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ABSTRACT

Background: Long-term survival induced by anticancer treatments discloses emerging frailty among breast cancer
(BC) survivors. Trastuzumab-induced cardiotoxicity (TIC) is reported in at least 5% of HER2+BC patients.
However, TIC mechanism remains unclear and predictive genetic biomarkers are still lacking. Interaction be-
tween systemic inflammation, cytokine release and ADME genes in cancer patients might contribute to explain
mechanisms underlying individual susceptibility to TIC and drug response variability. We present a single
institution case series to investigate the potential role of genetic variants in ADME genes in HER2+BC patients
TIC experienced.

Methods: We selected data related to 40 HER2+ BC patients undergone to DMET genotyping of ADME consti-
tutive variant profiling, with the aim to prospectively explore their potential role in developing TIC. Only 3
patients (“case series”), who experienced TIC, were compared to 37 ‘“control group” matched patients

SNPs cardiotoxicity-sparing. All patients underwent to left ventricular ejection fraction (LVEF) evaluation at diagnosis
and during anti-HER2 therapy. Each single probe was clustered to detect SNPs related to cardiotoxicity.

Abbreviations: BC, Breast Cancer; TIC, Trastuzumab-Induced Cardiotoxicity; LVEF, Left Ventricular Ejection Fraction; ADME, Absorption, Distribution, Meta-
bolism, and Elimination; SNP, Single Nucleotide polymorphism; OS, Overall Survival; CVD, Cardiovascular Disease; ROS, Reactive Oxygen Species; TK, Tyrosine
Kinase; ADCC, Antibody-Dependent Cellular Cytotoxicity; NK cell,, Natural Killer; PK, Pharmacokinetic; PD,, Pharmacodynamic; PGx, Pharmacogenomics; CPT,
Cardioprotective Therapy; UM, Ultra-rapid Metabolizers; EM, Extensive Metabolizers; IM, Intermediate Metabolizers; PM, Poor Metabolizers; NYHA, New York Heart
Association Functional classification; PS, Performance Status; T-dxd, trastuzumab-deruxtecan; UGTs, Uridine 5 -diphospho-glucuronosyltransferase enzymes;
UGT1A1, UDP Glucuronosyltransferase family 1 member A1; CYP2D6, Cytochrome P450 2D6; EGF, Epidermal Growth Factor; NRG-1, Neuregulin; GDC TCGA-BRCA,
The Cancer Genome Atlas Breast Invasive Carcinoma in Genomic Data Commons Data Portal.
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Resuits: In this retrospective analysis, our 3 cases were homogeneous in terms of clinical-pathological charac-
teristics, trastuzumab-based treatment and LVEF decline. We identified 9 polymorphic variants in 8 ADME genes
(UGT1A1, UGT1A6, UGT1A7, UGT2B15, SLC22A1, CYP3A5, ABCC4, CYP2D6) potentially associated with TIC.
Conclusion: Real-world TIC incidence is higher compared to randomized clinical trials and biomarkers with
potential predictive value aren’t available. Our preliminary data, as proof of concept, could suggest a predictive
role of pharmacogenomic approach in the identification of cardiotoxicity risk biomarkers for anti-HER2

treatment.

1. Background

Drug-induced heart failure represents an important cause of mor-
tality in cancer patients. Indeed, the new anti-HER2 drugs significantly
improve overall survival (OS), although cardiovascular disease (CVD) is
the first cause of morbidity and mortality for breast cancer (BC) long
survivors [1].

In HER2 breast cancer (HER2+ BC), anti-HER2 target therapy rep-
resented a strong paradigm-change able to modify the natural history of
this BC subtype.

Trastuzumab, a monoclonal antibody direct to HER2 receptor, was
the first biological agent approved for HER2+ BC treatment and still
remains the cornerstone of HER2+BC strategy for the dramatical
improvement on survival outcome. Trastuzumab has a demonstrated
role in reducing relapses and death in all HER2+ BC both in adjuvant
and metastatic setting and can be used in combination with other drugs,
such as pertuzumab or lapatinib and tucatinib as tyrosine kinase in-
hibitors (TKIs) [2-4]. Moreover, every new antibody drug-conjugated
anti-HER2 (ADC) is based on trastuzumab [5-7].

