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ABSTRACT

The 15-25% of breast cancers that overexpress human epidermal growth factor receptor
type 2 (Her-2) are aggressive and more difficult to treat with conventional chemotherapy than their
oestrogen receptor positive (ER+) counterparts. Adjuvant trastuzumab, a specific Her-2 targeting
monoclonal antibody, has significantly improved the prognosis of women with metastatic and early
Her-2 positive breast cancer. Yet clinically relevant cardio-toxicity continues to undermine its gains.
This study investigated the unexplored potential of aspirin, B-oestradiol and calcipotriol to attenuate
the antibody’s cardio-toxicity in an adult female Balb/c mouse model using serial echocardiography
to assess left ventricular function at baseline and after treatment. Mean changes in left ventricular
function were compared within and between treatment groups. Trastuzumab demonstrated statistically
significant left ventricular dysfunction, detectable by reductions in speckle tracking echocardiographic
parameters (global radial strain) from baseline. Calcipotriol did not abrogate these cardio-toxic
effects. Conversely, &-oestradiol, high and low dose aspirin attenuated these early and subtle signs
of trastuzumab-induced cardiac dysfunction. The findings of this pilot study suggest that f—oestradiol
or aspirin may provide cardio-protection against trastuzumab in-vivo, and larger definitive studies
are justified.
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INTRODUCTION

Breast cancers that overexpress
transmembranous human epidermal growth factor
receptor type 2 (Her-2) account for 15-25% of
all breast cancers '. These tumours are poorly
differentiated and aggressive, relatively resistant to
standard chemotherapy, and are associated with
poorer patient outcomes than oestrogen receptor
positive (ER+) breast cancer subtypes. This is

unsurprising given the sheer distorting weight of
these constitutively activated upregulated Her-2
receptors?, compounded by their overzealous
signalling and overabundant dimerising opportunities
with three ligand-activated mitogenic tyrosine kinase
family members (Her-1, Her-3, Her-4). Extensive
crosstalk with diverse pathways promotes additional
signalling layers that ultimately change gene
transcription, causing increased cellular growth
and proliferation, division, differentiation, migration,
adhesion and survival®.
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Trastuzumab is a therapeutic monoclonal
antibody that specifically targets extracellular
domains of overexpressed Her-2 receptors and
downregulates Her-2 expression and function. This
leads to inhibition of intracellular downstream pro-
survival Ras/mitogen-activated protein kinase (Ras/
MAPK) and cell death-inhibiting phosphatidylinositol
3’ kinase (PI3/Akt) and mammalian target of the
rapamycin (mTOR) signalling cascades, and
ultimately via G1 cycle arrest, to reduced cellular
survival and tumour regression. lts other potential
therapeutic mechanisms include recruitment of
host immune responses, inhibition of angiogenesis
and of DNA repair, altered cross-talk with other
signalling pathways, potentiation of chemotherapy
and inhibition of Her-2 receptor extracellular domain
cleavage and shedding®*.

Although adjuvant trastuzumab has
significantly improved the prognosis of women with
early and metastatic Her-2 positive breast cancer, the
antibody is constrained by sub-optimal efficacy and
clinically relevant cardio-toxicity>’. Approximately
15% of patients with early breast cancer eventually
develop metastatic disease, and objective response
rates in Her-2 positive metastatic breast cancer
range from 12-34% for a median duration of 9
months8. Current strategies to overcome this
challenge in advanced breast cancer include
additional Her-2 targeted treatment with lapatinib
(a dual Her-1/Her-2 kinase inhibitor), pertuzumab
(Her-2/Her-3 dimerisation inhibitor) or trastuzumab-
DM1 (potent micro-tubule polymerization inhibitor)
antibody-drug conjugate®.

Trastuzumab may cause cardiac
dysfunction in up to a quarter of women treated for
Her-2 positive breast cancer”'°. The antibody shows
a proclivity for inducing left ventricular dysfunction,
which may lead to progressive heart failure. This
is especially evident in patients who receive
prior or concurrent anthracyclines, which cause
cumulative dose-dependent cardiotoxicity, possibly
via inhibition of cardiomyocyte topoisomerase 1I".
The subsequent cardiac stress is thought to induce
cardiomyocyte Her-2 expression, inadvertently
allowing trastuzumab to target this physiologically
upregulated repair and survival pathway'?. Her-2
signalling pathways appear essential to regulate a
number of important cardiac processes including
cell growth, survival and protection from apoptosis,

sarcomere synthesis, organization and stability,
myocyte-matrix coupling, cellular adaptations to
oxidative or metabolic stress in the myocardium,
angiogenesis and the counteraction of undue
sympathetic tone™. Trastuzumab may also cause
significant cardiac dysfunction in the absence of
pre-existing cardiovascular disease, and off-target
mechanisms possibly involve direct alterations of
cardiomyocyte gene expression, Notch and NF-kB
pathways or even immunologic cell death's.

Cardiac function is assessed prior to
trastuzumab treatment to determine patient eligibility,
and monitored at three monthly intervals, irrespective
of previous or concurrent treatment, and stopping
criteria are based on clinically relevant declines in
left ventricular ejection fraction (EF) from baseline.
Softer recommendations include assessing earlier
predictive markers of cardiac dysfunction including
troponin and global longitudinal strain detectable by
high resolution transthoracic tissue Doppler imaging
or speckle tracking echocardiography™. Up to 15%
of women lose the therapeutic benefit of completing
52 weeks of trastuzumab treatment'®. No cardio-
protective agent has been identified for this group of
patients, who, depending on tumour stage and age
of patient, may be more at risk of potentially fatal
heart disease than cancer relapse®’.

