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Breast cancer is the most common cancer in females in the western world, and the
second most common cause of cancer death in women (after lung cancer). In the
Netherlands, it has an incidence of approximately 130/100,000 women per year
(126.7 per 100,000 women in 2001),1 and is the main cause of death in women
aged 45 to 55 years (1294 women aged 40 to 64 years died as a result of breast
cancer in The Netherlands in 2001).2 Due to improvement in local and systemic
treatment, the survival of patients with breast cancer is increasing. Consequently,
the incidence of long-term side effects of antineoplastic treatment is becoming to
be more relevant. Cardiac toxicity is a well known adverse effect observed with
several cytostatic agents (reviewed in 3) and chest wall irradiation. Chest wall
irradiation has been suggested to be an additional risk factor for the development of
anthracycline-induced cardiotoxicity.4,5

Anthracyclines
Anthracyclines are particularly are well known for their cardiotoxic side effects.
These cardiovascular complications can occur acute (during administration), early
(several days to months following administration),5 or late (years to decades
following exposure). Acute cardiotoxicity is uncommon, but can consist of
arrhythmias, left ventricular dysfunction, a peri-myocarditis syndrome or
electrocardiographic abnormalities.6 Early cardiotoxicity generally expresses itself
as heart failure and is related to the cumulative anthracycline dose. The incidence
of early cardiotoxicity particularly increases when the cumulative dose exceeds a
certain threshold. For doxorubicin this is 550 mg/m2, for epirubicin 900-1000
mg/m2, for daunorubicin 550 mg/m2, and for mitoxantrone 160 mg/m2.7 Late
cardiotoxicity can occur up to years after treatment and consists of heart failure due
to non-ischemic dilated cardiomyopathy,8 which is considered to be irreversible.9

This chronic cardiotoxicity is clinically the most relevant type.10 Data concerning
the prevalence of late cardiotoxicity is limited and mostly derived from studies
performed in childhood cancer survivors. In a cross-sectional study in 229
anthracycline-treated childhood cancer survivors, heart failure was diagnosed in
10%, and asymptomatic left ventricular dysfunction (echocardiography) in an
additional 10%, 15 years after treatment.11 The most important risk factors that
have been identified for the development of anthracycline-induced cardiotoxicity
are high cumulative doses in particular, age over 70 years, radiotherapy to the
cardiac region, underlying cardiac disease, concomitant administration of other
antineoplastic agents.5 In addition, more severe subclinical cardiotoxicity has been
reported for male patients or patients who are overweight.12

During the last decade, the use of anthracyclines has especially increased in the
adjuvant setting in breast cancer. As a result, the issue of late cardiac toxicity can
limit breast cancer patients’ quality of life and even survival, and is therefore
becoming an increasingly important issue the total treatment of these cancer
patients. The therapeutic effect of anthracyclines is mediated by their insertion into
DNA in replicating cells, causing DNA fragmentation, inhibition of polymerases,
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and decreased DNA, RNA and protein synthesis. This mechanism is unlikely to be
involved in myocardial injury, since myocyte replication is, at least, less active.
Myocyte damage has been attributed to the production of toxic free oxygen radicals
and an increase in oxidative stress, which cause lipid peroxidation of membranes,
leading to vacuolation, irreversible damage and myocyte replacement by fibrous
tissue.13 In rat cardiomyocytes, doxorubicin and exposure to free radicals induces
cyclooxygenase-2 (COX-2) activity, which in turn, limits doxorubicin-induced
cardiac cell injury.14 Inhibition of COX-2 activity potentiates doxorubicin-mediated
cardiac injury in vivo.15 Doxorubicin is also associated with a decrease of the
endogenous antioxidant enzymes, such as glutathione peroxidase, that are
responsible for the scavenging of free radicals.16

Animal models are particularly interesting to study the mechanisms and
pharmacological intervention of cardiotoxicity induced by anthracyclines. Simunek
et al. for instance characterized a rabbit model of daunorubicin-induced
cardiotoxicity, in which they evaluated the cardioprotective effects of the free-
radical scavenger dexrazoxane.17 Cardiac function was assessed by measuring
serum troponin T levels, histological examination of cardiac tissue, invasive
hemodynamic measurement of left ventricular systolic and diastolic pressure
parameters, and echocardiography to assess the left ventricular ejection fraction
(LVEF). They observed that dexrazoxane treatment limited the cardiotoxic effects
induced by daunorubicin.17

Other antineoplastic agents
Next to the anthracyclines, several other antineoplastic agents can induce cardiac
toxicity. However, the incidence is low, mostly unpredictable and the occurrence is
not related to the cumulative dose in most cases. Cyclophosphamide for instance,
can lead to cardiac dysfunction. However, this is almost exclusively encountered
with administration of high doses, such as used before bone marrow or stem cell
transplantation.18 Fluorouracil is another agent that is associated with
cardiotoxicity, with symptoms varying from cardiac arrhythmias, silent myocardial
ischemia, angina, congestive heart failure and even sudden death.19,20 Bradycardia
and heart block have been observed with paclitaxel, but the clinical significance of
these cardiotoxic events is unclear. Transient asymptomatic bradycardia has been
reported in 29% of patients, while profound cardiac disturbances, including
atrioventricular conduction block, ventricular tachycardia, and manifestations of
cardiac ischemia, are observed in 5% or less.21 Most of these side effects were
asymptomatic. However, paclitaxel used in combination with doxorubicin was
found to increase the risk of anthracycline-induced heart failure, as was observed in
18% of the women treated with this combination for metastatic breast cancer.22

After adjuvant chemo- and radiotherapy, breast cancer patients receive additional
endocrine maintenance therapy on indication, which until recently mostly consisted
of tamoxifen. Tamoxifen has not been associated with cardiotoxicity. Nevertheless,
an increased risk of thromboembolic complications is observed with this agent.23
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Aromatase inhibitors, which are currently often used instead of tamoxifen, are less
frequently associated with cardiovascular complications.

Trastuzumab
Although the use of classical chemotherapeutic agents has improved the prognosis
of breast cancer patients, still many patients die from this disease and the need for
newer and more effective agents remains. The field of molecular biology has
advanced dramatically in recent years and has yielded many new insights regarding
molecular characterization of breast cancer. The human epidermal growth factor
receptor 2 (HER2, also known as erbB-2) for instance, is a transmembrane tyrosine
kinase receptor that induces cellular growth and survival when activated. HER2
overexpression or gene amplification, which is present in the tumors of 25-30% of
breast cancer patients, adversely affects the prognosis of these patients.24

Trastuzumab is a monoclonal antibody against HER2. The use of trastuzumab
either as a single agent,25 or in combination with chemotherapy can improve
survival of patients with metastatic disease of HER2-positive breast cancer.26 A
retrospective analysis of a phase III study however, revealed an increased incidence
of heart failure, especially among patients treated with the combination of
doxorubicin-cyclophosphamide and trastuzumab (27%); in the patients treated with
paclitaxel and trastuzumab, heart failure occurred in 13%.26 Single agent
trastuzumab resulted in only 4% cardiotoxicity.27 At present, no long-term follow-
up data regarding trastuzumab-related cardiotoxicity are available.
The first evidence indicative of the presence of HER2 in the heart, stems from mice
deficient in HER or neuregulin, a group of HER-activating ligands. These mice die
during embryonic development due to severe neurologic and cardiac
abnormalities.28-32 Cardiomyocyte-expressed HER2 is critically important in the
cardiac development in rodents,33 and lack of the receptor in cardiomyocytes
irrevocably leads to the development of severe dilated cardiomyopathy.34 It can be
postulated that trastuzumab exerts a direct effect on cardiomyocyte membrane-
expressed HER2. In vitro addition of trastuzumab to cardiomyocytes that lacked
HER2, resulted in increased apoptosis in these cells.34 It can be imagined that
increased cardiomyocyte apoptosis, through lack of growth promoting signaling,
underlies trastuzumab-related cardiotoxicity.

DETECTION OF CARDIOTOXICITY

Imaging techniques
Currently, LVEF measurement, performed by multigated angiography (MUGA) or
ultrasound, is generally accepted as the method of choice to detect cardiotoxicity of
anticancer treatment. The LVEF reflects the functional status of the left ventricle.
This implies that subclinical myocardial injury, not affecting pump function of the
heart, will not be detected by LVEF measurement. Clinicians are trying to find
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methods to identify patients who will develop cardiotoxicity of anticancer
treatment, in order to be able to intervene earlier and prevent or limit clinical
symptoms.
One potential new diagnostic method for the early detection or prediction of
trastuzumab-related cardiotoxicity may be pre-treatment scintigraphy with
radiolabeled trastuzumab as the radioactive tracer. It can be imagined that the
cardiotoxic effects of trastuzumab are a consequence of direct binding of
trastuzumab to HER2 expressed in the myocardium. In a preliminary report, Behr
and colleagues suggested that trastuzumab could be radiolabeled effectively and
that pre-treatment radiolabeled trastuzumab scintigraphy could be used to predict
trastuzumab-related cardiac toxicity and tumor response.35

Natriuretic peptides
Biochemical markers that are established indicators of cardiac functional status in
patients with heart failure, may also be indicative of anticancer treatment-related
cardiotoxicity. The natriuretic peptides are neurohormones which are increased in
case of cardiac dysfunction; N-terminal atrial natriuretic peptide (NT-ANP), a
linear peptide from ANP, is mainly derived from the cardiac atria and B-type
natriuretic peptide (BNP) is secreted by the ventricles. In the emergency setting of
acute dyspnea, increased plasma BNP levels could discriminate between left
ventricular dysfunction and non-cardiac causes for the dyspnea.36 Furthermore,
increased natriuretic peptide levels have been related to decreased LVEF values in
patients with left ventricular dysfunction or coronary artery disease.37,38 Meinardi et
al. observed a progressive increase in plasma levels of N-terminal atrial natriuretic
peptide (NT-ANP) and B-type natriuretic peptide during the first year after
chemotherapy in 40 breast cancer patients treated with moderate-dose (either 360
or 450 mg/m2) epirubicin-containing chemotherapy and chest wall irradiation. This
increase was first present one month after the start of chemotherapy. Although
mean natriuretic peptide levels remained within normal ranges, and no association
with symptomatic heart failure or a decrease in LVEF was observed, the increase in
natriuretic peptide plasma levels was considered to be suggestive of myocardial
injury.39 In a study among breast cancer patients who received either 9 cycles of
fluorouracil, epirubicin and cyclophosphamide (median epirubicin dose 774 mg/m2,
n=49) or 3 cycles of fluorouracil, epirubicin and cyclophosphamide (median
epirubicin dose 181 mg/m2, n=56) followed by high-dose cyclophosphamide,
thiotepa and carboplatin, plasma proANP levels were measured up to 3 years after
treatment and were higher in the 9xFEC group and correlated with the total
epirubicin dose.40

Troponins
The cardiac troponins I and T, proteins that are exclusively present in myocardial
cells, are other examples of plasma markers of cardiac injury. The troponin I
plasma concentration is a well-established specific and sensitive marker of
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myocardial injury, with both high diagnostic and prognostic value.41 In a recent
report, the troponin I release pattern was measured soon after chemotherapy (early)
and one month later (late), in patients with different types of malignancies who
received treatment with high-dose chemotherapy, consisting of regimens with or
without an anthracycline derivative. Patients who had a positive troponin I value
both early and late, had a high risk (84%) of a cardiovascular event (i.e.
cardiovascular death, pulmonary edema, (a)symptomatic left ventricular
dysfunction, rhythm disturbances), compared to patients with a positive early, but
negative late troponin I (37%) and patient in the negative troponin I group (1%).42

Circulating apoptotic proteins
In patients with heart failure unrelated to anticancer treatment, cardiomyocyte
apoptosis is increased.43,44 Plasma soluble apoptosis-related proteins belonging to
the tumor necrosis factor (TNF)-superfamily of proteins, among which are TNFα,
TNF-Receptor 1 and 2, Fas and Fas ligand, are elevated in heart failure and
correlate positively with New York Heart Association (NYHA) functional class.45-48

It can therefore be proposed that these cytokines are also of use in the detection of
cardiac injury in patients who have been treated with anti-neoplastic agents.
The extracellular domain of the transmembrane HER2 receptor can be
proteolytically cleaved from the cell membrane and shed into the circulation. HER2
can be quantified in serum samples with an enzyme-linked immunosorbent assay
(ELISA). In patients with HER2-positive breast cancer, serum HER2 levels are
increased and correlate positively with metastatic tumor burden.49 Bearing in mind
the crucial role of HER2 in the animal heart, we hypothesized that trastuzumab
treatment may result in attenuated growth promoting signaling, normally provided
for by HER2 signal transduction. From a more mechanistic point of view, we
hypothesized that heart failure develops when HER2 transmembrane signaling falls
short, which may be related to a change in serum HER2 concentrations.

AIMS OF THE THESIS

The aim of this thesis is to evaluate the potential role of new serological methods,
such as measurement of plasma apoptotic protein and natriuretic peptide levels, in
addition to imaging techniques, e.g. radiolabeled trastuzumab scintigraphy, for the
detection of (sub)clinical cardiac dysfunction in breast cancer patients treated with
anthracyclines.
In order to provide more insight into the role of HER2 in the pathophysiology of
heart failure, serum HER2 levels in patients with heart failure will be evaluated.