However, both trastuzumab and other anti-HER2 therapies may lead
to symptomatic heart failure and loss of left ventricular contractile
function characterized by decreased left ventricular ejection fraction
(LVEF). In registrational and non registrational clinical trials, Trastu-
zumab is administered at a loading dose of 8 mg/kg, followed by
maintenance doses of 6 mg/kg every 3 weeks, while the recommended
starting dose of Trastuzumab Emtansine is 3.6 mg/kg given as an
intravenous infusion every 3 weeks (21-day cycle) and 5.4 mg/kg for
Trastuzumab Deruxtecan, with the same administration schedule.
However, considering the different dosage and concentration of the
drug, heart failure associated with HER2-targeted ADCs is extremely low
compared to trastuzumab, as recently demonstrated in a published
meta-analysis [8].

Several risk factors seem to correlate with the development of anti-
HER2 related cardiotoxicity, including age, comorbidity as hyperten-
sion, diabetes, smoking, obesity and previous anthracycline exposure
that, still, represents the major risk factor [9].

Indeed, trastuzumab-induced cardiotoxicity (TIC) risk is about 3.2%
and 0.5%, respectively, in terms of LVEF decline and symptomatic heart
failure in the absence of previous anthracycline therapy, while the
incidence, in patients with previous anthracycline exposure, rises in a
range from 4.0% to 18.6% and 0.4-4.1%, with regards to decreased
LVEF and severe heart failure [10]. Moreover, drug toxicity could cause
myocardium damage with consequent Type I irreversible myocardial
dysfunction, while the inhibition of physiological myocardial func-
tioning leads to the type II reversible cardio-toxicity [11]. Particularly,
mechanisms underlying TIC are different compared to anthracyclines.
Indeed, anthracycline could cause myocardial necrosis/fibrosis (type I
cardiotoxicity) involving lipid peroxidation and DNA damage, genera-
tion of mitochondrial reactive oxygen species (ROS), disruption of
mitochondrial biogenesis, and induction of ferroptosis; conversely, TIC
occurs via reversible disruption of the protective functions of HER2 in
the cardiomyocyte without apparent ultra-structural changes (type II
cardiotoxicity), after treatment interruption [12]. However, patho-
physiology of TIC is unclear and seems to involve several signal trans-
duction pathways, DNA-repair mechanisms, and neo-angiogenesis.
Trastuzumab has effect on tyrosine kinase (TK) activity of HER2 and

phosphorylation of ErbB2-Y1248, inducing antibody-dependent cellular
cytotoxicity and inhibiting HER2-mediated mitogenic signaling [13].
Moreover, the status of phosphorylated ErbB2-Y1248 could correlate
with trastuzumab sensitivity and the interaction of HER2 with
non-receptor Csk-homologous kinase (CHK) was negatively associated
to the activity of HER2 signaling, leading to inhibition of BC cell pro-
liferation. Moreover, trastuzumab causes downregulation of BCL-XL
antiapoptotic protein and promotes the upregulation of several proap-
optotic mechanisms [14]. Trastuzumab effect is not dose-dependent,
differently from anthracycline related irreversible cardiotoxicity [15].

Trastuzumab solubility might be enhanced through the combination
with compounds able to impact on pH. This might result in increased
bioavailability which could actually improve its global effectiveness.
Several works investigated the role of conformational stability modifi-
cation through catalytic enzyme activation which could act on cyto-
toxicity. Interestingly, the natural derivate could influence ADME
metabolism and the drug activity. Moreover, piperin, as other natural
agents, reverses multi-drug resistance in cancer cells and enhances
bioavailability of chemotherapeutic agents [16].

Another approach to overcome the limitations related to poor PK and
tumor penetration related to mAb size could be the trastuzumab deriv-
atization or encapsulation strategies, as drug nanocrystal technology, to
improve its cytotoxic activity, bioavailability, accumulation at tumor
site and allows escape the immune system, reduced in vivo systemic
degradation, longer formulation shelf life and improved patient
compliance [17,18].