This project therefore aimed to investigate
the potential of several agents with disparate
mechanisms of action to attenuate the cardio-toxic
effects of trastuzumab.

Two hormones (B-oestradiol and a vitamin
D analogue, calcipotriol), two growth factors
[epidermal growth factor (EGF) and heregulin
(HRG)] and the irreversible cyclo-oxygenase (COX)-
inhibitor, aspirin, were identified as reasonable
candidates from the literature. Initially, a set of in-vitro
experiments, using doxorubicin and geldanamycin
as positive controls, established which of these
agents complemented trastuzumab’s cytotoxic
efficacy in a Her-2 overexpressing (SK-Br-3) breast
adenocarcinoma model. These results are published
elsewhere'®?'. Briefly, trastuzumab (100 pg/ml)
significantly reduced SK-Br-3 cell viability, which was
accompanied by G1 cell cycle arrest and dramatic
reductions in relative surface Her-2 receptor
expression. High concentration aspirin (1 mg/ml; 5.5
mM), both as a single agent, and when combined
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with trastuzumab, caused significantly greater
reductions in cell survival compared to the antibody
alone, with similarly significant G1 phase cell
accumulation. Although calcipotriol (1 yg/ml; 2.4 uM)
was cytotoxic to ER-overexpressing MCF-7 cells,
and caused significant G1 arrest in SK-Br-3 cells, this
did not translate to discernible reductions in Her-2
positive cellular survival. Similarly, pharmacologically
relevant concentrations of B-oestradiol (0.1 pg/ml;
0.36 uM) exerted negligible effects in SK-Br-3 cells,
and importantly, did not compromise trastuzumab’s
efficacy. Only doxorubicin (0.1 ug/ml; 0.17 yM)
demonstrated additive cytotoxic effects when used
concurrently with trastuzumab in-vitro. Its cardio-
toxic effects are however, well documented.

Based on these results, commercially
available calcipotriol, p-oestradiol and aspirin,
were identified as suitable candidates for further
investigation of their potential cardio-protective
effects. There is no published evidence for these
agents in a trastuzumab-induced cardio-toxicity
setting. There is, however, some evidence of their
benefits in existing cardiovascular disease.

Vitamin D deficiency, associated with
hypertension, coronary artery disease as well as
heart failure?>?”, is now considered an independent
risk factor for cardiovascular disease?. In heart
failure patients, vitamin D supplementation improves
inflammatory markers?® and is associated with
reduced mortality?”. A 30 ng/ml threshold for plasma
vitamin D sufficiency has been associated with
a reduced risk of left ventricular (LV) concentric
remodelling, which is a desirable cardiac outcome®°.
Among the elderly, higher circulating vitamin D
concentrations have been positively associated
with superior LV systolic function (increased
fractional shortening, increased ejection fraction)
and measures of cardiac geometry?'. Calcipotriol
is a nontoxic synthetic analogue of the most active
form of vitamin D (calcitriol), currently licensed for
use in psoriasis.

Oestrogen plays an important role in
cardiovascular protection3?, which is generally
ascribed to its beneficial effects on lipid profiles
and vascular endothelium®. The cardiovascular
benefits of oestradiol supplementation in the peri-
menopausal period are documented®, and yet

oestrogen reintroduced to heavily postmenopausal
women is associated with no benefit for coronary
heart disease, and an increased risk of stroke®. The
discrepant epidemiological accounts underscore
the critical timing of hormone replacement therapy
(HRT). While animal cardiac ischaemia reperfusion
injury models suggest that the hormone is cardio-
protective®®, B-oestradiol’s potential to protect the
heart from left ventricular contractile dysfunction in
pre- or peri-menopausal women, or in those at risk
of trastuzumab-induced heart failure, have not been
assessed.

Aspirin, a non-steroidal anti-inflammatory
drug (NSAID), irreversibly inhibits the two cyclo-
oxygenase (COX) isoforms, preventing synthesis of
pro-thrombotic platelet thromboxanes (COX-1) and
pro-inflammatory prostaglandins (COX-2). Aspirin’s
chemo-prophylactic and therapeutic properties in
breast cancer®”3® are attributed to its inhibition of
inducible COX-2%°, overexpression of which is linked
to critical components of carcinogenesis including
stimulation of cellular proliferation, inhibition of
apoptosis, increased invasiveness, increased
production of vascular endothelial growth factor and
angiogenesis, and increased aromatase-induced
oestrogen biosynthesis®#°. COX-2 is overexpressed
in Her-2 positive breast cancer cells, driven perhaps
by Her-2 induction of the COX-2 promoter*’, and
aspirin has been shown to inhibit proliferation?', and
induce apoptosis in these cells*'. In addition, aspirin
increases serum nitric-oxide which inhibits breast
cancer cell growth in-vitro*2. Nitric oxide is also a
vasodilator which may confer vascular benefits,
especially in the thrombo-embolic disease setting.
However it is aspirin’s antiplatelet properties that
are highly desirable and effective in preventing
ischaemic events such as myocardial infarction,
stroke or transient cerebral ischaemia“®.