Apoptotic pathways are extensively studied to develop new strategies for inducing
cell death in cancer cells. New drugs are being developed that specifically target
key components involved in tumor cell apoptosis. However, a major concern is that
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these new compounds increase apoptosis in other organs, such as the heart.
Although the role of apoptosis in the pathophysiology of heart failure is still
controversial, the discovery of previously unknown apoptotic pathways in cancer
research may place cardiac apoptosis in another perspective.
In chapter 2 an overview of the literature with regard to the molecular mechanisms
that are considered to be responsible for apoptosis in the heart will be presented.
Next to the more accepted apoptotic pathways, the role of (lack of) the HER family
of growth factor receptors in the heart is discussed.
Chapter 3 represents an editorial comment on an animal model of anthracycline-
induced heart failure,17 which might become of use for testing the cardiotoxic
effects of anthracyclines and evaluating pharmacological intervention in the
process of cardiac injury by anthracyclines.
We have developed a method to bind trastuzumab to the gamma-emitting isotope
111Indium. In chapter 4, we describe this radiolabeling process and the validation
of the radioactive tracer in an animal xenograft model before applying this
technique in patients.
Subsequently, we investigated whether radiolabeled trastuzumab scintigraphy in
patients with HER2-positive metastatic breast cancer could be used to identify
patients prone to cardiotoxicity when treated with trastuzumab and paclitaxel. In
this study, we also evaluated if tumor uptake of the trastuzumab tracer was present
in metastatic lesions in these patients and if so, if tumor uptake varied in and
between patients. The results of this study are presented in Chapter 5.
In chapter 6, the results of the measurement of serum HER2 levels in patients with
heart failure due to either ischemic heart disease or dilated cardiomyopathy, not
related to anticancer treatment, are described.
In addition to the studies aimed at the prediction or early detection, and
understanding of  trastuzumab-related cardiotoxicity, we evaluated the use of
circulating neurohormones and TNF-related apoptotic proteins for early detection
of anthracycline-induced (sub)clinical cardiac injury. Following up on the findings
presented by Meinardi et al., who observed an increase in natriuretic peptide
plasma levels during the first year following anthracycline-containing
chemotherapy,39 we studied plasma NT-ANP and BNP after extended follow-up in
similarly treated patients. The results are presented in chapter 7.
In chapter 8, the evaluation of the potential applicability of plasma soluble
apoptosis-related proteins for detecting cardiotoxicity after adjuvant moderate-dose
epirubicin and chest wall irradiation in breast cancer patients is described. Since
patients received either standard-dose or high-dose myeloablative chemotherapy
followed by hematopoietic stem cell rescue, we also evaluated if the treatment was
of influence on the plasma apoptosis marker levels.
Subsequently, we prospectively studied the pattern of the soluble apoptosis marker
levels during the first year following the start of the same antineoplastic treatment
in patients with high-risk breast cancer, as is reported in Chapter 9.
In chapter 10 some perspectives for future research will be presented and a
summary of the results of all investigations is given in English in chapter 11 and in
Dutch in chapter 12.
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ABSTRACT

In recent years, apoptosis has increasingly drawn the attention of both oncologists
and cardiologists alike. Anticancer treatment is possible by induction of apoptosis
in cancer cells, and targeted anticancer drugs are being developed to promote this.
However, since these drugs usually are not selective for malignant cells, side
effects on non-cancerous tissue, such as the myocardium must be anticipated. Since
apoptosis is a pathophysiological mechanism in cardiac diseases leading to heart
failure, cardiologists in contrast to oncologists, aim at preventing apoptosis in the
heart. The purpose of this review is to describe new insights in mechanisms of
cardiomyocyte apoptosis. In addition to the mitochondrial and death receptor
apoptotic pathways, apoptosis through lack or inhibition of growth factor receptor-
mediated signalling is discussed. Exploration of the apoptotic pathways in the heart
can contribute to the safer use of new anticancer drugs and to the development of
new therapies for heart failure.
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INTRODUCTION

Cardiac toxicity is a serious adverse effect that can accompany the use of several
chemotherapeutic agents. Anthracyclines in particular are related to an increased
risk of cardiac dysfunction, which is mostly due to cardiomyopathic changes,
causing impaired myocardial contractile function. Impaired myocardial contractile
function can reflect a reduction of the number of functional myocytes, decreased
contractility of viable myocytes or both. Myocyte loss can be caused by autophagic
cell death,1 necrosis and apoptosis. Autophagy consists of sequestration of cellular
material into double membrane vacuoles that fuse with lysosomes, which are
subsequently degraded by lysosomal proteases.2 Necrosis, or better oncosis, is a
passive process of cell death that occurs when a cell is deprived of oxygen. In
contrast, apoptosis is an active, energy consuming process of controlled cellular
and organellular destruction and has been described as an important
pathophysiological factor in chronic heart failure (CHF).3-5 Apoptotic pathways are
extensively studied to develop new strategies for inducing cell death in cancer cells.
New drugs are being developed that specifically target key components involved in
tumour cell apoptosis. However, a major concern is that these new compounds
increase apoptosis in organs, such as the heart. Although the role of apoptosis in the
pathophysiology of CHF is still controversial, the discovery of previously unknown
apoptotic pathways in cancer research may place cardiac apoptosis in another
perspective. The aim of this paper is to describe new insights in the molecular
pathways underlying cardiomyocyte apoptosis. Inhibition of growth factor receptor
signalling, which is currently widely investigated in anti-tumour treatment, may
also induce apoptosis in the heart. Growth factor receptor signalling pathways will
therefore be emphasized here. In addition, the relevance of these apoptotic
pathways for clinical practice will be reviewed.

MECHANISMS OF APOPTOSIS

Apoptosis can be induced by stimuli activating the intrinsic pathway
(mitochondrial pathway), the extrinsic pathway (death receptor pathway), or both
(Figure 1). In addition, growth factors and their receptors, e.g. the epidermal
growth factor receptor family (EGFR family), promote cell growth and survival,
thereby inhibiting apoptosis. Absence, deficiency or inhibition of growth factor
receptor signalling causes apoptosis to increase, for instance by the monoclonal
antibody against human epidermal growth factor receptor 2 (HER2), trastuzumab.
Apoptosis can be initiated by intracellular and extracellular triggers, including
DNA damage, a defective cell cycle, hypoxia, detachment of cells from their
surrounding tissue and loss of trophic signalling. Caspases play an important
downstream role in the intracellular apoptotic signalling cascade. These proteases
form a family, consisting of three functional groups based on their substrate
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specificities.6 Caspase 2, 3 and 7 cleave specific structural proteins and key
intracellular DNA repair enzymes (e.g. actin, Poly ADP ribose polymerase). These
proteins function as executors of apoptosis and are activated by initiator caspases
(Figure 1). The remaining group of caspases, caspase 1, 4, 5, 11, 12 and 13, are
merely involved in transduction of apoptotic signals.
Oxidative cardiac stress primarily induces “mitochondrial apoptosis”.7,8 Activation
of receptors belonging to the tumour necrosis factor receptor (TNF-R) superfamily,
can also induce apoptosis. However, mitochondrial apoptosis is considered to be
the main pathway for cardiac apoptosis, since inhibitors of the death receptor
pathways in the heart are relatively overexpressed.9 Deficient growth factor
receptor signalling can also lead to apoptosis via the intrinsic and extrinsic pathway
(Figure 1 and 5).

Figure 1. Schematic overview of cardiomyocyte apoptotic pathways. Death receptor pathway: intracellular
signaling cascade upon ligand binding. Death receptors are TNF-R1 and 2, Fas, DR4 and DR5. Death-
inducing ligands are TNFα, Fas ligand and TRAIL. Mitochondrial pathway is activated following an
apoptotic stimulus mediated by p53. Growth factor receptor signaling occurs upon binding of a growth
factor to the specific growth factor receptor. HER1/EGFR can bind EGF, transforming growth factor-α, β-
cellulin, HB-EGF, amphiregulin and epiregulin. No cognate ligand has been discovered for HER2.
Neuregulin can activate both HER3 and HER4 subtypes. HGF binds to HGFR.

Intrinsic apoptosis
The mitochondrion is the pivotal site for the intrinsic apoptotic pathway. The
common activator for this route is cytochrome c, which is released from the
intermitochondrial space (Figure 1). Once released in the cytosol, cytochrome c
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promotes pro-caspase 9 cleavage into its active form.10 Intrinsic apoptosis is
regulated by the Bcl-2-gene family of pro- and anti-apoptotic factors, which
consists of at least 18 proteins.11 In cardiomyocytes, Bcl-2 inhibits mitochondrion-
related apoptosis in isolated neonatal ventricular muscle cells.12 However, Bcl-2
knock-out mice show no increased cardiomyocyte apoptosis, suggesting that Bcl-2
is not indispensable for cardiomyocyte apoptosis inhibition.13 Interestingly, the
recently discovered pro-apoptotic Bcl-2 family member, Bcl-2 interacting protein
(BID), links the intrinsic and extrinsic apoptotic pathways (Figure 1).14

The tumour suppressor gene p53 also has apoptosis regulating properties (Figure
1). P53 mutations can down-regulate p53 expression, which induces tumour growth
through inadequate suppression of cellular proliferation by decreased apoptosis.15

However, p53 also plays a role in cardiomyocyte apoptosis. Elevated p53 protein
levels in cultured rat cardiomyocytes after hypoxia are related to increased
apoptosis.16 P53 is however not indispensable for cardiomyocyte apoptosis, as p53
is involved in mitochondrion-related apoptosis and not in apoptosis by death
receptors.17 Increased Fas expression is linked to p53, suggesting that p53 provides
the link between the intrinsic and extrinsic apoptotic pathways.18

Extrinsic apoptosis
The extrinsic pathway is activated upon ligand binding to its specific membrane-
bound death receptor (Figure 1). Death receptors belong to the TNF superfamily of
receptor-proteins, which comprises almost 20 members. Increased levels of
apoptosis-related cytokines are present in acute coronary syndromes and CHF.19 In
left ventricles of explanted hearts from patients with terminal CHF, caspase 9,
indicative of mitochondrial apoptosis, and caspase 8 were activated, pointing to
death receptor-mediated apoptosis.20

Death receptors form homotrimers upon activation, which subsequently bind
intracellular signalling molecules, resulting in formation of the death-inducing
signalling complex (DISC), which contains intracellular apoptosis mediating signal
molecules, e.g. TNF-R-associated death domain protein (TRADD), Fas-associated
death domain (FADD) and TNF-R-associated factor (TRAF). The DISC plays a
central role in extrinsic apoptosis by activating the initiator caspases 8 and 10.21 As
in mitochondrial apoptosis, this is followed by activation of the effector caspases,
which start apoptotic processes within the cell.
Next, TNFα and its receptors, Fas ligand and Fas, followed by TNF-related
apoptosis-inducing ligand (TRAIL) will be discussed concerning their role in
extrinsic cardiac apoptosis.

TNFαααα Various cell types produce TNFα, including leukocytes, endothelial cells,
cardiac fibroblasts and cardiomyocytes.22 TNFα plays a role in cell death processes
(Figure 2), cellular growth and inflammation, through activation of its receptors,
p55/TNF-R1 and p75/TNF-R2.23 Due to severe side effects, systemic recombinant
human TNFα administration is not applied in anti-tumour treatment is. In the
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cardiac apoptosis however, endogenous TNFα plays an important role. In 50
patients with acute myocardial infarction, serum TNFα levels were elevated, and
correlated with infarct size. Peak TNFα levels were found 84 hours after
admission.24 In CHF patients, cross-sectional measurements revealed 10-fold
higher TNF levels, compared to healthy controls.25,26 Serum TNFα levels also
correlated with CHF severity.27 This suggests that serum TNFα in the course of
CHF may be a valuable marker for disease severity. However, it has limited
specificity, since it is also increased in diseases, such as Crohn’s disease and
rheumatoid arthritis.

Figure 2. Schematic overview of molecular pathways for TNFα-induced cardiomyocyte apoptosis through
activation of its cognate receptor TNF-R1 and 2. TNFα exerts pro-apoptotic effects via activation of the
caspase cascade, and pro-survival effects through activation of NFκB, and COX-2. NIK, nuclear factor
nuclear factor κB-inducing kinase; NFκB, nuclear factor κB; RIP, receptor-interacting protein.

Decreased TNFα production may potentially limit apoptotic cardiomyocyte loss.
Pentoxifylline, an immunomodulatory agent, with some activity in severe
refractory intermittent claudication, inhibits TNFα. Small clinical studies in CHF
showed beneficial effects on left ventricular function and signs and symptoms of
CHF, with pentoxifylline orally.28,29 Two other drugs, etanercept (a TNF-R fusion
protein) and infliximab (a monoclonal antibody with high affinity and specificity
for TNFα) inhibit TNFα signalling, by preventing ligand-receptor coupling. Both
agents are used for active rheumatoid arthritis and infliximab also for Crohn’s
disease. Three large randomized trials in CHF patients, performed after promising
small pilot studies,30-32 revealed no improvement in death or hospitalization rate of
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etanercept or infliximab however. In one study (RENAISSANCE), hazard ratios
even tended to increase by etanercept.33 It is striking that doses as high as for
Crohn's disease were used. This may have clouded the observation, as one would
expect lower doses to be adequate for CHF.33 Nevertheless, these trials suggest
limited value of anti-TNF therapy for CHF.

