥3, *6/*6, *7/*7,
*3/%6, *3/¥7, *6/*7
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