Aspirin use for atrial fibrillation associated
with existing heart failure is controversial as
this NSAID may activate counterproductive
neurohormonal mechanisms that exacerbate
salt and fluid retention and, compared to the
anticoagulant, warfarin, may significantly increase
the incidence of hospitalisation for worsening heart
failure**. There is currently no evidence on aspirin’s
role in the primary prevention of cardiac dysfunction,
whether trastuzumab-induced or not.
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MATERIALS AND METHODS

This longitudinal study explored the
potential of calcipotriol, B-oestradiol or aspirin to
attenuate trastuzumab’s cardio-toxicity in adult
female mice, using serial echocardiographic
parameters as primary endpoints.

Ethics

All animal experiments conformed to the
guidelines of the South African National Standard for
“The care and use of animals for scientific purposes”
(SAN 10386-2008) and the University of Pretoria
Committee for Research Ethics and Integrity:
Policy and Procedures for Responsible Research
and the Code of Ethics for Research. University of
Pretoria Animal Ethics Committee (AEC: S4283-
15; h004-15) as well as The University of Texas
Institutional Animal Care and Use Committee
(IACUC: 00001272-RN00) approvals were obtained
prior to commencing mouse experiments.

Mice

A total of 30 female adult Balb/c age-
matched mice (8 weeks), strain BALB/c ByJ (Stock
number 000651), obtained from The Jackson
Laboratory (Bar Harbor, Maine, USA), were housed
at an accredited animal care facility (Small Animal
Imaging Facility, MD Anderson Centre for Cancer
Research, The University of Texas, Houston, USA) in
groups of 5, maintained under standard light (12 hour
light/dark cycles) at a constant temperature of 20°C-
22°C with free access to standard rodent chow and
water. General wellbeing was monitored for the first
4 hours post dosing and daily thereafter, and body
weights were monitored at baseline and at weekly
intervals until the end of the study, following the
SANS 10386:2008 guidelines for animal research.

Mice were treated with trastuzumab, either
as monotherapy, or with concurrent calcipotriol,
B-oestradiol or aspirin, for a maximum period of
22 days. Control mice were left untreated. Serial
echocardiography was performed at baseline
(Day 0) and after treatment (Day 18). Mice were
euthanized humanely by cervical dislocation at
the end of the study or before if mice showed
signs of distress, advanced cachexia or abnormal
behaviour. Significance (P< 0.05) was determined
by comparing the mean changes in left ventricular

contractile function of the different treatment groups
to untreated control and trastuzumab-treated groups.
The mean changes between baseline (Day 0) and
post treatment (Day 18) were also compared within
groups.

Agents

Drug doses were based either on those
reported in the literature or on pharmacologically
relevant human-equivalent doses.

Trastuzumab, purchased from Genentech
Inc (South San Francisco, CA, USA), was solubilised
in 0.4 ml phosphate-buffered saline (PBS), diluted
in 0.9% sterile saline solution to appropriate
concentrations and administered to mice by intra-
peritoneal injection at a dose of 100 pg (~4 mg/
kg) twice weekly (Days 1, 4, 7, 10, 14, 17) over a
period of three weeks, reaching a total cumulative
dose of 24 mg/kg, and representing 6 months
of patient treatment*-#’. Trastuzumab-induced
cardiac dysfunction may only occur after a minimum
cumulative dose of 20 mg/kg*. The intra-peritoneal
route was chosen because, despite the bio-
distribution being almost identical, there appears to
be less mouse-to-mouse variability with this route
compared to the intravenous route of administration
of the antibody*.

Calcipotriol (Sigma Aldrich, USA: catalogue
C4369), 1 mg dissolved in 10 ml ethanol and diluted
with 100 ml corn oil to a final concentration of 1 pg/
ml, was administered at a dose of 1 ug/kg by intra-
peritoneal injection 4 days prior to antibody treatment
to allow for its slow onset of action, and then twice
weekly to coincide with trastuzumab treatment for
the duration of the study%®®'. Rat toxicity studies
have shown an increase in skeletal variations at oral
doses of 18 mg/kg/day, a dose that far exceeds the
one used in these experiments®.

17-B oestradiol (Innovative Research of
America, catalogue E-121) 21-day release 0.5 mg
pellet was implanted subcutaneously 4 days prior
to antibody treatment. This dose has been used
previously in rodents®, reflects the human dose
of exogenous oestradiol in hormone replacement
therapy and correlates with the concentration that
exerted insignificant effects in Her-2 positive breast
cancer cells®.
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Low dose aspirin (1 mg/kg) (Sigma Aldrich,
USA: catalogue A2093) dissolved and diluted in
0.9% sterile saline solution was administered orally
by gastric gavage on week days only (Days1-4,
7-11 and 14-17), as logistics precluded weekend
dosing. However, aspirin maintains a thromboxane
inhibition of over 90% after 72 hours, consistent
with platelet turnover®, and the pharmacodynamics
of this irreversible COX-inhibitor were theoretically
not compromised by this regimen. Aspirin at a low
to medium dose of 75-325 mg (1-5 mg/kg) daily is
considered reasonable for chronic administration®:%.

High dose aspirin (15 mg/kg) was
administered orally by gastric gavage twice weekly
concurrent with trastuzumab dosing. Mice receiving
this dose had their food intake monitored due to the
potential risk of gastric ulceration. This dose was
derived from the high antiproliferative concentrations
used in the initial in-vitro experiments?', and equated
to approximately 1 g per oral dose for a woman
weighing 65 kg. High dose aspirin has been justified
previously in acute migraine (1 g intravenously) and
chronic rheumatoid arthritis (5-8 g orally daily)%5".