Fas Ligand The type I transmembrane receptor Fas (APO-1) can induce apoptosis
upon binding of Fas Ligand (APO-1L) presented by an effector cell (Figure 3).34

The extracellular domain of Fas and Fas ligand can be shed into the circulation.35

As with TNFα, systemic adminis tration of anti-Fas antibodies or Fas ligand for the
treatment of human malignancies appears not to be feasible, due to severe liver
damage observed in mice.36,37

Fas is abundantly expressed in animal myocardial tissue and cardiac myocytes.38 In
vitro data and animal studies showed that Fas is involved in cardiomyocyte
apoptosis due to ischemia, and CHF.39-41 In ischemia-based CHF patients, Fas
expression in left ventricular biopsies obtained before coronary artery bypass
grafting was increased in fibrotic areas. However, these areas showed no increased
apoptosis.42

Serum soluble Fas levels correlate with functional class (New York Heart
Association) of CHF, with highest levels in patients with NYHA class IV.43,44

Serum soluble Fas levels in 96 NYHA class II-IV CHF patients, was an
independent predictor for survival.45 However, there was no correlation between
serum levels of soluble Fas and natriuretic peptides (atrial natriuretic peptide
(ANP) and brain-derived natriuretic peptide (BNP)).45

Inhibition of Fas-mediated cardiomyocyte apoptosis may lead to new options in the
treatment of CHF. β-adrenergic blockade in rabbits with carvedilol 1 mg/kg
intravenously, inhibited Fas-mediated apoptosis.39 In patients with dilated

Figure 3. Schematic overview of Fas – Fas
ligand-induced cardiomyocyte apoptosis. Fas
binds Fas ligand, a transmembrane protein
attached to an effector cell, mostly cytotoxic
T-cells. The intracellular death domain
subsequently binds FADD, after which
apoptosis is induced through caspase
activation.
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cardiomyopathy, administration of growth hormone or pentoxifylline improved
CHF by down-regulating serum soluble Fas and TNFα levels.29,46

Recently, controversy was introduced regarding the pro-apoptotic role for Fas in
the heart. Fas signalling was required for the compensatory hypertrophic response
following left ventricular pressure overload in lymphoproliferative mice, which
lack functional Fas.47 This is in accordance with the observation that Fas induced
hypertrophic transcription factor activator protein-1 in cultured cardiomyocytes.38

In conclusion, Fas plays a complex role in the myocardium and may be required, in
concert with other factors, as an adaptive compensatory mechanism to compensate
cardiac stress.

TRAIL The type II transmembrane protein TRAIL (APO-2L) has five receptors
(Figure 4).48 Only two can transmit the signal intracellularly, namely death
receptors DR-4 (TRAIL-R1),49,50 and DR-5 (TRAIL-R2)51 DcR1 (TRAIL-R3)51

and DcR2 (TRAIL-R4),52 are decoy receptors, lacking a functional death domain.
The fifth TRAIL-binding receptor is the soluble osteoprotegerin, a regulator of
osteoclastogenesis. Contrasting TNFα, anti-Fas antibodies and Fas ligand,
recombinant hu man TRAIL is a very promising agent for systemic use in
anticancer treatment. Following animal studies, in which anti-tumour effects and
chemopotentiating effects of systemic TRAIL were observed, phase I studies with
TRAIL will soon start. Phase I studies with an agonistic TRAIL-DR-4 antibody are
ongoing.

We showed that DR4, DR5, DcR1 and TRAIL are present in chimpanzee and
human cardiac myocytes.53 Furthermore, Western blot analysis of concentrated
transudates from explanted rat and murine hearts subjected to ischemia/reperfusion
(Langendorff model) revealed that TRAIL is released into extracellular fluid, early
after reperfusion.54 Accordingly, cardiomyocyte TRAIL expression was increased

Figure 4. Schematic overview of TRAIL-
induced cardio-myocyte apoptosis. TRAIL
induces apoptosis via DR4 and DR5
activation. DcR1 and DcR2 lack an
intracellular signaling domain. They are
capable of binding TRAIL competitively,
thereby inhibiting the function of TRAIL.
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in explanted rat and murine Langendorff hearts.54 Microarray experiments of
peripheral blood mononuclear cell of CHF patients showed that, several genes
encoding for TNF-related cytokines, including DcR2 but not DcR1, were up-
regulated, compared to healthy individuals. This was confirmed by quantitative
RT-PCR for TRAIL and TNFα.55 TRAIL-mediated apoptosis may therefore be
involved in cardiomyocyte apoptosis in CHF.
Exposure of human umbilical vein endothelial cells (HUVECs) to TRAIL, on the
other hand, resulted in inhibits apoptosis,56 and increases production of the crucial
vascular regulator nitric oxide (NO).57 This may be caused by the relative
overexpression of DcR1 in HUVECs.58 Since TRAIL is known as an apoptosis
inducer, the observation that TRAIL inhibits endothelial cell apoptosis, is
surprising, and insinuates that the physiologic role of TRAIL may be tissue specific
and more complex than initially assumed.

Apoptosis by defective growth factor receptor signalling
Decreased growth factor receptor-mediated signalling can also lead to apoptosis
through loss of cell survival promoting stimuli. In the following section, the role of
the human epidermal growth factor receptors (HER) 1 to 4 in the heart will be
discussed, followed by the cardiac role for hepatocyte growth factor (HGF) and its
receptor (HGFR). Finally, COX-2 will be discussed as the pivotal enzyme involved
in growth factor receptor-mediated intracellular signalling. Growth factor receptor
signalling plays an important role in embryonic development of several tissue
types, including the heart. To date, the EGFR family is the best known and most
extensively studied type of growth factor receptors. This family has four members,
HER1 (ErbB-1 / EGFR), HER2/neu (ErbB-2), HER3 (ErbB-3) and HER4 (ErbB-4)
(Figure 5).

Figure 5. Schematic overview of
growth factor receptor-mediated
cardiomyocyte apoptosis. After
growth factor binding to the
cognate tyrosine kinase receptor,
receptor dimerization takes place.
Cardiomyocyte survival and
apoptosis inhibition is promoted
through activation of the
PI3K/ERK – Akt pathway and the
MAPK route. COX-2 plays a
pivotal role in growth factor
receptor signaling. Ras and Raf are
cell growth regulatory proteins.
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All are type I transmembrane receptor tyrosine kinases and share functional
homology with EGFR.59 Receptor dimerisation, which occurs upon ligand binding,
is required for intracellular signal transmission. In the process of dimerisation, both
homo- and heterodimerization with other HER family members can occur,
depending on the receptors present and the ligand involved.60 Each possible
dimerized receptor complex activates a different intracellular signalling pathway,
which thus greatly broadens the signalling diversity. Signal transducer and activator
of transcription (STAT) factors and mitogen activated protein kinase (MAPK) are
up-regulated following HER activation, which results in cellular growth,
differentiation and survival.61 This trophic signalling is required for normal
development and physiology of several tissues. In the heart, growth factor receptor
signalling is required for the process of trabecularization and formation of the
cardiac valvular system.62 In addition, all four HER subtypes are involved in
angiogenesis and formation of endothelium, which was demonstrated in
HUVECs.63

HER1 (erbB-1/ EGFR) is the archetype of the EGFR family of type I
transmembrane growth promoting receptors. HER1 transmits signals provided by
EGF, transforming growth factor α (TGFα), betacellulin, heparin-binding EGF-like
growth factor (HB-EGF), amphiregulin, epiregulin and epigen (for review see 59).
HER1 is involved in embryonic development of several tissue types. This was
shown in HER1 knock-out mice which, if surviving, exhibit multiple severe
epithelial and cerebrovascular abnormalities.64 HER1 is frequently overexpressed
in human cancers and is already extensively explored as a target for anti-tumor
therapy. The HER1 antibody cetuximab was registered February 2004 as anti-
tumor drug in the treatment of metastatic colon cancer after failure of irinotecan
treatment.
After HER1 was detected in cultured embryonic chicken heart muscle cells,65 it
was found to be involved in valvulogenesis. HER1 knock-out mice show marked
thickening of semilunar valves with increased numbers of mesenchymal cells,
compared to mice capable of expressing HER1, while atrioventricular valves and
the interventricular septum of the HER1 knock-out mice are normal.66 This
suggests that HER1 is specifically required for semilunar valvulogenesis. In
addition, HER1 stimulates proliferation of cardiac myocytes, but inhibits their
differentiation.67

A key factor in the development of left ventricular hypertrophy (LVH) is the
angiotensin II type 1 receptor and activation of this receptor induces tyrosine
phosphorylation by HER1 “trans” activation.68,69 HB-EGF is related to
hypertrophic growth responses, as its mRNA expression is enhanced in isolated
myocytes from explanted spontaneously hypertensive rat hearts.70

HER1 plays a role in cardiac remodeling after myocardial infarction. In rats, 6
weeks after induction of myocardial infarction, HB-EGF mRNA and protein are
present in infarcted areas with myocardial tissue replacement by extracellular
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matrix and interstitial fibrosis.71 Additionally, HER1 has cardioprotective effects.72

Administration of the HER1-specific tyrosine kinase inhibitor, AG 1478, 25 mg/kg
intraperitoneally, to mice just before exposure to inter-male fighting (60 min),
increases serum cardiac isoform lactate dehydrogenase 1 and creatine kinase, 3
hours after inter-male fighting, compared to non-fighting and untreated mice. In
mice, 0.25 mg/kg exogenous EGF intraperitoneally, 20 minutes before exposure to
restraint and cold (4°C) for 1 hour, results in less lactate dehydrogenase 1 and
creatine kinase serum activity, compared to non-EGF-treated animals, 7 hours later.
Simultaneous administration of AG1478 completely abolishes this EGF effect.72

HER2 signalling is required for normal embryonic development. No specific
ligand has been discovered for this EGFR subtype. Nevertheless, HER2 is the
preferred heterodimerization partner for the other HERs, with a pivotal role in HER
cross-talk.60 Upon receptor-ligand binding, the HER2-HER3 heterodimer is the
preferred couple, with highest signalling potential. Next to its role in the heart
(discussed below) HER-related signalling is important for growth and development
of neural tissue, and skeletal muscle.73 To date, HER2 is predominantly known for
its oncogenic role. It is amplified and/or overexpressed in a variety of human
tumours.74 Overexpression occurs in 25-30% of breast cancers, and adversely
affects patient prognosis and survival.75 HER2 can be targeted by trastuzumab
(Herceptin ).76 In a phase III trial, comparing efficacy of standard chemotherapy
plus or minus trastuzumab in HER2 overexpressing metastatic breast cancer
patients, an increased incidence of CHF was observed in the trastuzumab group,
underlining the myocardial role for HER2. Since trastuzumab cardiotoxicity has
particularly been encountered with concurrent anthracycline chemotherapy, a
synergistic effect of the combination resulting in cardiac toxicity is probable.77 In
vitro, trastuzumab induces phosphorylation of cardiomyocyte HER2.78

Furthermore, trastuzumab increased myofibrillar disarray in anthracycline treated
rat cardiomyocytes. This indicates that trastuzumab enhances the susceptibility of
cardiomyocytes to anthracyclines.79 Additionally, alternative mechanisms for
trastuzumab cardiotoxicity have been suggested. For instance, altered excitation-
contraction coupling in cultured rabbit cardiomyocytes occurs after EGF
administration.80 Increased cardiomyocyte apoptosis, through loss of trophic
signalling by HER2 may also play a role.
In embryonic wild-type mice, HER2 is immunohistochemically present in
myocardial and endocardial cells.81,82 Cardiomyocyte HER2 expression is mostly
restricted to the T-tubular network, indicating a non-random cardiac distribution
pattern.83 It is therefore likely that HER2 regulates circumscript processes in
cardiac physiology. The first evidence indicative of HER2 involvement in the heart,
stems from HER-deficient, and neuregulin deficient mice, which die early (before
day 10.5) in embryonic development.81,84-87 Neuregulin deficient mice exhibit
neural crest deformities alongside cardiac abnormalities, which consist of poor
trabecularization and underdeveloped endocardial cushion mesenchyme.87



CHAPTER 2

30

Neuregulin treatment can rescue cardiovascular development by restoring
mesenchyme formation. This was demonstrated in explanted atrioventricular canal
tissue from mutated mice lacking the gene coding for glycosaminoglycan
hyaluronan, which is necessary for cardiac septal and valvular formation.82,86 HER2
gene deletion in mice results in complete lack of trabecularization, but only minor
endocardial cushion abnormalities.81 In addition, mice with a mutation that
inactivates the HER2 tyrosine kinase domain, die at midgestation and show similar
embryonic defects as HER2 knock-out mice.88

Specific myocardial HER2 cDNA induction, rescues genetically altered HER2
deficient mice to survive beyond birth.89,90 Neurologic abnormalities are however
not prevented. HER2 also appears to be required beyond embryonic development,
since HER2 (and HER4) mRNA is present in adult murine myocardium.62