Next generation of ADC targeting HER2 can improve therapeutic
efficacy in breast cancer also promoting a bystander effect, due to more
efficient release from the linker [19].

Moreover, the binding to carrier protein could contribute to impact
on bioavailability and efficacy inducing conformational changes which
promote a steric barrier and avoid kinase activation or modify the
interaction between HER2 and other proteins and overcoming resistance
[20].

Tumour response to trastuzumab containing regimen induces also
local and systemic immunomodulation through both inhibition of
oncogenic signalling and stimulation of antibody-dependent cellular
cytotoxicity (ADCC) with the involvement of different immune cells
such as natural killer (NK) cell, macrophages, neutrophils and eosino-
phils which furtherly activate adaptive immune response through anti-
gen presentation, cytokine production and chemotaxis [21,22]. The
interindividual variability in therapy efficacy and toxicity is multifac-
torial and may be due to micro-environment and disease related factors,
but also to inherited genetic makeup; while somatic genomic variants of
several genes (TP53, PIK3CA, AKT1, PTEN deletion, HER2, ATM, CDH1,
APC, KRAS, NRAS) may account for variability of the efficacy of target
therapy [23,24]. Single nucleotide polymorphisms (SNPs) tagged poly-
morphic variants or copy number variations (CNVs) in genes involved in
the absorption, distribution, metabolism, and elimination (ADME) of
drugs may contribute to affect drug response, in terms of pharmacoki-
netic (PK) and pharmacodynamic (PD) [25,26]. A better understanding
of the effects of inflammation on drug metabolism and PK could aid to
predict the individual metabolic function. Considering these differences,
pharmacogenomics (PGx) allows to tail treatments to minimize the risk
of toxicity and increase chances of therapeutic success [27]. Moreover,
experimental evidence highlights the role of immune cell metabolism
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and cytokine- and inflammatory disease-states related to the activity and
expression of CYP450 enzymes and transporters involved in the PK/PD
of drugs, including immunotherapy, may contribute to interindividual
variability without interferences on activity of related therapeutics [21,
28]. Pro-inflammatory cytokines, released during systemic inflamma-
tion, could mediate regulation of ADME genes expression, influencing
immunotherapy response and toxicity through xenobiotics and drugs
metabolism or transport. Thus, ADME genes function could be regulated
by co-medication, inflammation disease status and comorbidities which
significantly modulate drug exposure variability and its clinical impact.
In a small number of patients, chemotherapy induces short- and
long-term cardiotoxicity by unknown biological mechanism, in addition
to their more common gastrointestinal, hematologic, or neurological
toxicities. Advancements in genomic knowledges have highlighted the
role of polymorphic variants and biological pathways correlated to the
risk of cardiotoxicity from different anticancer drugs. ADME genes may
have arole not only in drug-drug interactions but also in susceptibility to
diseases and other important adverse events like cardiotoxicity during
target therapy [29,30]. The opportunity to allow the identification of
new biomarkers in order to stratify patients at the greatest risk of car-
diotoxicity due to HER2-targeted therapy might improve the safety of
tailored drugs opening a new scenario in the understanding of the
mechanisms underlying the cytokine mediated modulation of ADME
gene [31].

Biomarkers used in clinical practice as indicators of cardiac damage
aren’t able to predict the risk of cardiotoxicity of cancer chemotherapy.
An effective prevention strategy could include the use of fewer car-
diotoxic chemotherapeutical regimens, cardiovascular risk factor man-
agement and cardioprotective therapy (CPT), guided by monitoring of
cardiac function.

The aim of this work is to present our experience focused on un-
derstanding the potential role of genetic variants in ADME genes in the
development of TIC in HER2+ BC patients, considering the involvement
of inflammation and immune system and the potential impact of ADME
genes

We consider a “case series” of 3 HER2+ BC patients, who underwent
trastuzumab-containing regimens and experienced cardiotoxicity, indi-
rectly compared to 37 matched “control group” cardiotoxicity-spared, to
explore whether a particular combination of ADME polymorphic vari-
ants can characterize the genome of cardiotoxicity-experiencing patients
for better stratification of cardiotoxicity risk.