Drug delivery vehicles

Drug delivery vehicles included sterile 0.9%
saline solution (S5815), purchased from Teknova
(Hollister, CA, USA), and ethanol (E7023), corn oil
(C8267) and PBS (D5652), purchased from Sigma
Aldrich (St Louis, MO, USA).

Two-dimensional B-mode speckle tracking
echocardiography (STE)

To acquire micro-ultrasound images,
high resolution non-invasive transthoracic
echocardiography was performed using a Vevo 2100
ultrasonograph (Fuijifilm Visual Sonics Inc, Toronto,
ON, Canada) equipped with a high frequency 40
MHz linear array transducer, specially designed for
imaging small animals®®. Mice were placed supine
on a warm water pad to maintain body temperature
at 37°C under light isofluorane anaesthesia (1.5%
isofluorane; 98.5% oxygen). Continual ECG trace
monitoring was obtained via limb electrodes. Heart
rates approximated 450 beats/min for the duration
of the study.

B-mode was used to acquire image data of
the left ventricle in parasternal long-axis views at a
frame rate of 483 Hz. Analyses of left ventricular (LV)
dimensions, ejection fraction (EF) and percentage
fractional shortening (%FS) were performed using
dedicated speckle tracking software which utilizes
semi-automated border tracking: A number of
tracking points were placed on the endocardial
and epicardial borders as a guide for border
delineation and subsequent frame-by-frame tracking
throughout the cardiac cycle. From these borders
and their motion, end-systolic and end-diastolic
LV dimensions were calculated using a method of
disks technique. Ejection fraction EF% = [(LVEDV —
LVESV)/(LVEDV)] x 100, and percentage fractional
shortening %FS = [(LVEDD-LVESD) / (LVEDD)]
X100 were calculated automatically. Data was saved
as single non-animated images (image frame) and
as multiple-frame animations (cine loop).

In order to quantify cardiac wall motion
and myocardial mechanical function, cine loops
were analysed with STE VevoStrain™ software
(Fuijifilm Visual Sonics Inc, Toronto, ON, Canada)
which automatically divided the LV myocardium
into six regional segments (two basal, two mid, and
two apical). Speckle tracking algorithms generated
parametric data of average radial velocity and
displacement, and subsequent peak strain (S) and
strain rate (SR), as well as the time to peak strain
(time from the onset of the QRS complex to peak
strain value).

Statistical analyses

Allowing for a 0.05% significance level,
80% statistical power, equal sample sizes, a
standard deviation of 5.4 and an ejection fraction
effect size of 10, the sample size was estimated
at 5 mice per treatment group. No allowances
were made for dropouts as data was collected
for all animals and statistical analyses were
conducted on the intent to treat (ITT) population.
Continuous response variables were presented as
mean = SEM. The statistical significance of mean
differences within and between treatment groups
was determined using GraphPad Prism version
5.0 for Windows (GraphPad Software; San Diego,
California, USA). The two-tailed unpaired t-test
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was used to compare the mean values at baseline
(Day 0) and post treatment (Day 18) with Welch’s
correction, which does not assume equal variance,
used for post hoc analyses. The repeated measures
(mixed model) ANOVA was used to compare the
mean values of the various treatment groups to
both control and trastuzumab-treatment groups,
with Bonferroni’s multiple comparisons test used for
post hoc analyses. Significance was set at p<0.05.
Intra-observer variability was not assessed.

RESULTS

Left ventricular (LV) echocardiographic
imaging is used for quantifying cardiac dimensions
and contractility, allowing for the detection of
abnormal LV chamber enlargement or increased wall
thickness from which measures of cardiac function,
including ejection fraction and percentage fractional
shortening are calculated. These quantifiable
markers are useful for monitoring changes in
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Fig. 1: Mean (+SEM) ejection fraction (EF) (top) and fractional shortening (FS) (bottom) in mice
treated with trastuzumab (100 pg; twice-weekly) compared to mice treated with trastuzumab
plus calcipotriol (1 ug/kg; twice-weekly), p-oestradiol (21-day release 0.5 mg pellet), high dose
aspirin (15 mg/kg; twice-weekly), or low dose aspirin (1 mg/kg; Monday - Fridays), and untreated
controls. T: trastuzumab; Asp: Aspirin; B-O: B-oestradiol; Calc: Calcipotriol. n=5 per treatment
group
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global left ventricular performance. In this study, the
mean trends in ejection fraction (EF) and fractional
shortening (%FS) declined in mice treated with
trastuzumab and in those that remained untreated,
although these differences were statistically
insignificant. (Figure 1; Table 1) Conversely, these
traditional echocardiographic assessments of
left ventricular function were either preserved or

Table 1: Echocardiography results and within
group comparisons of control, trastuzumab, and
trastuzumab plus calcipotriol, $-oestradiol or
aspirin treated mice, expressed as means = SEM