Neuregulin administration to cultured embryonic rat ventricular myocytes
decreases apoptotic rates (TUNEL).62 Furthermore, neuregulin induces a
hypertrophic growth response with increased ANP mRNA levels in isolated rat
heart muscle cells. Since ANP is known to induce apoptosis,91 it is remarkable that
neuregulin treatment inhibits apoptosis. Again, this suggests that HER2 is required
for cardiac physiology, e.g. cardiomyocyte survival. HER2 is crucial for the
prevention of dilated cardiomyopathy. This was demonstrated in conditional
mutant mice with a cardiac-restricted HER2 gene deletion. These mice were born at
normal Mendelian frequencies and showed no overt phenotypic abnormalities at
birth. However, shortly after birth they developed dilated cardiomyopathy, with
severely attenuated myocardial contractility.83,92 Strikingly, TUNEL showed no
increased myocardial apoptosis.83 A sensitive PCR DNA-fragmentation assay
however, showed increased cardiac apoptosis in cardiac-restricted HER2 knock-out
mice.92 Subsequent adenoviral introduction of Bcl-xL expression in newborn
conditional mutated mice, resulted in partial rescue of both chamber dilation and
contractility, with decreased left ventricular end diastolic diameter and increased
fractional shortening.
HER2 inhibits the intrinsic apoptotic route, through trophic signalling induced by
the serine/threonine kinase Akt, and phosphatidylinositol-3 kinase (PI3K)
phosphorylation (Figure 1).93 Moreover, HER2 blocking agents, used as anticancer
drugs, can induce apoptosis by down-regulating factors involved in HER2 signal
transduction via Akt and PI3K.94 Interestingly, the monoclonal antibody
trastuzumab, enhances TRAIL-mediated apoptosis by inhibiting Akt, in HER2
overexpressing tumor cell lines.95

Hypertrophic growth can serve as a compensatory mechanism for different
mechanical, hemodynamic, hormonal and pathologic stimuli. Aortic banding in
conditionally mutated mice with a cardiac-restricted HER2 deficiency, did not
result in a hypertrophic growth response.83 This indicates that HER2 is required for
myocardial hypertrophy. In analogy in a rat model for LVH induced by aortic
banding, HER2, HER4 and neuregulin mRNAs were determined after sacrifice, 6
or 22 weeks after surgical induction of aortic stenosis, and compared to sham-
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operated controls.96 HER2 and HER4 mRNA and protein did not differ at 6 weeks,
but at 22 weeks, rats at the edge of developing CHF, had lower HER2 (and HER4)
mRNA and protein levels than controls. ANP mRNA increased with the duration of
aortic banding, as was to be expected. These results indicate that HER2 is involved
in compensatory LVH, prior to CHF.
The precise role of HER2 in human cardiac physiology and disease is still
unknown. Myocardial HER2 and HER4 mRNA expression was studied in LV
biopsies (RT-PCR) from 36 patients with severe CHF (NYHA class IV) due to
ischemic or non-ischemic cardiomyopathy, undergoing left ventricular assist device
(LVAD) implantation. HER2 and HER4 were up-regulated after LVAD
implantation, whereas HER2 prior to implantation was comparable to healthy
controls. HER4 mRNA levels however, were elevated in LVAD candidates.97

These results are in agreement with data from in vitro and animal studies,
suggesting that HER2 is required for normal compensatory mechanisms following
diverse pathological stimuli. Recently, in six of 60 severe CHF patients,
immunohistochemical expression of HER2 (and HER4) was shown in myocardial
biopsies.98

A promising new technique for in vivo detection of HER2 is radiolabeled
trastuzumab gammacamera imaging. This approach appears to be valuable for
prediction of trastuzumab cardiotoxicity in HER2 positive breast cancer patients,
when performed before trastuzumab treatment.99,100 Radiolabeled trastuzumab
scintigraphy may also contribute to our understanding of CHF pathophysiology.
Furthermore, since trastuzumab enhances anthracycline induced cardiotoxicity, it
may be of value for early detection of cardiac injury by anthracyclines. Serum
detection of the shed extracellular domain of HER2 is also interesting in this regard
and may serve as a prognostic marker for CHF.

HER3 has no active tyrosine kinase binding domain and must rely on
heterodimerization for phosphorylation of its tyrosine residues.101. Upon neuregulin
binding, HER3 and HER2, the preferred heterodimerization partner for HER3,
connect and transmit a strong mitogenic signal.102 Similar to the other HERs, HER3
is involved in normal development of several tissues, including the heart, and is
also related to tumor growth. Cardiac defects caused by HER3 deficiency largely
resemble HER2-related defects, but are milder.103 Mice lacking HER3 survive
slightly longer (13.5 days) than HER2 deficient mice, but they do show
underdeveloped organs.84 Cardiac endocardial cushion differentiation is
incomplete, lacking mesenchyme formation, which results in defective valves.
trabecularization is however marginally affected in HER3-deficient mice, and
differentiation and thickening of myocardial tissue is only slightly reduced.84 In the
embryonic mouse heart, HER3 is expressed in invading mesenchyme, myocardium
and endocardium, but not uniformly in the endocardium. Myocardial cells show
weak HER3 expression.82,87 Explanted developing atrioventricular canal tissue
from HER2 and HER3 deficient mice, illustrated that HER2 and HER3 are both
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required for normal endocardial cushion formation, since underdeveloped
mesenchyme was present in both mutant mouse types. In contrast to HER3-
deficient mice, neuregulin-deficient and HER4-deficient mice showed no
endocardial cushion defects.82 In adult and neonatal (1 day postnatal) cardiac tissue,
HER3 mRNA has not been detected.62 In conclusion, HER3 appears to be
important in embryonic development of the cardiac valvular system, most likely
based on its heterodimerization with HER2.

HER4 has an active tyrosine kinase binding domain.104 In addition to neuregulins
HER4 can also be activated by HB-EGF, betacellulin and epiregulin. HER4
functionality is also required for normal development, growth and differentiation of
diverse tissue types, particularly the heart and nervous system. HER4
overexpression is related to tumor growth, e.g. breast and ovarian cancer.105,106 In
murine and human tissues, HER4 is especially present in the heart and brain, and to
a lesser extent in epithelial tissues.105,107 Most studies addressing the role for HER2
in cardiac development, also evaluated HER4 involvement, as their cardiac
distribution patterns seem identical. Moreover, mice lacking the HER4 gene,85

exhibit similar cardiac and neurologic abnormalities as neuregulin deficient and
HER2 null mice.81,87 Homozygous HER4 null mice also do not survive beyond
embryonic development and die before day 10.5. In these mice, aborted ventricular
trabecularization leading to decreased embryonic blood flow, is the most important
cardiac abnormality. Apart from slightly reduced endocardial cushion size, there
are no apparent abnormalities of the ventricular walls and endocardium.85 In rats,
HER2 and HER4 mRNA and cDNA is expressed in fetal and adult isolated
ventricular myocytes. Notably, HER4 mRNA is expressed consistently higher than
HER2, in rat cardiomyocytes.62 Soluble recombinant human neuregulin induces a
hypertrophic growth response and decreases cardiomyocyte apoptosis, in rat
ventricular myocytes.62 In rats with left ventricular hypertrophy as a result of
banding-induced aortic stenosis, HER4 and HER2 are down-regulated, early in the
development of CHF (22 weeks aortic banding). During compensatory hypertrophy
(6 weeks aortic banding), HER2 and HER4 mRNA levels are readily detectable.96

The evidence described above indicates a role for HER4 in cardiac development
and physiology, and stress-adaptation of the heart. heterodimerization may be very
important for the ultimate signal to be transduced.

HGFR is the specific tyrosine kinase receptor for HGF, a mesenchymal growth
factor that stimulates proliferation and differentiation of several cell types.108 It was
first discovered to hepatocytes. HGFR has features characteristic of the tyrosine
kinase growth factor receptor family,109 and is encoded for by the proto-oncogene
c-MET. The HGF-HGFR complex is active in various tissue types and mediates
complex biological processes.110 In the developing heart, it is present at the
transcriptional level in pre-myocardial tissue.111
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Serum HGF levels are elevated within 3 hours after onset of chest pain in patients
with acute myocardial infarction. This indicates a role for HGF in myocardial
infarction, although increased serum HGF levels have not been observed in other
cardiovascular diseases, such as angina pectoris, dilated or hypertrophic
cardiomyopathy.112 Rats subjected to myocardial ischemia (1 hour) and reperfusion
show increased HGF mRNA levels in the ischemic reperfused area, with a peak at
3 hours after reperfusion.113 Plasma HGF levels in these rats are more then 10-fold
higher than in controls. Myocardial HGFR mRNA is also increased.
Immunohistochemical HGFR expression in myocardial tissue obtained at autopsy,
was higher in 13 patients with a prior myocardial infarction (from 2 hours to 10
years before death), compared to 13 patients who died without heart disease.114

HGFR overexpression was mainly detected in the periphery of the infarcted area
and to a lesser extent in hypertrophic cardiomyocytes. Next to evidence of pro-
angiogenic effects of HGF, and beneficial effects of HGF in ventricular
remodelling,115 these results suggest a protective role for HGF in cardiac ischemia.
In patients admitted with a CHF exacerbation, serum and peripheral blood
mononuclear cells HGF levels are higher than in controls.116 Furthermore,
angiotensin converting enzyme (ACE) inhibitor treatment of CHF patients
increases serum HGF levels.117 Decreased HGF serum levels are associated with
increased Ang II in these patients. HGF inhibits apoptosis in non-cardiac cell
types,118 inactivates Bax and causes Bcl-xL up-regulation.119 In vitro, HGF inhibits
cardiomyocyte apoptosis.120 Adult rat ventricular cardiomyocytes exposed to HGF,
exhibit increased Erk phosphorylation and activation of GATA-4, a survival-
promoting transcription factor. Simultaneously, Bcl-xL expression is increased.120

In addition, in anthracycline-treated isolated murine cardiomyocytes, apoptosis is
attenuated by adenoviral induction of GATA-4.121 In accordance with the HERs,
HGF appears to be important for cardiomyocyte survival, probably by preventing
cardiac apoptosis.

COX-2 (Cyclooxygenase-2) is the rate limiting enzyme in prostaglandin
synthesis.122 Two COX isoforms have been identified, namely COX-1, which is
constitutively expressed in myocardial tissue, and the inducible COX-2.123. COX-1
plays an important role in protecting the gastroduodenal mucosa, whereas COX-2
is an immediate-early response gene. COX-2 is frequently overexpressed in human
tumours,124 and can be induced rapidly in response to tumor promotors, such as
cytokines (e.g. TNFα)125  and growth factors (Figure 1, 2 and 5).126 Its cellular
expression is regulated by MAPK.127 Studies in human colon cancer revealed that
COX-2 is involved in HER2 cross-talk (Figure 1).128 In human tumor cell lines,
COX-2 is also involved in apoptosis prevention, by increasing Akt.129 For this
reason, COX-2 is a hot topic in anticancer research and is promising in this regard.
To date, COX-2 has particularly been investigated for its role in inflammation,
rheumatoid disorders and malignant tumors. In the heart, its role is still
controversial. Myocardial COX-2 protein expression is increased in patients with
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myocardial ischemia, dilated cardiomyopathy and CHF, especially in areas of
inflammation and scarring.130 Selective COX-2 inhibitor treatment in a rat
myocardial infarction model, improved left ventricular end-diastolic and systolic
pressure, and was related to reduced infarct size.131 This suggests that COX-2 has
deleterious effects on the heart. In contrast, submission of rat neonatal
cardiomyocytes to oxidative stress by hydrogen peroxide or doxorubicin, increases
COX-2 mRNA and protein expression, and augments prostacyclin formation.
Selective COX-2 inhibition (NS-398) or Erk inhibition (PD098059) completely
abolishes prostacyclin formation.132 COX-2 inhibition worsens doxorubicin-
mediated cardiotoxicity in rats, based on a rise in plasma troponin-T, serum lactate
dehydrogenase and cardiomyocyte apoptosis.133 COX-2 increases cardiomyocyte
resistance to sublethal ischemic stress (ischemic preconditioning). In a rabbit
ischemic preconditioning model, myocardial COX-2 mRNA levels in
preconditioned areas increased after one hour of ischemic stress. COX-2 mRNA
levels returned to normal after 24 hours. COX-2 protein expression was also
increased, 24 hours after ischemia. This was associated with higher COX-2
activity, determined by arachidonic acid metabolite levels. Administration of a
selective COX-2 inhibitor (NS-398 or celecoxib) completely abrogated the
increased COX-2 activity. In the preconditioned rabbits, COX-2 inhibition
impaired recovery of myocardial function, represented by systolic wall
thickening.134

Whether or not COX-2 is of benefit to the heart remains subject to debate. In
patients with cardiac disease, NSAIDs, which non-selectively inhibit COX,
increase the risk of CHF.135 A trial in 8,076 patients, comparing gastrointestinal
side-effects of a selective (rofecoxib) with a non-selective COX-2 inhibitor
(naproxen) for rheumatoid arthritis, showed an increased relative risk of developing
cardiovascular events in the rofecoxib group of 2.37 (P = 0.0016).136 However, the
results of 2 trials in patients with rheumatoid arthritis, evaluating celecoxib versus
non-selective COX-2 inhibition (ibuprofen or diclofenac), did not support
this.137,138

The role for COX-2 in cardiac pathophysiology is particularly interesting, all the
more based on the apparent pivotal role for COX-2 in the crosstalk between
cytokines and growth factor receptors.