2. Methods

In 2022, we analyzed our single Centre database containing data
related to 40 patients undergone to DMET profiling ADME gene
constitutive variant prospective profiling after providing informed
consent based on the Institutional bioethical standards and treated with
anti-HER2 target therapy (prot. N. 2012.73). All patients were followed
at Teaching Hospital R. Dulbecco (Mater Domini facility) of Catanzaro,
Oncology Unit. Particularly, only 3 patients, here reported as “case se-
ries”, experienced TIC and were compared to 37 “control group”
matched cardiotoxicity-spared patients considering some homogeneous
inclusion criteria: all patients experienced an HER2+ BC and all patients
were treated with the same approach in the context of natural history of
disease. By DMET Plus array platform enrolled patients were genotyped
for 1931 single nucleotide polymorphisms (SNPs) and 5 Copy Number
Variations (CNVs) in order to explore the potential role of ADME genes
in causing cardiotoxicity, taking into account the potential impact of
ADME modulated inflammation effects on ventricular electrophysiology
alteration [32].

All patients regularly underwent echocardiography (GE Ultrasound
System, GE Healthcare, Milwaukee, Wisconsin) with quarterly evalua-
tion of selected parameters such as ventricular ejection fraction (LVEF).

To identify the possible correlation between specific ADME genetic
variants and cardiotoxicity we indirectly compared all genotyped DMET
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markers and clustered each probe for SNPs frequency, filtering out all
the probes for which there was failure resulting from lack of a call (no
call) or for “possible rare allele”/”zero copy number variants”.

2.1. Pharmacogenomic Analysis

Genomic DNA was extracted from peripheral whole blood by using
(GoldMag Co. Ltd., Xi’an City, China) according to the manufacturer’s
instructions. The samples were genotyped by the DMET Plus assay
(Thermo Fisher Scientific Inc., Waltham, MA, USA) as previously
described [33,34]. Genotyping calls were extracted by DMET™ Console
software. Call rate less than 95% was used as exclusion criteria from
further analysis [35]. By the comprehensive DMET™ plus microarray
platform we have simultaneously genotyped 1936 genetic variants for
231 genes encoding drug-metabolizing enzymes and transporters in 40
HER2+ BC patients treated with trastuzumab to investigate genetic
determinants of cardiotoxicity [33,34,36]. The final dataset was based
on 1495 genetic markers in 231 genes, after the exclusion from further
analysis of 100% of genotype concordance and high rate of “possible
rare allele”/“no call”/”zero copy number variants”. Using the DMET™
Console Software, genotypes were translated in gene-level diplotypes
using star allele nomenclature and then into a metabolizer status
describing the relative level of metabolic activity, thus ultra-rapid
metabolizers (UM), extensive metabolizers (EM), intermediate metab-
olizers (IM), and poor metabolizers (PM). To study potential genotype
differences between the 3 HER2+ BC patients (case series) who under-
went trastuzumab regimens and experienced cardiotoxicity and the
other 37 matched control patients, we indirectly compared all geno-
typed DMET markers to identify differences in the association of poly-
morphic variants in ADME genes which could characterize the genomic
phenotype of patients developing trastuzumab cardiotoxicity. To sup-
port this association in case series patients we performed cluster anal-
ysis. For each probe on SNP microarray we created clusters of SNPs to
detect group of SNPs in our population, applying Hamming distance
method for comparing categorical data and quantifying differences be-
tween SNP alleles. After the phase of normalization and quality control
to enhance the data’s accuracy and uniformity were retained only the
probes in which all genotypes were assigned by DMET Console software.
So we grouped SNPs into clusters, where SNPs with smaller Hamming
distances are interpreted as more genetically similar and thus grouped,
revealing underlying genetic relationships in the data [37].

3. Results
3.1. Case series’ presentation and literature review

We describe the characteristics and cancer history of 3 HER2+ BC
patients who experienced TIC, retrospectively compared to 37 HER2 +
BC cardiotoxicity-spared patients described in Table 1.