Day 0 Day 18 Sign.
Control
EF (%) 48.8% +2.27 44.6% + 3.08 ns
FS (%) 22.86% +0.92 21.32% +2.85 ns
S (%) 25.98% +2.46  23.80% *+2.82 ns
SR (/s) 5.75/s+0.26 5.66/s + 0.44 ns
Trastuzumab
EF (%) 48.2% +1.85 47.8% + 1.50 ns
FS (%) 24.42% +1.93 20.74% + 1.64 ns
S (%) 25.09 % 11.44 17.15% + 1.89 *P<0.05
SR (/s) 5.52/s +0.50 4.85/s + 0.61 ns

Calcipotriol-trastuzumab

EF (%) 43.6%+2.68  452%+1.94 ns
FS (%) 20.88%+1.77 2254%+133  ns
S (%) 23.72%+3.45 24.07% +3.51 ns
SR(ls) 561/s+0.73  5.04/s+0.62 ns

B-Oestradiol-trastuzumab

EF (%) 49.8% +2.27 50.2% * 1.83 ns
FS (%) 22.76% *1.05 24.8% +2.36 ns
S (%) 24.19% +2.59 31.83% +1.51 *P<0.05
SR (/s)  6.10/s +0.85 7.73/s £0.42 ns

Aspirin (high)-trastuzumab

EF (%) 43.8% +2.58 52.4% +3.78 ns
FS (%) 22.34% +2.28  26.38% +2.32 ns

S (%) 16.81% + 1.53  25.73% +2.99 *P<0.05
SR (/s) 4.42/s+0.28 591/s£0.53 *P<0.05
Aspirin (low)-trastuzumab

EF (%) 48.6% +3.46 51.2% 0.8 ns
FS (%) 21.06% +2.14  23.98% +1.67 ns

S (%) 25.32% + 2.81 25.95% +1.74 ns
SR (/s) 6.58/s £ 0.69 6.66/s + 0.45 ns

EF: Ejection fraction; FS: Fractional shortening; S:
Radial endocardial strain; SR: Radial endocardial
strain rate

increased in mice treated with trastuzumab plus
sequential or concurrent calcipotriol, B-oestradiol,
high or low dose aspirin. Significance was not
reached within or between treatment arms. (Figure
1; Table 1)

Two-dimensional B-mode speckle tracking
echocardiography (long and short axis) is now
the preferred method for analysing regional wall
motion and deformation that occurs in 6 pre-defined
segments of the left ventricular myocardium. In
contrast to ejection fraction and haemodynamic
tissue Doppler imaging measurements, it reveals the
contractile function of the heart directly. As contractile
dysfunction occurs before ejection fraction drops,
it can be used as an early marker of systolic
dysfunction, even detecting sub-clinical disease.
This echocardiographic modality is particularly suited
to rodents that have small rapidly beating hearts, and
is considered superior to tissue Doppler imaging as
problems with transducer angles of insonation are
eliminated. Strain is the myocardial deformation
that occurs, whether lengthening or shortening,
normalised to the original shape, whereas strain rate
is the speed at which this deformation takes place.

Global radial endocardial strain assessing
myocardial deformation was derived automatically
from averages obtained from six discrete segments
of the myocardial curve. Whereas untreated control
mice retained left ventricular contractile function,
global strain deteriorated significantly in trastuzumab
treated mice over the treatment period of 17 days.
(Figure 2; Table I) Calcipotriol-trastuzumab treatment
resulted in indifferent responses. Conversely
statistically significant increases in global strain
were noted in mice treated with trastuzumab
plus B-oestradiol or high dose aspirin, resulting in
significance of P<0.001 and P<0.05 respectively,
between these and antibody-treated groups post
treatment. In addition, B-oestradiol co-treatment
improved myocardial motion significantly compared
to untreated controls, and furthermore, like high dose
aspirin, increased global strain rate significantly from
baseline, accruing significant differences compared
to trastuzumab-only and control arms. (Figure 3;
Table 1) Mice treated with trastuzumab and low dose
aspirin displayed non-significant increases in global
strain and strain rate, yet compared to trastuzumab-
treated mice, these differences were sufficient to
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confer significant cardio-protection against antibody-
induced left ventricular dysfunction. (Figures 2 and
3; Table I)

DISCUSSION

This is the first investigation of commercially
available pharmacological strategies to overcome
cardio-toxicity associated with trastuzumab
treatment.

Trastuzumab

The female adult mouse heart model
is attractive because the mouse erbB2 receptor
(SwissProt database: P70424) shows high (96%)
homology with its human Her-2 (SwissProt

database: P04626) counterpart, while providing
a relevant intact biological context compared to
cultured adult cardiomyocytes. Yet, demonstrating
trastuzumab-induced cardio-toxicity in mice has
proved challenging; Pre-licensing mouse studies
failed to detect cardiac dysfunction or obvious
histopathological changes using conventional
echocardiography and microscopy. The handful
of researchers who investigated the cardio-toxic
effects of trastuzumab in mice after the antibody
gained FDA approval in 2008, have demonstrated
either preserved ejection fraction (EF) and fractional
shortening (%FS)*¢5°# delayed reduction in EF and/
or %FS®%2 or reversible LV dysfunction®. In the
latter, trastuzumab was administered to mice for a
two week period, reaching a cumulative dose of 10

Global Strain
3519
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-= Trastuzumab
| & B-O+T
S : - Low Asp +T
g 25+ . — High Asp +T
i =& Calc +T
204
*x
15 T T
0 18
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Fig. 2: Mean (+SEM) global radial strain in mice treated with trastuzumab (100 ig; twice-weekly)
compared to mice treated with trastuzumab plus either calcipotriol (1 pg/kg; twice-weekly),
B-oestradiol (21-day release 0.5 mg pellet), high dose aspirin (15 mg/kg; twice-weekly), or low dose
aspirin (1 mg/kg; Monday - Fridays), and untreated controls. Statistically significant (*P<0.05)
differences were observed within groups: between Day 0 and Day 18 trastuzumab treatment, between
Day 0 and Day 18 p-oestradiol-trastuzumab treatment, and between Day 0 and Day 18 high dose
aspirin-trastuzumab treatment.