CONCLUSION

In anti-cancer treatment, cardiotoxicity may be a side effect of compounds that
inhibit growth factor receptor signalling. This may be the case for selective COX-2
inhibitors, but also for recently developed tyrosine kinase inhibitors and HER-
blockers. The tyrosine kinase inhibiting HER1 blocker ZD1839 (Iressa ) for
instance, is used in patients with lung cancer and other solid tumor types. To date,
increased incidence of CHF is not observed. Nevertheless, since long-term follow-
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up data are still limited, inherent cardiotoxicity cannot be discarded. Currently,
several dual HER1-HER2 inhibitors, and a pan HER-blocker are studied in the
clinic. In phase I, toxicity profiles of these agents were mild and cardiotoxicity has
not (yet) been reported. However, cardiotoxicity must be anticipated and these
agents should be applied with caution in patients, especially when concurrent
cardiac disease is present. In addition, it is very likely that targeted anti-tumor
drugs will be combined with chemotherapeutic agents, which may further increase
the risk of cardiotoxicity.
Molecular mechanisms such as apoptosis deserve to gain increasing interest in
cardiac pathophysiology as well. All the more since beneficial effects of stem cell
transplantation in the treatment of myocardial infarction, suggest that the
myocardium can be regenerated.139,140 Most of what is known to date regarding
apoptotic pathways, stems from embryology and cancer research. Addressing
growth factor receptor pathways, including COX-2, is also of particular interest for
developing new therapies for cardiac disease. In vitro and animal studies indicate
great potential for neuregulin in the CHF treatment in the near future. Adversely,
cellular overgrowth may emerge as a major limitation for the use of (systemic)
neuregulins.
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The paper by Simunek et al. in this issue of the Journal describes a rabbit model for
heart failure (HF), in which HF is caused by anthracycline-induced cardiomyocyte
damage.1 The discovery of the presence of both apoptosis,2 and proliferation3 in
cardiac myocytes in the human heart, contested the general assumption that the
heart is a terminally differentiated organ. With this in mind, animal models of
cardiomyocyte injury, such as the rabbit model described by Simunek et al. in this
issue, may be of great interest to evaluate alternative, previously unexplored
pathophysiologic mechanisms of HF and to test new cardioprotective treatment
modalities.
The authors describe that systolic and diastolic cardiac function were impaired in
daunorubicin treated rabbits, in contrast to saline-treated controls. Assessment of
cardiac function was performed by cardiac catheterization, phonocardiography,
echocardiography, biochemistry, and histological examinations of the rabbit hearts
after sacrifice.1 It was possible to adequately quantify severity of HF, and higher
cumulative doses of daunorubicin resulted in increased impairment of cardiac
function. The authors rightly conclude that this model is of value for studying drug
cardiotoxicity and for the evaluation of cardioprotective agents. However, with
regard to the clinical value of the model, some observations must be taken into
account. First, in the rabbits, HF developed early during daunorubicin treatment,
whereas in patients this is generally a long-term effect. Second, the rabbits received
3 mg/kg body weight daunorubicin intravenously, weekly for 10 weeks, resulting
in a cumulative dose of 90 mg/m2, which is rather low for humans, who normally
receive up to 450-550 mg/m2 cumulative life-time dose. The fact that all
daunorubicin-treated animals developed HF during treatment, and with the rather
low dose, indicates that rabbits are more susceptible to anthracycline cardiotoxicity
than humans. Furthermore, the weekly treatment schedules in the rabbits may be
completely not comparable to patient regimes (usually 3-weekly administrations in
4-6 cycles). Finally, nephrotoxicity, which occurred in daunorubicin-treated
rabbits, is not a relevant side effect in anthracycline-treated patients.
Anthracyclines are among the most effective anticancer compounds and are
therefore widely used in current antitumor therapy. In both curative and palliative
settings, use of anthracyclines is increasing, for example in the adjuvant breast
cancer treatment. The most important limitation in the use of anthracyclines in
clinical practice is cardiotoxicity. Due to the current awareness of dose-dependent
cardiotoxicity, the administration of high cumulative amounts of anthracyclines in
patients is usually avoided. Furthermore, cardiac function is often monitored during
anthracycline treatment. Nevertheless, even low cumulative amounts of
anthracyclines can cause substantial cardiac damage.4

Use of cardioprotectants may enable the safer administration of high cumulative
amounts of anthracyclines.5 The consequence of the use of these agents may be,
however, that the cardioprotective effects are accompanied by a reduction of
antitumor efficacy of chemotherapeutic agents. For the development of new
cardioprotectants animal models, such as the model described in this issue, can thus
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be used for a careful preclinical selection of effective cardioprotective agents and to
support the optimal design for clinical trials. Large randomized clinical trials with
long-term follow-up to prove cardioprotective effects that do not interference with
antitumor efficacy of the chemotherapeutic agents, can then be reserved for proven
effective compounds.6 Cardiomyocyte apoptosis plays an important role in
anthracycline-induced cardiotoxicity,7 therefore, new cardioprotectants may be
developed that aim to inhibit apoptotic mechanisms, such as free radical formation-
induced lipid peroxidases and/ or calcium influx in the cell through ceramide
pathway-activated B-type calcium channels.8,9

In conclusion, animal models, such as the rabbit model described by Simunek et al.,
may be of importance for studying the role of apoptotic pathways in the heart and
for preclinical evaluation of new cardioprotective compounds.
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ABSTRACT

Background
Trastuzumab (Herceptin®) is a recombinant humanized IgG1 monoclonal antibody
against the human epidermal growth factor receptor 2 (HER2), used for metastatic
breast cancer treatment. Radiolabeled trastuzumab may have several future
applications for diagnostic use. The aim of the present study was to develop clinical
grade 111Indium (111In) radiolabeled trastuzumab, to evaluate the stability and
immunoreactivity of the tracer and to perform a biodistribution study in human
tumor-bearing mice.

Methods and results
Trastuzumab was radiolabeled with 111In using DTPA as a chelator. 111In-DTPA-
trastuzumab (labeling yield 92.3 ± 2.3%, radiochemical purity 97.0 ± 1.5%) is
stable in PBS when stored at 4°C for more than 14 days. The immunoreactive
fraction determined by cell-binding assays, using the HER2-overexpressing human
ovarian SK-OV-3 tumor cell line, was 0.87 ± 0.06. Biodistribution and tumor
targeting were studied in HER2 receptor-positive and -negative tumor-bearing
athymic mice. The HER2-positive tumor showed (9.77 ± 1.14% injected dose per
gram (ID g–1)) substantial uptake of the labeled antibody already after 5 hours. The
difference in uptake between HER2-positive versus -negative tumors was even
more pronounced 3 days after injection (16.30 ± 0.64% ID g–1), and was visualized
by radioimmunoscintigraphy. Liver, spleen and kidney showed marked tracer
uptake.

Conclusion
Trastuzumab can be efficiently radiolabeled with 111In with high labeling yields and
high stability. 111In-DTPA-trastuzumab selectively binds to the human HER2
receptor both in vitro and in vivo in animals. Therefore, 111In-DTPA-trastuzumab
appears suitable for clinical use.
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INTRODUCTION

Trastuzumab, a recombinant humanized IgG1 monoclonal antibody against the
human epidermal growth factor receptor 2 (HER2), is currently used for the
treatment of patients with metastatic breast cancer, whose tumor overexpresses
HER2. The human epidermal growth factor receptors (HER/erbB) constitute a
family of four cell surface receptors (HER1–4) with tyrosine kinase activity,
involved in transmission of signals controlling normal cell growth and
differentiation. The HER2 receptor is encoded by the human gene HER2/c-erbB2
(HER2/neu). HER2 functions as a ligandless receptor and is overexpressed in a
wide variety of human cancers, including 20–30% of primary breast cancers.1

Overexpression of the HER2 receptor is a predictor of poor prognosis, because it is
associated with aggressive tumor growth and metastatic activity.1 Several trials
investigated the role of trastuzumab alone and in combination with
chemotherapeutic drugs, especially in metastatic breast cancer.2 Unfortunately, the
use of trastuzumab is associated with cardiotoxicity. The risk of cardiotoxicity is
greatest when trastuzumab is used in combination with anthracycline-based
chemotherapy regimens namely 28 versus 7% for trastuzumab alone.1

The exact mechanism of trastuzumab-induced cardiotoxicity is still unknown, but is
suggested to result from a direct action on the HER2 receptor of cardiomyocytes.
HER2 signalling in cardiomyocytes is essential for the prevention of dilated
cardiomyopathy.3 The HER2 receptor plays a critical role in cardiac development.
Conditional ErbB2 mutants developed severe dilated cardiomyopathy.4 In addition,
HER2 is thought to participate in an important pathway for growth, repair and
survival of adult cardiomyocytes, as part of a signalling network that also involves
neuregulins and the neuregulin receptor HER4. However, HER2 levels in the
healthy adult heart are low compared to the levels in HER2-overexpressing breast
cancer cells that are the intended targets of trastuzumab therapy.5,6

The risk of developing cardiotoxicity makes patient selection for trastuzumab
therapy of great importance. A reliable test to predict tumor response and the risk of
developing cardiac failure is therefore needed. Currently, there is no noninvasive
method to visualize and stage HER2-overexpressing tumor localizations.
Radionuclide imaging using radiolabeled trastuzumab might be useful for the
detection of tumor localizations, to determine the degree of trastuzumab uptake as
well as for the selection of patients who should not receive trastuzumab, because
they are likely to develop cardiotoxicity. In a preliminary report, Behr et al recently
suggested that pretreatment scanning with a tracer dose of radiolabeled trastuzumab
might predict therapy response and cardiotoxicity.7

The aim of the present study was to develop adequate radiolabeling of trastuzumab
and to characterize and validate 111In radiolabeled trastuzumab as a new tracer
intended for future clinical use. The optimization of the labeling method, the in
vitro characterisation and the biodistribution of 111In-DTPA-trastuzumab in tumor-
bearing athymic mice were studied.
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METHODS

DTPA conjugation
Following the instructions of the manufacturer, trastuzumab (Herceptin®, Roche,
Welwyn Garden City, Hertfordshire, U.K.) was reconstituted in water for injection
to obtain a 21 mg ml–1 solution of trastuzumab. Trastuzumab was purified from
other excipients (histidine, polysorbate and , -trehalose) by ultrafiltration
(Centricon® filter 30 kDa, Millipore, Etten-Leur, The Netherlands; 30 min at 2684
x g). The chelator diethylenetriamine penta-acetic acid dianhydride (DTPA di-
anhydride, Sigma Chemical Co., St Louis, MO, U.S.A.) was then conjugated to the
antibody using a small modification of the well-known cyclic anhydride method.8,9

Conjugation was performed at a 1 : 1 molar ratio. In brief, 20 µl of a 1 mg ml–1

suspension of DTPA anhydride in dry chloroform (Merck, Darmstadt, Germany)
was pipetted under ultrasonication and transferred to a glass tube. The chloroform
was evaporated under a gentle stream of nitrogen. Purified trastuzumab (10 mg =
0.5 ml) and 1.4% sodium bicarbonate (pH 8; 200 µl) were subsequently added and
gently mixed at room temperature for 5 min. Unbound DTPA was then removed by
ultrafiltration (twice 30 min at 2684 x g). The purified immunoconjugate DTPA-
trastuzumab was either stored at –20 °C or immediately used for radiolabeling.

Radiolabeling
111InCl3 (DRN 4901; 370 MBq ml–1 in 0.05 M HCl, pH 1.5–1.9) was obtained from
Tyco Health (Petten, The Netherlands). An equal volume of a 0.1 M sodium acetate
buffer (sodium acetate 99.995%, Aldrich Chem. Co., Milwaukee, WI, U.S.A.) was
added to the 111InCl3 stock solution and carefully mixed, resulting in pH 5.5. The
111InCl3 was then added to the conjugated DTPA-trastuzumab and the reaction
mixture was incubated for 5 min. After incubation, 20 mM DTPA in 0.1 M sodium
acetate solution was added in order to bind free 111In. The resulting 111In-DTPA was
then removed by ultrafiltration. The product was diluted in normal saline and
sterilized by filtration through a 0.2 µm Millex GV filter (Millipore).
The complete labeling procedure was optimized by subsequently varying reaction
pH, incubation times, molar DTPA to trastuzumab ratios, amounts of 111InCl3 added
per mg conjugate and purification methods with a Sephadex G25 column (PD-10
column, Amersham Biosciences AB, Uppsala, Sweden) versus ultrafiltration.
The optimal labeling procedure, described above, was then validated and performed
under good manufacturing practice (GMP) conditions. The Departments of Nuclear
Medicine (including the Radiopharmacy) and Hospital Pharmacy have a Quality
Management System and are ISO 9001 : 2000 certified. Personnel are appropriately
trained with respect to GMP and radiation safety aspects. The labeling procedure is
conducted in a validated biohazard Laminar Air Flow hood that is placed in a
background environment conforming to GMP grade C. The final product meets Ph.
Eur. criteria. Protein content, pyrogen content and sterility are therefore measured.
(Buffer) solutions are produced in the production facility of the Department of
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Hospital Pharmacy and are sterilized (15 min at 121 °C). Glassware, materials and
solutions for the labeling procedure were sterilized, pyrogen-free and metal-free.
Centricon filters were not sterilized.