Data obtained by single Centre institutional database of HER2 + BC
patients followed at our Teaching Hospital. Median age was 60 years; all
patients received LVEF evaluation quarterly during trastuzumab expo-
sure. The median time of TIC onset was > 40 months. Considering our
case series: one patient showed an irreversible toxicity with a New York
Heart Association Functional classification (NYHA) class 3; one patient
discontinued anti-HER2-treatment for metastatic BC, due to decline in
performance status (PS ECOG 3) after 10 years of anti-cancer treatments;
one patient resumed treatment after complete cardiotoxicity recovery,
and she is still in trastuzumab therapy.

Timeline of each “case series” patient history was reported in Fig. 1.

3.1.1. Case 1

The first “case series” concerns a 61-year-old female, with diagnosis
of invasive ductal carcinoma, triple positive BC phenotype, de novo IV
stage for bone, brain and lymph node metastasis, without any comor-
bidities. The patient underwent a docetaxel/trastuzumab first-line
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Table 1
Patient’s characteristics: for a total of 40 patients.

Characteristics Number of Patients (%)

Median age (60 years)

-Age between 18-60 years 23(5,57)
-Age >60 years 17(5,42)
Performance stastus (PS ECOG)

-0 32(80)
1 8 (20)
-2 0(0)
Hormone receptor status (HR)

-Positive 35(5,87)
-Negative 5(5,12)
Stage at diagnosi

11 16(40)
-II-IV 24 (60)
Gradin

-G1 3(5,7)
-G2 13(5,32)
-G3 24 (60)
Chemotherap

-Adjuvant chemotherapy 23(5,57)
-Chemotherapy in metastatic disease 17(5,42)

treatment for 6 cycles followed by further 10 months of trastuzumab
maintenance, and a Whole-Brain Radiation therapy for brain involve-
ment. After 13 months from diagnosis, with 7 months of progression free
survival, she experienced a lymph node disease progression treated with
lapatinib and capecitabine for II line treatment, for six cycles. Further
two lines of chemotherapy (vinorelbine and paclitaxel) associated with
trastuzumab and maintenance with trastuzumab for 3 years in total,
associated with hormonal therapy (letrozole in the maintenance setting
and then fulvestrant for further lymph node progression of disease) had
been administered. Hormonal therapy was discontinued due to brain
progression. The patient underwent neurosurgery for brain lesion fol-
lowed by T-DM1 treatment for 10 months. Last treatment with paclitaxel
and trastuzumab for 12 cycles occurred for brain and lymph node pro-
gression. Only this last treatment, after 11 years by diagnosis was dis-
continued for impaired systolic function with ejection fraction 49%
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Simpson (vs 62% of the previous control). This condition has been
irreversible for clinical deterioration.

3.1.2. Case 2

A 59-year-old female, with diagnosis of invasive ductal carcinoma,
triple positive BC phenotype, was treated with left quadrantectomy and
lymphadenectomy, then  received adjuvant chemotherapy
anthracycline-free, radiotherapy and hormonal therapy with tamoxifen
for 5 years. After 9 years, for lung relapse, she underwent right middle
pulmonary lobectomy and subsequent trastuzumab/ docetaxel treat-
ment for 6 cycles followed by trastuzumab maintenance for 32 months.
The anti-HER2 treatment was discontinued for cardiotoxicity with
reduction of ejection fraction of 11% (59 vs 70% of the previous con-
trol). Thus, the patient received an aromatase inhibitor maintenance.
After one year, for CT-scan node progression, considering the recovery
of normal ejection fraction, two further trastuzumab-schedules were
performed: vinorelbine for 6 cycles and then docetaxel. The patient
continued maintenance treatment for 3 years. For lung progression the
patient experienced atypical pulmonary resection followed by T-DM1.
This treatment was continued for 43 cycles interrupted for thrombocy-
topenia. After 3 months, because of pleural effusion, the patient started
trastuzumab-deruxtecan (T-dxd) with CT-scan complete response after 4
months. No further anti-HER2 discontinuation was needed. At present,
the patient is still alive.