Highly significant (***P<0.001) differences were observed between Day 18 trastuzumab and Day
18 trastuzumab-B-oestradiol treatments. Significant (*P<0.05) differences were observed between
trastuzumab and high dose aspirin-trastuzumab (at Day 0 and Day 18), and low dose aspirin-
trastuzumab (at Day 18) treatments.

Significant (*P<0.05) differences were also observed between untreated control and a-oestradiol-
trastuzumab (Day 18) and high dose aspirin-trastuzumab (Day 0) treated mice. n=5 per treatment
group. T: trastuzumab; Asp: Aspirin; B-O: a-oestradiol; Calc: Calcipotriol
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mg/kg®. The mice in our study received trastuzumab
4 mg/kg, reaching a much higher cumulative dose of
24 mg/kg after 6 treatments. Similarly, breast cancer
patients receive trastuzumab 4 mg/kg initially and 6
mg/kg three-weekly thereafter's, and their cumulative
dose after 6 treatments is also 24 mg/kg. Some have
found that trastuzumab-induced cardiac dysfunction
only occurs after a minimum cumulative dose of 20
mg/kg*, while others report that trastuzumab-related
cardiac dysfunction does not appear to increase with
cumulative dose™. Nonetheless, we were unable
to discern cardiac dysfunction using conventional
measures.

Although conventional echocardiography
is the most commonly used diagnostic method for
assessing LV function in clinical cardiology, the
measurements may be subjective, semi-quantitative,
and relatively insensitive when detecting subtle
preclinical abnormalities in contractility, particularly
in rodents. In contrast, it has been shown that

speckle tracking analyses of myocardial deformation
identifies preclinical changes in LV systolic function
before conventional measures in EF in women
receiving trastuzumab for breast cancer®*¥, including
when treated with concurrent anthracyclines®. An
isolated speckle tracking echocardiography (STE)
study conducted on trastuzumab-treated mice,
showed similar early signs of reduced myocardial
strain (despite a preserved EF) after 2 days of
trastuzumab treatment (2 mg/kg/day), that occurred
prior to reductions in %FS noted after 7 days of
treatment®2. There is now some consensus that
traditional echocardiographic indices of cardiac
function may underestimate subtle changes that
occur with trastuzumab and that STE-detected
changes may precede these and may therefore
predict trastuzumab cardiac dysfunction®®. Our
results corroborate accumulating evidence that
trastuzumab may in fact ellicit preclinical signs
of cardio-toxicity in mice, only detectable by
sensitive STE, and independently of anthracycline
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Fig. 3: Mean (+SEM) global strain rate in mice treated with trastuzumab (100 pg; twice-weekly)
compared to mice treated with trastuzumab plus calcipotriol (1 pg/kg; twice-weekly), f-oestradiol
(21-day release 0.5 mg pellet), high dose aspirin (15 mg/kg; twice-weekly), or low dose aspirin
(1 mg/kg; Monday - Fridays), and untreated controls. Highly significant (**P<0.01) differences
in strain rate were observed between -oestradiol-trastuzumab and trastuzumab treatments at
Day 18. Statistically significant (*P<0.05) differences were observed between low-dose aspirin-
trastuzumab and trastuzumab at Day 18, between pre (Day 0) and post (Day 18) high dose aspirin-
trastuzumab treatment, and between [-oestradiol-trastuzumab and untreated control groups
at Day 18. n=5 per treatment group. T: trastuzumab; Asp: Aspirin; B-O: -oestradiol; Calc:
Calcipotriol
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treatment. The gross structural cardiac abnormalities
associated with anthracyclines, are not usually seen
in trastuzumab-exposed hearts”'?, which lends
further support to the antibody’s disparate and
multiple mechanisms of cardio-toxicity. Although
beyond the scope of this paper, routine post-mortem
ex-vivo haematoxylin and eosin (H&E) stains of left
ventricles revealed varying degrees of epicardial
mineralisation in all Balb/c mice, which is considered
a background lesion of this strain, as well as Grade
2 (mild, infrequent 10-20%) acute myocardial
inflammation in trastuzumab-treated mice, which
was also deemed clinically insignificant. (Data not
shown) Speckle tracking imaging may thus become
the preferred modality for detecting early and subtle
LV contractile abnormalities in mice exposed to
trastuzumab.

Calcipotriol

Two studies have demonstrated that
vitamin D supplementation is associated with
improved cardiac geometry and/or function: Left
ventricular mass index reduced (improved) in
patients with chronic kidney disease™, while more
pertinently, supplementation resulted in significant
increases in ejection fraction in heart failure patients
with insufficient or deficient plasma levels of vitamin
D™. It has also been shown in chronic heart failure
patients with vitamin D deficiency, that LV end-
diastolic and end-systolic diameters are significantly
greater, LV end-diastolic and end-systolic volumes
are larger (ventricular dilatation) and fractional
shortening lower compared to those with normal
vitamin D levels™.