Quality control of 111In-DTPA-trastuzumab
Radiochemical purity was determined by size exclusion-high-performance liquid
chromatography (SE-HPLC) and instant thin-layer chromatography (ITLC). The
HPLC system used consisted of a Waters 1500 series manual injector with 20 µl
injection loop (RheodyneTM 7725i Injector, Milford, MA, USA), a Waters 1525
Binary HPLC pump, a Waters 2487 dual-wavelength absorbance detector and an in-
line radioactivity detector made of a sodium iodide crystal coupled to a
multichannel analyzer (Ortec, Nieuwegein, The Netherlands). Chromatograms were
analyzed using the Breeze software (Waters, Etten-Leur, The Netherlands). The
size exclusion column used was a Bio Silect SEC 250-5, 300 x 7.8 mm2 column
from Bio-Rad Laboratories BV (Veenendaal, The Netherlands). The mobile phase
was phosphate-buffered saline (PBS; NaCl 140 mmol l–1, Na2HPO4 9.0 mmol l–1

and NaH2PO4 1.3 mmol l–1; pH = 7.4). The flow was 1.0 ml min–1 and the UV
detector wavelengths were set at 220 and 280 nm. The column performance was
tested using a reference Bio-Rad Gel Filtration standard. The retention time of
trastuzumab is 7.8 min, 111In-DTPA elutes at 11.7 min. Recovery from the HPLC
column was assessed by collecting fractions and counting for radioactivity (well-
type LKB-1282-Compu-gamma system (LKB Wallac, Turku, Finland)).
ITLC was performed on silica-impregnated glass fibre sheets (ITLC-SG 2.5 x 10
cm2, Pall Gelman Sciences, Ann Arbor, MI, U.S.A.). From the final product, 5 µl
was applied to the ITLC strip that was developed with 0.9% NaCl for 5 min.
Radioactivity was determined by an instant chromatography scanner (VCS-101,
Veenstra Instruments, Joure, The Netherlands) equipped with an NaI crystal. 111In-
DTPA will move to the front, the 111In-labelled monoclonal antibody remains at the
starting position.

Stability testing of the radiolabeled compound
The stability of the labeled compound was evaluated in PBS and in human serum.
Stability of the 111In-DTPA-trastuzumab in PBS was determined by storing the final
solution at 4 °C for 14 days and performing frequent SEC-HPLC analysis to
determine radiochemical purity. Serum stability during 7 days was assessed after
the addition of 1 mg 111In-DTPA-trastuzumab (20 MBq) to 1 ml serum and storage
at 37 °C. Frequent SEC-HPLC analysis was performed. Furthermore, the stability
of the conjugated DTPA-trastuzumab stored at –20 °C for more than 1 year was
investigated. HPLC-UV analysis of the conjugated product was performed to
monitor for degradation products or other impurities. After subsequent 111In-
labelling of the stored conjugated product, both labeling efficiency and
radiochemical purity were determined.
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Iodination of trastuzumab
Direct iodination of purified trastuzumab with 125I (125I-NaI in NaOH 0.05 M; 185
MBq = 0.05 ml, Amersham Health, Eindhoven, The Netherlands), at a specific
activity of 15 MBq mg–1 (0.4 mCi mg–1), was performed using the Iodogen®

method. Nonbound 125I was removed by gel filtration chromatography (PD-10
column, SephadexTM G-25M, Amersham Biosciences AB, Uppsala, Sweden). The
radiochemical purity was determined by trichloroacetic acid (TCA) precipitation
and ITLC using the method described above.

Determination of the immunoreactive fraction
The immunoreactive fraction of radiolabeled trastuzumab was essentially
determined by cell-binding assays at infinite antigen excess, as described by
Lindmo et al.10 For this assay, the human breast cancer cell line SK-BR-3 and the
human ovarian cancer cell line SK-OV-3, both overexpressing HER2, were used.
These cell lines were used previously in studies with trastuzumab.2 The human,
small-cell lung cancer cell line GLC4, with low HER2 expression (flow cytometry
analyses), served as a control and is further referred to as ‘negative’ control. SK-
OV-3 was cultured in DME high glucose/10% fetal calf serum (FCS). GLC4 was
cultured in RPMI 1640/10% FCS, both in a humidified atmosphere with 5% CO2 at
37 °C. SK-OV-3 or SK-Br-3 cells were washed with PBS and detached from the
flask using a trypsin solution. After 15 min incubation at 37°C, the cell suspension
was transferred into a Falcon tube and medium was added. Cells were harvested by
centrifugation (5 min, 167 x g) and resuspended in fresh medium to 40 x 106 cells
ml–1. A fixed amount of 111In-DTPA-trastuzumab (50 ng, 10,000 c.p.m.) or 125I-
trastuzumab was added to increasing numbers of cells (ranging from 0.3 x 106 to 10
x 106 in 200 µl) and incubated at 4 °C for 1 hour. To determine uptake, cell
suspensions were centrifuged (10 min, 167 x g) and washed three times with PBS
containing 5% FCS. Specific binding was calculated as the ratio of cell-bound
(pellet obtained after the last centrifugation step) to total radioactivity applied
minus nonspecific binding, determined by the same procedure after adding a 500-
fold excess of unlabelled trastuzumab.

Internalization assay
This assay was performed as described by Zalutsky et al.11,12 About 5–10 ng 125I-
trastuzumab or 111In-DTPA-trastuzumab was added to 1.4 x 106 SK-OV-3 cells and
incubated at 4 °C for 1 hour. After washing twice with cold PBS, cells were
incubated at 37 °C in medium. After 1, 2, 4, 20 and 24 hours incubation, cells were
assayed in duplicate for surface-bound, intracellular and supernatant activity. Cell
suspensions were centrifuged and the supernatant removed. Membrane-bound
activity was determined by elution from the cell surface after a 5 min exposure of
the cells to 0.1 M sodium citrate buffer (pH 1–2). The cell suspension was
centrifuged to separate the acid-soluble cell surface activity (supernatant) and the
intracellular acid-resistant radioactivity (cell pellet). The acid-soluble cell surface
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radioactivity, intracellular acid-resistant radioactivity and supernatant fractions
were counted in a well-type LKB-1282-Compu-gamma system (LKB Wallac,
Turku, Finland). Results were expressed as percentage of the total activity that was
present in each of these three fractions as a function of time.

Biodistribution, radioimmunoscintigraphy and immunohistochemistry in
tumor-bearing mice
The in vivo behavior of the radioimmunoconjugate was assessed using athymic
mice bearing human SK-OV-3 or GLC4 xenografts. Male athymic mice
(Hsd:Athymic Nude-nu) obtained from Harlan Nederland (Horst, The Netherlands)
at 4–6 weeks of age (30 g) were injected subcutaneously with either 1 x 106 SK-
OV-3 cells or 1 x 106 GLC4 cells mixed equally with 0.1 ml MatrigelTM (Becton
Dickinson, Bedford, MA, U.S.A.). Animals were used for in vivo studies
approximately 2 weeks after inoculation, when the tumor measured between 0.5
and 0.8 cm in maximal diameter.
111In-DTPA-trastuzumab was injected intravenously (I.V.) in the penile vein (450 ±
25 kBq, 25 µg, 0.2 ml). At six time points (t = 5 hours, t = 1, 2, 3, 4, 7 days), groups
of mice (n = 3 – 6) were killed and several organs and tissues were excised, rinsed
for residual blood and weighed. Group size is variable because the biodistribution
was performed in two series. Samples were counted for radioactivity in a calibrated
well-type LKB-1282-CompuGamma gammacounter. Tissue activity is expressed as
percentage of the injected dose per g tissue (% ID g–1). Tumor-to-tissue ratios were
also calculated. All data were corrected for physical decay and compared with a
known standard sample. The mean and the standard error of the mean (SEM) for
each tissue, at every time point, were determined. The animal studies were
conducted in accordance with the Law on Animal Experimentation and local
guidelines, and were approved by the local ethical committee.
Expression of HER2 was confirmed immunohistochemically. Formalin-fixed,
paraffin-embedded tumors were stained with antibodies against HER2/neu
(HercepTestTM, DAKO, Copenhagen, Denmark). Immunohistochemical results
were scored semiquantitatively, according to the system used in clinical testing (0,
1, 2 and 3 + = no/weak/moderate/strong circumferential, membranous staining).
Radioimmunoscintigraphy was performed with tumor-bearing mice to further
demonstrate the tumor localization of 111In-DTPA-trastuzumab, as well as illustrate
the potential use of the radioimmunoconjugate in nuclear medicine applications.
The mice were anaesthetized with 0.1 ml ketamine (25 mg ml–1)/medetomidine HCl
(1 mg ml–1) (2 : 1) and scanned for 10 min with a gammacamera (Diacam, Siemens,
The Netherlands) equipped with a medium energy collimator. In the absence of an
animal SPECT, for practical purposes, images were only acquired 72 hours after
administration of 111In-DTPA-trastuzumab.
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Statistical analysis
Data are presented as means ± SEM. Statistical analysis was performed using a
Student's t-test (SPSS version 10.0.7). A P-value of < 0.05 was considered
significant.

RESULTS

111In-DTPA-trastuzumab radiolabeling
First, both the DTPA conjugation step and the final labeling step were optimized by
varying pH, incubation times, molar DTPA-to-trastuzumab ratio and methods of
purification. The best yield was obtained by carrying out all reaction steps under
absolute metal-free circumstances and by removing any unreacted DTPA by
ultracentrifugation. Purification with a Sephadex G25 column reduced the labeling
yields considerably. In the conjugation step, the optimal pH is 8. Incubation times
longer than 5 min did not increase the labeling efficiency. The optimal molar
DTPA-to-trastuzumab conjugation ratio was 1 : 1. At higher amounts of DTPA,
aggregation increased. Lower amounts of DTPA limited the labeling efficiency.
The conjugated trastuzumab was radiolabeled with a specific activity of 18.5 MBq
(0.5 mCi) per mg protein. Labeling with 111InCl3 resulted in labeling yields of 92.3
± 2.3% (n = 4). After purification of the final product by ultrafiltration, the
radiochemical purity of the final product 111In-DTPA-trastuzumab was 97.0 ± 1.5%,
as determined by HPLC and ITLC. The only impurities detected were unbound
111In-DTPA and some labeled aggregates (3.35 ± 0.26%). The recovery of the
HPLC column was always > 85%. A typical HPLC chromatogram of 111In-DTPA-
trastuzumab is shown in Figure 1.
The stability of the conjugated DTPA-trastuzumab stored at –20 °C was
investigated over a period of 15 months. HPLC-UV analysis of the stored
conjugated product showed no degradation products or other impurities. 111In
labeling of the stored conjugated product resulted in a labeling efficiency of 89.4 ±
6.3% (77 – 96%, n = 20) and a radiochemical purity of 97.2 ± 1.3%.

111In-DTPA-trastuzumab in vitro stability
111In-DTPA-trastuzumab stored at 4 °C was highly stable in PBS over 14 days, with
minimal decrease of protein-bound radioactivity (6%). In serum stored at 37 °C, a
significant source of label instability was transcomplexation to transferrin. The
transcomplexation as estimated by SEC-HPLC analysis was about 7% per day,
which is similar to 35 – 40% in 5 days.
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Figure 1. Typical SEC-HPLC-chromatogram of 111In-DTPA-trastuzumab. Retention time for 111In-DTPA-
trastuzumab is 7.8 min and for 111In-DTPA 11.7 min.

111In-DTPA-trastuzumab immunoreactivity
The immunoreactive fraction of the purified, radiolabeled product 111In-DTPA-
trastuzumab was 0.87 (± 0.06, n = 3), determined by an SK-OV-3 cell-binding
assay. The same results were achieved using HER2-overexpressing SK-BR-3 tumor
cells instead of SK-OV-3 cells. The nonspecific binding was less than 3%,
determined by adding a 500-fold excess of unlabelled trastuzumab. This is similar
to the binding of 111In-DTPA-trastuzumab to the HER2-negative GLC4. The
immunoreactivity of the radioiodinated trastuzumab was 0.78.

111In-DTPA-trastuzumab internalization
The internalization was 25% after a 1 hour and 45% after a 4 hours incubation
period (Figure 2). This indicates that there is rapid internalization of the HER2
receptor. With 125I-trastuzumab, radioactivity was released from the cell already
after 4 hours, whereas 111In-labelled trastuzumab was retained in the cell for at least
24 hours. Iodine conjugated to trastuzumab was thus released rapidly from the cell,
apparently caused by intracellular rapid catabolism of the radioiodinated antibody.