3.1.3. Case 3

A 74-year-old patient with history of ischemic heart disease and
mitral valve plastic, had diagnosis of invasive lobular carcinoma right
BC, triple positive BC phenotype, IIIB stage. The patient underwent
radical mastectomy and lymphadenectomy and subsequent adjuvant
chemotherapy for 6 cycles associated with anti-HER2 target therapy and
radiotherapy on the right thoracic wall and right lateral cervical node
stations. After adjuvant treatment, the patient received trastuzumab
maintenance therapy for 1 year and aromatase inhibitor for 5 years. For
hilar and subcarinal lymph nodes relapse she underwent treatment with
exemestane 25 mg/die and trastuzumab after 7 years from diagnosis.

2009 2010 PD
Diagnosis of invasive ductal After 13 months by diagnosis 2011
carcinoma, triple positive, with a disease free interval PD (11
IV stage (bone, brain and of 7 months, for lymphnode months)

lymphnode metastasis) progression

After one year, the patient underwent several clinical and
2020
2012 501.4 B"’?’ She suspended antiHER2
PD (19 rain rain e treatment because of EF
PD (24 lympho .
months 49% (vs 62% previous
months node PD

control).

A 61-year-old

female patient
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trastuzumab alone for ten months + WB RT for six cycles vinorelbine Trastuzumab + OT for three years in total twelve cycles
2000 2009 2012 2012
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ductal carcinoma, (After with reduction of ejection fraction and started ode lung pulmonary =
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2017
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Fig. 1. Timeline patient history: each color reflects the single patient history of case series.



N. Staropoli et al.

echocardiographic checks for intercurrent comorbidities (severe pul-
monary hypertension in a previous ischemic heart disease). Treatment
was discontinued due to reduction in the ejection fraction of 10% (56%
vs 66% of the previous control) after 3 courses. This condition has been
irreversible for clinical deterioration.

3.2. DMET analysis results

Analyzing the genomic profile of the 3 cardiotoxicity-experienced
cases compared to 37 consecutive series of control cardiotoxicity-
spared matched in our database, we identified a particular genetic as-
sociation in 8 ADME genes with 9 SNPs only in patients developing
trastuzumab-induced cardiotoxicity, as shown in Table 2.

All SNPs were in heterozygosity with the exception for the
151751034, 1s887829 and rs776746 in homozygosity. A cluster analysis
confirmed this correlation with cardiotoxicity (Fig. 2).

3.2.1. SNPs linked to cardiotoxicity

Among these SNPs, the rs6759892 in UGT1A6 and rs776746 in
CYP3A5 are already known for their correlation to cardiotoxicity
induced by doxorubicin and cyclophosphamide.

The UGTIA6 and UGTIA7 encode uridine 5 -diphospho-glucur-
onosyltransferase enzymes (UGTs) are involved in Phase II reaction of
various compounds and thus, in inactivation of toxic substrates. The
16759892 in UGT1A6 is a missense variant that leads to an aminoacidic
substitution in the position 7 of protein with altered enzyme activity,
reduction (30-100%) of glucuronidation activity in vitro and consequent
impaired drug metabolism [38]. This genetic variant has been previ-
ously reported to carry a predictive role in assessing risk for anthracy-
cline cardiotoxicity, whose slower metabolism may accumulate reactive
oxygen species and toxic alcohol metabolites. The rs7586110 in
UGT1A7 is a regulatory variant located at —57 kb upstream the gene.
This SNP leads to a reduced promoter activity.