The potential cardio-protective mechanisms
of vitamin D and its role in the maintenance of cardiac
function are not well understood. A single study has
investigated how additional vitamin D (in the form
of supplementation with the analogue, paricalcitol)
may offer protection from heart failure, in mice with
surgically induced myocardial infarction™. Activation
of the vitamin D receptor (VDR) pathway may
attenuate cardiac dysfunction, cardiac myocyte
apoptosis and upregulated pro-inflammatory
cytokines; paricalcitol therapy significantly decreases
cardiac fibrosis and extracellular matrix remodelling,
and attenuates renin-angiotensin system (RAS)
gene activation”™. Mice treated with the alternative
vitamin D analogue, calcipotriol, maintained left
ventricular function in the presence of trastuzumab,

although differences in endpoints were statistically
insignificant. Large intra- and inter-group biological
variability, particularly at baseline, confounds data
interpretation and limits opportunities to detect
statistical significance especially when numbers
are small. Despite these negative findings, it is
important to note that vitamin D is critical for optimal
cardiac function, and deficiency should be treated
to minimize the potential deleterious impact of
trastuzumab on the heart. Furthermore, there is a
strong positive association between serum levels of
vitamin D at diagnosis and breast cancer survival™.
Assessing vitamin D status should therefore form
an integral part of primary preventive care.

p-oestradiol

In this experiment, there were no statistically
significant differences in mean ejection fraction or
fractional shortening within or between treatment
groups, despite the trastuzumab group showing a
~3.7% reduction in fractional shortening, and the
B-oestradiol-trastuzumab group showing an increase
of ~2%.

Substantial and statistically significant
differences were detected by B-mode speckle
tracking analysis, both within and between groups.
Mean global radial strain remained stable in
untreated control mice. Yet in mice receiving
trastuzumab, strain decreased significantly,
indicating diminished segmental myocardial
mechanical motion. Conversely, global radial
strain increased significantly in the B-oestradiol-
trastuzumab treated mice, suggesting that not only
does the hormone counteract trastuzumab’s effects,
but it may restore regional myocardial contractility
to levels greater than both trastuzumab-treated and
untreated controls when given concurrently with the
antibody. In addition, significant differences in mean
global radial strain rate were detected between
B-oestradiol-trastuzumab, and both trastuzumab-
treated and untreated control mice. Strain rate
increased in mice receiving the hormone-antibody
combination while strain rate slowed slightly in
trastuzumab and control groups. These intra-group
differences translated to significant differences
between groups. Taken together, this suggests that,
as opposed to mice treated with trastuzumab, or left
untreated, improved regional myocardial contraction
occurs against a backdrop of an increased left
ventricular contractile rate in adult female mice
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that have B-oestrogen added to their trastuzumab
treatment. Left ventricular performance was
increased significantly by concurrent B-oestradiol
and trastuzumab treatment, although the numbers
(n=5) were small.

No prior studies have investigated the
effects of oestrogen or its complex signalling
pathways on cardiac function in women receiving
trastuzumab treatment, many of whom are
clearly not oestrogen-deficient. Rather, ischaemia
reperfusion injury models have been used to
demonstrate the hormone’s cardio-protective effects
- presumably because the oestrogen-deficient state
of late menopause is associated with an increase in
thrombotic events - and attribute greater recovery to
[-oestradiol increasing coronary flow after reperfusion
by various mechanisms’. In one such model, long-
term oestrogen treatment causes up-regulation
of protective genes, including anti-apoptotic™,
while in neonatal rat cardiomyocytes, B-oestradiol
activated ERp is a prerequisite for upregulation of
nitric oxide synthases’”. Oestrogen upregulates anti-
inflammatory cytokines in the recently menopausal,
as opposed to pro-inflammatory cytokines in older
women®*. Oestrogen may also block NF-kB activation
and attenuate pro-inflammatory and apoptotic stress
in the myocardium’. Its protective effects on the
vascular endothelium include generating nitric oxide
and prostacyclins, which mediate vasodilation and
promote endothelial repair and/or regeneration, as
well as anti-inflammatory and antioxidant effects®.
Cardiovascular protection by oestrogen may also be
partly mediated through modulation of autonomic
function by suppressing sympathetic tone’, and
nitric oxide production via ER activation plays a key
role in this process’.

Cross-talk between sex hormones and
vitamin-D may play a pivotal role in regulating
vascular functions, particularly in women®°. In
addition to the two classic nuclear ER isoforms,
ERa and ER&?®", the novel G-protein coupled ER
(GPR30 or GPER)?, localised to either endoplasmic
reticulum or cell nucleus, depending on species
and cell type, is expressed in cardiomyocytes and
plays an acute cardioprotective role via the PI3K/
Akt pathway in ischemia reperfusion injury®. There
appears to be a relationship between oestrogen
receptors, Her-1 and matrix metalloproteinase

in facilitating the cardio-protective effects of this
receptor®®. In oestrogen-deficient states, activation
of GPER inhibits cardiac fibroblast proliferation
leading to a reduction in cardiac collagen deposition,
thereby attenuating cardiac remodelling and diastolic
dysfunction®.