Figure 2. 111In-DTPA-
trastuzumab internalization
assay. The acid-soluble cell
surface radioactivity (citrate
buffer), intracellular acid-
resistant radioactivity (cell
pellet) and supernatant
(medium) fractions, expressed
as the percentage of the total
activity ± SD that was present
in each of the fractions as a
function of time.
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111In-DTPA-trastuzumab biodistribution
Tables 1 and 2 show the biodistribution of 111In-DTPA-trastuzumab in HER2-
positive SK-OV-3 and HER2-negative GLC4 tumor-bearing mice, respectively.
Uptake in the SK-OV-3 tumor could be demonstrated already 5 hours after
injection (9.77 ± 1.14% ID g–1) and this uptake is even higher 2 days after injection
(16.30 ± 0.64% ID g–1). The percentage of 111In-DTPA-trastuzumab circulating in
the blood meanwhile declined from 12.75 ± 1.50 to 2.33 ± 0.46% ID g–1. In contrast
with the marked uptake in the HER2-positive tumor, the uptake in the HER2-
negative GLC4 tumor remained nearly constant around a mean of 4.3% ID g–1.
There is a higher tumor uptake in the SK-OV-3 versus GLC4 tumor at 24 hours (P
< 0.001), 48 hours (P < 0.001) and 72 hours (P < 0.02) after injection (Figure 3).
The 72 hours gamma camera scintigram of the two mice also clearly shows tracer
uptake in the HER2 receptor-positive tumor in contrast to the HER2-negative tumor
(Figure 4). Expected HER2 presence and absence were confirmed
immunohistochemically.
Metastases were present in the abdominal cavity of at least two of the SK-OV-3
tumor-bearing mice. Uptake of labeled trastuzumab in these metastases was even
more pronounced than the uptake in the primary tumor itself (15.4 versus 13.3% ID
g–1 at 24 hours and 11.2 versus 8.8% ID g–1 at 96 h). Whole body distribution in the
SK-OV-3 tumor-bearing mice showed at t = 5 hours uptake in the liver (13.97 ±
2.52% ID g–1), spleen (8.40 ± 1.67% ID g–1), kidney (6.46 ± 0.47% ID g–1), lung
(3.87 ± 1.00% ID g–1) and heart (3.83 ± 0.15% ID g–1), all well-circulated organs.
At 5 hours the blood contains 12.75 ± 1.50% ID g–1. With time the amount of the
injected dose per gram tissue in nearly all organs decreases, while the amount in the
SK-OV-3 tumor initially increases. Uptake in the organs is not significantly
different in the SK-OV-3 versus GLC4 tumor-bearing mice. As expected, no uptake
is seen in the brain. The pancreas, stomach, bowel and skeletal muscle all
demonstrate low uptake. The uptake in the spleen is considerable after 5 hours
(8.40 ± 1.67% ID g–1) and still 4.26 ± 0.84% ID g–1 at t = 72 hours. A minimal
uptake of around 2% of the injected dose, remaining constant in time, is detected in
bone, suggesting only limited leakage of 111In from 111In-DTPA-trastuzumab.

DISCUSSION

In the present study, trastuzumab, a humanized monoclonal antibody against the
HER2 receptor, was radiolabeled with 111In, a residualising radiolabel that is
trapped in the cell after internalization of the antibody. We wanted to characterize
this new tracer both in vitro and in vivo by performing a biodistribution study in
mice bearing HER2-overexpressing tumor, before its use in the clinic.
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Table 1. Biodistribution of 111In-DTPA-trastuzumab in SK-OV-3 tumor bearing mice.

5 h (n=3) 24 h (n=6) 48 h (n=3) 72 h (n=3) 96 h (n=3) 168 h (n=7)

Brain 0.15 (0.06) 0.15 (0.03) 0.11 (0.04) 0.10 (0.03) 0.04 (0.02) 0.05 (0.01)

Kidney 6.46 (0.47) 5.42 (0.58) 6.47 (0.21) 6.20 (0.60) 6.20 (0.59) 4.29 (0.48)

Spleen 8.40 (1.67) 2.68 (0.48) 2.45 (0.74) 4.26 (0.84) 5.84 (1.77) 4.02 (0.96)

Pancreas 0.59 (0.17) 1.12 (0.26) 0.73 (0.31) 0.71 (0.18) 4.24 (2.76) 0.56 (0.11)

Bladder 1.50 (1.28) 2.23 (0.28) 2.17(0.78) 6.07 (0.80) 1.48 (0.13) 0.73 (0.30)

Heart 3.83 (0.15) 1.90 (0.05) 1.64 (0.14) 1.24 (0.15) 0.94 (0.24) 0.92 (0.15)

Bone 2.01 (0.41) 1.10 (0.32) 0.94 (0.34) 1.84 (0.29) 1.55 (0.90) 1.84 (0.84)

Small intestine 2.91 (0.30) 1.00 (0.25) 1.54 (0.37) 4.54 (1.97) 0.88 (0.38) 1.75 (0.61)

Colon 2.26 (1.23) 0.80 (0.23) 1.12 (0.43) 3.06 (1.39) 1.63 (1.37) 0.66 (0.11)

Blood 12.75(1.50) 8.76 (0.46) 7.15 (0.69) 2.33 (0.46) 1.36 (0.51) 1.63 (0.83)

Lung 3.87 (1.00) 4.09 (0.69) 5.19 (1.63) 2.42 (0.27) 1.32 (0.06) 1.30 (0.42)

Stomach 1.51 (0.73) 0.79 (0.22) 1.48 (0.23) 2.07 (1.12) 0.86 (0.36) 0.56 (0.11)

Muscle 0.72 (0.14) 0.50 (0.19) 0.74 (0.14) 0.36 (0.05) 0.29 (0.21) 0.18 (0.05)

Liver 13.97(2.52) 7.89(1.80) 10.76(1.36) 9.57 (0.69) 7.35 (0.37) 7.04 (1.09)

Tumor 9.77 (1.14) 13.71(0.57) 16.30(0.64) 15.29(1.57) 8.31 (1.66) 9.80 (3.22)
The results are expressed as mean percentage of the injected dose per g tissue (%ID g-1) with the
standard error of the mean (SEM).

Table 2. Biodistribution of 111In-DTPA-trastuzumab in GLC-4 tumor bearing mice.

5 h (n=3) 24 h (n=6) 48 h (n=3) 72 h (n=3) 96 h (n=3) 168 h(n=6)

Brain 0.22 (0.08) 0.19 (0.09) 0.09 (0.01) 0.12 (0.08) 0.23 (0.07) 0.09 (0.03)

Kidney 8.33 (2.59) 5.72 (1.31) 7.00 (0.20) 6.85 (1.52) 7.31 (0.64) 3.85 (0.76)

Spleen 13.15(7.93) 5.68 (2.27) 3.09 (1.38) 7.81 (2.30) 5.23 (2.23) 3.08 (0.44)

Pancreas 1.31 (0.79) 1.13 (0.41) 4.39 (4.00) 1.02 (1.84) 1.31 (0.24) 0.85 (0.17)

Bladder 6.45 (0.69) 1.88 (0.52) 1.92 (0.75) 5.77 (1.32) 2.53 (0.06) 1.61 (0.42)

Heart 4.00 (2.11) 2.12 (0.39) 1.61 (0.10) 1.63 (0.52) 1.75 (0.21) 0.90 (0.20)

Bone 2.69 (0.61) 2.37 (0.52) 1.85 (1.02) 2.61 (0.61) 2.44 (0.32) 1.60 (0.30)

Small intestine 3.64 (0.59) 2.52 (0.90) 2.49 (0.75) 7.15 (2.30) 4.36 (2.34) 1.92 (0.67)

Colon 1.95 (0.45) 1.31 (0.37) 2.58 (0.98) 6.88 (1.90) 2.28 (0.15) 1.15 (0.25)

Blood 17.92 (3.83) 7.20 (2.18) 4.83 (1.20) 4.74 (2.20) 4.85 (1.57) 1.48 (0.57)

Lung 7.43 (0.93) 3.56 (0.93) 2.38 (0.08) 7.70 (1.94) 2.83 (0.56) 1.41 (0.36)

Stomach 3.28 (1.11) 0.90 (0.39) 0.83 (0.34) 1.57 (0.52) 1.54 (0.13) 0.86 (0.17)

Muscle 2.45 (1.58) 0.72 (0.28) 0.44 (0.23) 0.45 (0.28) 0.64 (0.14) 0.44 (0.15)

Liver 20.70 (3.58) 10.13(1.84) 7.19 (1.45) 11.62 (2.41) 9.61 (0.83) 8.24 (2.18)

Tumor 4.70 (1.90) 4.49 (1.24) 4.40 (0.70) 3.17 (1.19) 5.70 (1.11) 3.57 (0.96)
The results are expressed as mean percentage of the injected dose per g tissue (%ID g-1) with the
standard error of the mean (SEM).
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Figure 3. Uptake in the SK-OV-3 and GLC4 tumor at t = 5, 24, 48, 72, 96 and 168 hours after injection of
450 kBq 111In-DTPA-trastuzumab. Data are represented as %ID g-1 ± SEM.  * P < 0.05.

Figure 4. Typical scintigram of mice bearing HER2 positive human SK-OV-3 tumor (right, tumor weight
232 mg) and HER2 negative control GLC4 tumor (left, tumor weight 276 mg) in the right flank, imaged 72
hours after injection of 450 kBq 111In-DTPA-trastuzumab
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A number of murine monoclonal antibodies (muMAbs) directed against the HER2
receptor have been developed and radiolabeled in the past.11-16 Before 10 years, De
Santes et al. pioneered the feasibility of targeting the HER2 receptor with
radioiodinated muMAbs.13 They concluded that radioiodinated anti-HER2/neu
muMAbs are attractive agents for radioimmunodiagnosis and radioimmunotherapy
of aggressive HER2/neu-positive breast and ovarian carcinomas. However, further
development to the clinic was hampered by the absence of effective strategies for
retarding intratumoral catabolism. This issue is now solved by the availability of
trastuzumab. In the ongoing clinical study, we are interested in predicting
cardiotoxicity.
Owing to the relative long elimination half-life of trastuzumab, we expect to be able
to image the myocardium no earlier than at day 5 after sufficient reduction of
bloodpool activity. Owing to the suitable half-life of 3 days, we therefore chose
111In as radioisotope instead of shorter lived 99mTc or 123I, despite their better
imaging qualities. Furthermore, trastuzumab is an antibody with internalizing
properties. Residualising radionuclides (like 111In) are preferred over the use of 131I,
which will not be trapped in the cell. Labeling of trastuzumab with PET
radionuclides with middle long half-lives (89Zr) is interesting because of the
advantages of PET imaging (e.g. better resolution and quantification), and will be
considered for future studies. The disadvantage of the choice for a residualising
radionuclide is the considerable liver uptake, which might hamper quantification of
uptake in the heart. However, in day-to-day practice, the heart area and the left liver
lobe can be reliably separated with SPECT. Myocardial uptake is also well
distinguishable from liver uptake, due to typical ‘horse-shoe’-like shape of the left
ventricle. This is similar to every day myocardial perfusion imaging.
111In-DTPA-trastuzumab could be efficiently labeled with high yields and high
stability, especially in buffer solution. The best yield was obtained by carrying out
all reaction steps under absolute metal-free circumstances and by removing any
unreacted DTPA by ultracentrifugation. Purification with a Sephadex G25 column
reduced the labeling yields considerably. In serum, the only significant source of
instability was the 35–40% transchelation in 5 days, most likely to transferrin (Mw
80 kDa). This could be considered a disadvantage of our choice for DTPA as
chelator and could result in faster plasma clearance and higher uptake and radiation
dose in the liver in vivo. Perhaps use of other chelators, such as 1B4M-DTPA or
DOTA, will result in a tracer that is even more stable.
The immunoreactivity was highly preserved and in the internalization assay the
prolonged cellular retention of 111In as compared to 125I is shown. Therefore, the use
of 111In-DTPA-trastuzumab is preferred over the use of iodinated trastuzumab. As
also described by Lotti, internalization of erbB-2/p185 is fast and resembles that of
epidermal growth factor receptor 1 (EGFR1).17

The biodistribution study in mice showed well the in vivo targeting potential of
radiolabeled trastuzumab of a tumor overexpressing the human HER2 receptor.
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Since mice lack the human HER2 receptor and trastuzumab is a humanized
monoclonal antibody, the biodistribution of 111In-DTPA-trastuzumab over organs
other than the tumor must be interpreted with care. Uptake in the liver, spleen and
kidney was expected and comparable with other 111In-labelled antibodies. No
uptake was seen in the brain, which can be explained by its size. An antibody
normally does not pass the intact blood–brain barrier. Low uptake related to some
blood pool activity was seen in the heart. Unfortunately, targeting human HER2 in
the heart is not possible in this animal model. A transgenic animal model is more
appropriate for this purpose.
The tumor-to-tissue ratio, together with the absolute uptake in the tumor, is
important to evaluate the potential future use of the labeled antibody for HER2
receptor visualization. The tumor-to-tissue ratio was especially high for brain and
muscle and was above 3 at most time points for all organs except the liver, kidney
and spleen (Figure 5).

Figure 5. Tumor-to-tissue-ratio (± SEM) for several mice tissues at t = 5, 24, 48, 72, 96 and 168 hours after
injection. Data presented are for the SK-OV-3 tumor bearing mice.

Not only did the primary tumor show marked uptake of 111In-DTPA-trastuzumab,
but also the tracer targeted to HER2-positive metastases showed a higher uptake
than the primary tumor. Therefore, in the clinical situation, 111In-DTPA-
trastuzumab might be able to detect new tumor localizations and might predict
tumor response to trastuzumab therapy.
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Less extensive biodistribution studies of radiolabeled trastuzumab in different
animal models and using a different chelator have been described earlier.18,19 The
aim of Garmestani et al. was to develop a simple and rapid procedure for
purification of cyclotron produced 86Y.18 To assess whether the use of 86Y might be
a more accurate dosimetric tool than imaging with 111In, they compared
biodistribution of 111In-trastuzumab and 86Y-trastuzumab. Kobayashi et al.
evaluated a novel macromolecular contrast agent (G6-(1B4M-Gd)256) and used
radio-labeled trastuzumab (125I and 111In) for comparison.19 Our data are largely in
accordance with the data described in these studies. The most distinct difference is
their lower liver uptake and more prolonged blood circulation and our observation
that metastases also take up labeled trastuzumab at even higher concentrations than
the primary tumor. Lower liver uptake and prolonged blood circulation could be the
result of their choice for 1B4M-DTPA instead of DTPA as chelator.
As a result of the formation of immune complexes in the circulation, circulating
antigen can restrict effective localization of radiolabeled muMAbs in human tumors
growing as xenografts in nude mice.20 Shedding of the extracellular domain (ECD)
of the HER2 receptor is a well-described phenomenon and serum HER2 levels
normally rise as tumors enlarge.21 In our animal model, a correlation existed
between tumor size and tumor uptake at 168 hours. Larger tumors showed less
uptake per gram tumor than smaller tumors. This is most likely the result of
necrosis inside the tumor, although shedding is a possibility that cannot be ignored.
Since trastuzumab is a humanized monoclonal antibody, shedding and the resulting
formation of immune complexes should be taken into account in future
radioimmunoscintigraphy in humans.