The UGT1A1 (UDP Glucuronosyltransferase family 1 member Al)
enzyme is functionally linked to SN-38 inactivation and detoxification.
The most frequent genetic variant that affects UGT1A1 function is a
dinucleotide TA, repeat polymorphism. In particular, the TA; allele
(UGT1A1%*28) is related to reduced enzyme activity and increased blood
levels of irinotecan active SN-38 metabolite and toxicity. According to
the CPIC Atazanavir guideline, the rs887829 is a surrogate marker to
analyze the TA; allele, since the rs887829 T allele is in very strong
linkage disequilibrium (LD) with the TA7 allele (UGT1A1*80) [39]. The
rs887829 in UGT1A1 is also associated with morphine toxicity. Patient
who was TT homozygous developed sleep apnea and respiratory
depression after IV morphine intake [40]. Moreover, genotype CC is
associated with decreased response to deferasirox in beta-Thalassemia
affected individuals and with decrease of warfarin dose in individuals
with heart valve replacement as compared to genotypes CT + TT [41,
42].

The variant UGT1A1 g.3664 A > C (c.1352 A > C, rs3755319) is a
noncoding transcript variant. In the ClinVar database, this variant is
responsible for transient familial neonatal hyperbilirubinemia (OMIM:
237900) [43,44].

Table 2

Association of genetic variants identified in patients with cardiotoxicity.
SNP Gene Genotype
157586110 UGT1A7 G/T
56759892 UGT1A6 G/T
rs3755319 UGT1A1 A/C
5887829 UGT1A1 C/T
rs1902023 UGT2B15 G/T
rs628031 SLC22A1 A/G
15776746 CYP3A5 G/G
rs1751034 ABCC4 A/G
53892097 CYP2D6 A/G

Biomedicine & Pharmacotherapy 174 (2024) 116478

The UGT2B15 rs1902023 polymorphism (D85Y) has been associated
with an increased risk of prostate cancer and with a decreased response
to acetaminophen (paracetamol) [45,46]. Moreover, in urine samples
from 66 healthy white and Asian volunteers was reported that the
UGT2B15%2 (rs1902023) polymorphism was correlated to reduction in
acetaminophen glucuronide concentrations and clearance as well as
with higher circulating acetaminophen protein-adduct concentrations in
both European-American and African-American individuals [46].

The risk allele A of the Met408Val (rs628031) polymorphism in the
SLC22A1 gene has been associated with decreased therapeutic efficacy
of metformin in several populations worldwide [47].

The CYP3A5 *3 (1s776746) was associated with cardiotoxicity in
many studies [48-50]; it has been postulated that change in CYP3A5
activity could have functional consequences and increase the accumu-
lation of chemotherapeutics, such as anthracyclines (doxorubicin) and
cyclophosphamide, and the production of ROS in cardiomyocytes.

The ABCC4 rs1751034 missense variant has been associated with the
metabolism of antiretroviral drug tenofovir [51]. Patients with the
rs1751034 CC/CT genotype carriers may have decreased concentrations
of tenofovir as compared to patients with the TT genotype.

The cytochrome P450 2D6 (CYP2D6) is highly polymorphic and
involved in the metabolism of up to 25% of the drugs that are commonly
used. The rs3892097 in CYP2D6 is a splice site variant (1846 G > A)
with functional consequent at protein level (null variant). The
CYP2D6*4 allele (rs3892097) is responsible for a PM phenotype and is
associated with low CYP2D6 enzyme activity while the UM phenotype is
associated with high hydroxy-metabolite plasma concentrations and
increased risk of cardiotoxicity [52].

4. Discussion

Exploring our database regarding the HER2+ BC population fol-
lowed at our center, we identified a characteristic association of 9
germline polymorphic variants in 8 ADME genes, found only in 3
HER2+ BC cardiotoxicity-experiencing patients compared with 37
matched patients HER2+ BC cardiotoxicity-free, supported by per-
formed cluster analysis, which could open new scenarios in improving
prevention strategies for risk stratification of cardiotoxicity in HER2+
BC. Taking into account the small sample size and the limited role of this
retrospective evaluation, we can afford some considerations on the role
that ADME genes could have in the context of mAb therapy highlighting
the involvement of the immune system and inflammation in the regu-
lation of therapeutic response.