It is unknown if the protective mechanisms
involved in drug-induced cardio-toxicity are similar.
Although endocrine therapy is usually given after
chemotherapy, one study assessed cardiac function
when doxorubicin was administered concurrently
with the selective estrogen receptor modulator
(SERM), tamoxifen®*. All patients received the
combination, making comparisons of cardiac
dysfunction impossible. Yet, tamoxifen may confer
cardio-protection by improving mitochondrial
respiratory function and enhancing their superoxide-
scavenging activity®®. Depending on the dose,
exogenous B-oestradiol may have effects similar to
tamoxifen?'.

However, there are real concerns about
using exogenous oestrogens, as well as anti-
oestrogens (SERMs and aromatase inhibitors) in
those at risk for thrombo-embolic events. Aromatase
inhibitors come with a warning of potential increased
risk for ischaemic cardiovascular events, particularly
myocardial infarction, in women with pre-existing
ischaemic disease, and are associated with a
significant 26% increased risk of cardiovascular
disease compared to tamoxifen®. Tamoxifen is anti-
oestrogenic in some tissues, including in the breast,
but pro-oestrogenic in others including bones and
the endometrium. The incidence of cardiovascular
events for tamoxifen is relatively low at 3.4%%. It
is known to have antioxidant and cardio-protective
effects®. Our results suggest that exogenous
oestrogen improves cardiac function when added
to trastuzumab treatment. Taken together, there
is a strong pharmacological rationale for adding
B-oestradiol to trastuzumab treatment in Her-2
positive breast cancer, particularly in women who
are premenopausal (when oestrogen is opposed
by progesterone, thus protecting the uterus) and
who do not have risk factors for thrombotic events.
However, oestrogen’s pleiotropic nature and cross-
talk with other growth promoting pathways make it
unpredictable, and future studies should focus on
elucidating these finer critical points.
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Aspirin

Both high dose and low dose aspirin
appeared cardio-protective when administered as
part of a trastuzumab regimen. Yet, the differences
between the two dosage forms were striking: high
dose aspirin given concurrently with trastuzumab
improved regional LV contractility significantly, while
low dose chronic administration of aspirin simply
but effectively maintained regional LV function.
Significant differences at baseline between the two
aspirin-trastuzumab treatment groups were lost at
Day 18, implying similar ultimate cardio-protection.
The low dose, equating to 60 mg for a 60 kg woman,
taken 5 days a week, may be associated with easier
administration and fewer potential adverse effects
such as gastro-intestinal bleeding than high doses.

Interrogation of these results demands
caution in their interpretation. In particular,
confounding factors include the unusually low and
statistically significant different baseline values of the
high dose aspirin group, and the low numbers (n=5).
These results indicate that further experiments with
much larger groups are warranted.

Aspirin’'s mechanism of cardio-protection
against trastuzumab-induced cardiac dysfunction
is unclear. Aspirin is an irreversible inhibitor of both
COX-l and COX-2 isoforms; COX-1 usually plays a
housekeeping role that includes platelet aggregation
and gastric mucosal protection, is expressed in most
cells, and is the only isoform found in normal cardio-
myocytes®. However, it is inducible, including in the
endothelium in response to shear stress, thrombin
and VEGF. It appears to play a role in the resolution,
rather than the progression, of inflammation®. COX-
2 is mostly absent from cells but is induced by a
number of factors, including the presence of free
radicals and hypoxia - The COX-2 gene promoter
contains the response elements of an inflammatory
or acute-phase gene®'.

Aspirin is not usually given to patients
receiving cardio-toxic chemotherapy, although
it serves as the antithrombotic component of
a pegylated liposomal doxorubicin regimen for
multiple myeloma®2. It has been shown, however,
that doxorubicin induces COX-2 expression in
neonatal rat cardio-myocytes, and that up-regulated
COX-2 and prostacyclins are cardio-protective in-

vitro®. In an acute in vivo doxorubicin cardiotoxicity
model, specific inhibition of COX-2 aggravates
doxorubicin-mediated cardiac injury, while inhibition
of COX-I does not®'. It therefore appears that
COX-2 is important in attenuating anthracycline-
induced cardiac injury. Yet, a much older study
showed that the NSAID, ibuprofen, increased the
survival of doxorubicin treated mice, perhaps by
inhibiting neutrophil infiltration, while the other
anti-inflammatories, aspirin and sulindac, had no
effect®. Amidst these conflicting reports, it is critical
to establish the role of COX-I in the heart as well
as to investigate if trastuzumab induces cardiac
COX-2 expression, and if inhibition of this isoform is
counterbalanced by aspirin’s co-inhibition of COX-1.
Simultaneous inhibition of COX/Her-2 may provide
an explanation for the significant cardio-protection
noted here, but this is yet to be researched.

CONCLUSION

Calcipotriol, B-oestradiol and aspirin may
play a useful role in trastuzumab treatment of Her-2
positive breast cancer. Although small sample sizes
preclude sweeping definitive statements, the results
of this preliminary study suggest that B-oestradiol
may improve left ventricular function of trastuzumab
treated mice, while aspirin may provide both
significant cardio-protection and improved efficacy,
perhaps making it an ideal candidate to prevent
trastuzumab-induced cardio-toxicity. Given the
confounding factors in interpreting the data, further
investigation, including generating dose response
curves for aspirin in large groups of mice, is required.
Future epidemiological and clinical studies focussing
on cardiac function in women taking these agents
during trastuzumab treatment may support these
initial findings.
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