It is still unclear the mechanisms underlying TIC; in vivo and in vitro
studies demonstrate the critical role of the epidermal growth factor
(EGF) signaling system and of ErbB2 during heart development, sug-
gesting that TIC is directly related to inhibitory activity on HER2
signaling [53-55]. In tumor samples and cardiomyocytes, trastuzumab
binding to an extracellular segment of the HER2 protein prevents het-
erodimerization of surrounding HER3/4 receptors in response to neu-
regulin (NRG-1) signals, thereby blocking any further downstream
signaling. Also, downregulation of HER signaling causes inhibition of
autophagy while the compromised cardiomyocyte’s ability to adapt the
increased oxidative stress impairs regulation of intracellular ROS levels
[14]. Pericardial and serum oxidative stress markers are indeed corre-
lated with heart failure. Moreover, both genetic and non-genetic factors
greatly affect drugs PK, PD, and it is known the role of ROS, inflam-
mation, inflammatory mediators and immune system in the modulation
of metabolism and transport of drugs also in cancer patients. Some au-
thors investigated in vivo like human 3D liver spheroid model, but not in
2D liver model, the role of pro-inflammatory cytokines on the expression
of key ADME genes, involved in the metabolism of several clinically used
drugs [56]. The exposure of spheroids to relevant concentrations of
common pro-inflammatory cytokines as IL-1p, IL-6, or TNFa developed
an increment in CYP2E1, and UGT1A3 mRNA expression while a pro-
nounced decrement in mRNA expression of CYP3A4 and UGT2B10 and a
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Fig. 2. The cluster analysis on each probe genotyped by DMET Plus, after filtering out all the probes for “no call” or for “possible rare allele”/”zero copy number

variants”, reveals the association of 9 polymorphic variants with cardiotoxicity.

less pronounced reduction of CYP1A2, CYP2C9, CYP2C19, and CYP2D6
mRNA expression [56].

Therefore, impact of cytokine modulation and inflammation can
modulate the patient’s response with potential enhanced efficacy or
toxicity correlated to changes in drug pharmacokinetics, as well as the
co-interaction of several factors, affecting drug metabolism, are poten-
tially able to cause the genotype-phenotype mismatches altering the
individual’s genotype based-prediction of drug metabolism and the real
capacity to metabolize drugs [42,43]. Recently, other authors reported
the role of ABCBI in regulating immune genes in breast cancer [57].
ABCB1 together with ABCCI, and ABCG2 is correlated to
chemo-resistant breast cancer and patients with ABCB1-positive cancer
fail to respond to chemotherapy. In 1217 breast cancer samples, RNA
from The Cancer Genome Atlas Breast Invasive Carcinoma in Genomic
Data Commons Data Portal (GDC TCGA-BRCA), ABCBI expression was
correlated with lymph node metastasis and worst prognosis, as well as
its high expression of ABCB1 was also associated with higher expression
of IL6, CSF1, CSF3, and PTGS2 and decreased expression of VEGFA, in a
dataset from the GEO database. Thus, ABCB1 involvement seems to
predict a poor prognosis in BC patients through regulation of cytokine
release. At our knowledge, this is the first study including a unique
population genotyped for 231 ADME genes in the context of
trastuzumab-induced cardiotoxicity. We highlight in 3 HER2+ BC
cardiotoxicity-experiencing patients a specific association of some
polymorphic variants in ADME genes unknown for their correlation to
cardiotoxicity and others like UGT1A6 rs6759892, CYP3A5 rs776746

and rs3892097 CYP2D6 whose correlation is already known. We hy-
pothesized that the 9 genetic variants described and here recognized
overall, may have a determining role in the development of
cardiotoxicity.

5. Conclusion

These preliminary findings, although need validation in an inde-
pendent dataset of HER2+ BC patients to assess the real impact of a
genetic association of variants in ADME genes, could contribute to the
identification of patients experiencing TIC for a preemptive prevention.
The retrospective design of this work, a limited sample size, and the
heterogeneity of patient treatment lines were the major limitations of
this analysis. By identifying potential predictive risk biomarkers
involved in this kind of toxicity, although as proof of concept, might
open the way for the development of new strategies to prevent these
toxicities and for the treatment selection. However, these findings need
to be validated in a prospective cohort, matching information to specific
cardiac biomarkers (troponines and ProBNP) and LVEF evaluation.
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