CONCLUSION

Trastuzumab can be efficiently labeled with 111In using DTPA as chelator. 111In-
DTPA-trastuzumab is produced with high yield and great stability. The
immunoreactivity and internalization properties are largely preserved. Specific
tumor targeting was proven in an animal model using human HER2 tumor-bearing
mice. From the preclinical characterisation, it is therefore concluded that 111In-
DTPA-trastuzumab appears suitable for clinical use in humans to visualize HER2
receptor presence.
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ABSTRACT

Background
The cardiac and anti-neoplastic effects of trastuzumab may be related to specific
uptake of trastuzumab in myocardium and tumor tissue, respectively. Our aim was
to evaluate whether 111In-labeled trastuzumab scintigraphy can predict
cardiotoxicity and identify tumor lesions.

Patients and Methods
Patients with HER2-positive metastatic breast cancer underwent gammacamera
imaging from 15 minutes to 7 days after injection of 150 MBq 111In-DTPA-
trastuzumab, prior to and after 12 doses of trastuzumab (2 mg/kg weekly, following
4 mg/kg loading dose) and 4 cycles of concomitant paclitaxel (175 mg/m2 3-
weekly). Cardiac and tumor assessments were performed before treatment, after 4
and 6 cycles, tumor evaluation also after 2 cycles. 111In-DTPA-trastuzumab tumor
uptake was expressed as tumor/background (T/BG) ratio and % injected dose index
(%ID).

Results
15 of the 17 patients were available for cardiac and tumor uptake analysis. Pre-
treatment myocardial 111In-DTPA-trastuzumab uptake was observed in one patient
with pre-existent cardiac arrhythmias, who did not develop symptomatic heart
failure during treatment. Three other patients developed severe symptomatic heart
failure, without initial myocardial 111In-DTPA-trastuzumab uptake, while one
showed weak myocardial uptake after 4 cycles. Uptake in bloodpool and organs
such as spleen and kidneys decreased, while tumor and liver uptake increased
between days 1-7. Mean tumor uptake was 1.2 (±SD 0.9) %ID and T/BG ratio was
3.0 (± 1.0), 5 days after injection. In 87% of the patients, pre-treatment scans
revealed new tumor lesions.

Conclusions
Radiolabeled trastuzumab scintigraphy was not valuable in predicting trastuzumab-
related cardiotoxicity in metastatic breast cancer patients, but can identify HER2-
positive tumor.
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INTRODUCTION

Tumor overexpression or amplification of the human epidermal growth factor
receptor 2 (HER2, also known as erbB-2) occurs in 25-30% of patients with breast
cancer and adversely affects their prognosis.1 The addition of trastuzumab to
chemotherapy in HER2-positive metastatic breast cancer patients, resulted in an
increased time to disease progression, higher objective response rates and longer
overall survival.2 However, an increased incidence of cardiac dysfunction was
observed as the most important adverse effect. However, an increased incidence of
cardiac dysfunction was observed as the most important adverse effect. Recently,
interim analyses of three large randomized trials, evaluating trastuzumab after
standard chemotherapy in HER2-positive breast cancer patients, showed beneficial
effects of the addition of  trastuzumab to standard adjuvant treatment. The
European HERA trial and combined analysis of the NSABP-B31 (US) and the
NCCTG N9831 (Canada) trials showed a prolongation of disease free survival.4,5

The combined analysis of NSABP-B31 and NCCTG N9831 also showed improved
overall survival. However, cardiac interim analysis of one of these studies revealed
that symptomatic heart failure had occurred in 3.3% after more than 6 months since
the start of paclitaxel plus trastuzumab, compared to none of the patients who
received paclitaxel alone. An additional 15% of the patients were taken off study
for an asymptomatic decrease in left ventricular ejection fraction (LVEF).6 As
trastuzumab is now entering the clinic for the adjuvant treatment of HER2-positive
breast cancer patients as well, the issue of trastuzumab-related cardiotoxicity
becomes increasingly relevant.
The mechanism of trastuzumab-induced cardiac toxicity is still unclear. In rodents,
HER2 plays a critical role in the development of the heart. Mice deficient in erbB-2
or neuregulin, an erbB-2 activating growth factor, die early in embryonic
development with severe cardiac abnormalities.6 Furthermore, mice with an erbB-2
gene deletion restricted to the heart develop a severe dilated cardiomyopathy
shortly after birth.7,8 Myocardial HER2 mRNA expression increased after
implantation of a left ventricular assist device in patients with severe heart failure,
while prior to implantation, HER2 mRNA expression was similar to healthy
controls.9 In addition, weak positive immunohistochemical HER2 staining was
observed in myocardial biopsies from six of 60 patients with severe heart failure.10

Therefore, trastuzumab may induce cardiotoxicity by specific binding to HER2
expressed in the myocardium, leading to cardiomyocyte death.
To date, LVEF measurement by multigated radionuclide angiography (MUGA) or
cardiac ultrasound is generally accepted as the method of choice to detect
cardiotoxicity induced by antineoplastic treatment. However, MUGA only detects
cardiac functional loss, after the myocardial injury has occurred.
Previously, we have described the development of radiolabeled trastuzumab for
clinical use and shown in a xenograft model that tumor HER2 expression can be
visualized with 111In-labeled trastuzumab scintigraphy.11 Moreover, in a
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preliminary report, Behr and colleagues suggested that radiolabeled trastuzumab
uptake in the myocardium and tumor, could predict cardiotoxicity and response to
trastuzumab treatment, respectively.12

Molecular imaging of HER2 with radiolabeled trastuzumab may improve our
understanding of the mechanism of action of trastuzumab. Up to now, data with
regard to the degree of HER2 expression in different metastatic lesions within
patients is limited. Nevertheless, HER2 status of metastatic sites may differ from
primary tumors.13 Discordant HER2 expression levels has been described between
primary tumors and asynchronous metastases or recurrence.14 Radiolabeled
trastuzumab scintigraphy, may improve our insights into the intra- and interpatient
variation in HER2 expression in metastatic lesions in vivo.
The primary aim of the current study was to evaluate whether radiolabeled
trastuzumab can be used for the identification of patients at risk of developing
cardiac dysfunction during treatment with trastuzumab and paclitaxel. The
secondary aim was to evaluate whether this technique can be used to demonstrate
localizations and uptake intensity of HER2 positive tumor localizations.

PATIENTS AND METHODS

Patients
Eligible patients were aged 18 years or older, diagnosed with HER2-positive
metastatic or locally advanced breast cancer, suitable for treatment with paclitaxel
and trastuzumab, and had an Eastern Cooperative Oncology Group (ECOG)
performance status of 0 to 2. Before initiation of therapy, all patients underwent
routine staging evaluations, which included a complete history, physical
examination and blood chemistry profile, in addition to a chest radiography,
computed tomography or ultrasound of the liver and a bone scan. Tumors were
considered HER2 positive, if immunohistochemistry (IHC) showed 2/3+-
membrane overexpression. Exclusion criteria were treatment with any
investigational drug within 30 days prior to the start of the study, radiotherapy
within 4 weeks of enrollment, serious uncontrolled central nervous system
metastases, LVEF < 40% (MUGA), or symptomatic heart failure New York Heart
Association (NYHA) functional class III or IV. In addition, patients suffering from
uncontrolled serious concurrent illness, dyspnea at rest due to malignant disease,
dyspnea that required oxygen therapy, or any of the following abnormal laboratory
tests: neutrophil count < 1.5 x 109/L, platelets < 100 x 109/L, serum total bilirubin >
1.5 x upper limit of normal (ULN), ALT or AST > 2.5 x ULN (> 5.0 x ULN in case
of liver metastases), alkaline phosphatase > 2.5 x ULN (> 4.0 x ULN in case of
liver or bone metastases), or serum creatinin > 1.5 x ULN, were not eligible.
The study was approved by the local medical ethics committee and written
informed consent was obtained from all participants.
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Treatment
Patients were assigned to six three-weekly cycles of trastuzumab and paclitaxel.
After the loading dose of 4 mg/kg bodyweight, which was administered as an
intravenous infusion during 90 minutes, trastuzumab was administered as a weekly
intravenous infusion of 2 mg/kg bodyweight, in 30 minutes. Paclitaxel (175 mg/m2)
was administered in 4 hours as an intravenous infusion, once every three weeks.
The first dose of paclitaxel was given the day after the trastuzumab loading dose.
Subsequent paclitaxel infusions were administered on the same day as the
trastuzumab infusions. Toxicity was coded according to the NCI common toxicity
criteria (CTC) scale V3.0.

Cardiac function
Assessment of left ventricular function (history and physical examination, LVEF
measurement by MUGA scan and standard cardiac ultrasonography) was
performed at baseline, after 4 treatment cycles and after completion of the
treatment regimen. A 12-lead electrocardiogram was obtained before enrollment.
Peripheral blood samples for measurement of serum cardiac troponin I (TnI) and
plasma N-terminal pro-B-type natriuretic peptide (NT-proBNP) were collected
before treatment, 1 and 7 days after the first trastuzumab infusion, and at the end of
each treatment cycle. Serum TnI levels were measured with a micro-particle
enzyme immunoassay (Abbott Axsym system, Abbott Diagnostics Division,
Abbott Park, IL), with a detection limit of 0.1 g/L. Values of more than 0.5 g/L
indicate myocardial injury. EDTA plasma NT-proBNP concentrations were
analyzed with an electrochemoluminescence immunoassay (Roche Diagnostics,
Vienna, Austria), with a cut-off value of 125 ng/L.15

In the patients who developed symptomatic left ventricular dysfunction and/or a
LVEF < 40%, trastuzumab was discontinued and they were taken off study.

Response evaluation
Tumor response was defined according to the Response Evaluation Criteria in Solid
Tumors Group criteria.16 Patients with progressive disease were taken off study.

111In-DTPA-trastuzumab scintigraphy and pharmacokinetics
Trastuzumab was radiolabeled with 111In, using diethylenetriamine penta-acetic
acid anhydride (DTPA) as a chelator, as described previously (radiochemical purity
> 95%).17 Radiolabeled trastuzumab scintigraphy was performed at the start of the
treatment and on day 15 of the fourth treatment cycle, after 12 trastuzumab
infusions. 100-150 MBq 111In-DTPA-trastuzumab (5 mg) was injected
intravenously, within 24 hours after the infusion of the trastuzumab loading (4
mg/kg) or maintenance dose (2 mg/kg). Planar whole body imaging, using a two-
headed gammacamera equipped with medium-energy all purpose collimators at a
scan speed of 12 centimeter/minute, were performed 15 minutes to 7 days after
tracer injection. Single photon emission computed tomographic (SPECT) images of
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the heart region were also obtained, using 2 x 32 projections of 60 seconds
duration. For pharmacokinetic analysis heparin blood samples were obtained at 15,
30 minutes, 1, 2, 3, 6, 24, 96, 168 and 336 hours after injection of radiolabeled
trastuzumab. Total whole blood and plasma radioactivity were determined in the
samples using a gammacounter (well type LKB-1282-Compu-gamma system, LKB
Wallac, Turku, Finland). Urine samples, obtained from collected 24 hours urines,
collected separately for 7 days were also analyzed for radioactivity. To correct for
physical decay, injection standards were counted simultaneously.
Pharmacokinetic parameters were derived using the KINFIT module of the
MW/PHARM computer program package (version 3.50, MediWare, Groningen,
The Netherlands). Clearance rates of 111In-DTPA-trastuzumab from the circulation
were calculated using non-linear regression analysis. Based on the curves the
number of hours required for 50% of the activity to be removed from the blood
(T1/2) in the distribution phase (α) and elimination phase (β) of the curve was
determined. Other calculated pharmacokinetic parameters were volume of
distribution (Vd), total clearance (CL) and mean residence time (MRT).

Image and data analysis
SPECT reconstructions were performed with the ordered subset expectation
maximization algorithm. Images were interpreted by a nuclear medicine specialist
(PLJ), blinded for clinical information. Dosimetric data of 111In-DTPA-trastuzumab
were obtained from the total body scans using visually determined regions of
interest (ROIs). Myocardial uptake was assessed visually from spotviews of the
cardiac region and SPECT short-axis reconstructions. In addition to the primary
visual analysis, semi-quantitative methods were used to quantify 111In-DTPA-
trastuzumab uptake in regions with increased uptake, determined on whole body
images. Radioactive counts from visually determined ROIs of areas with increased
radiolabeled trastuzumab uptake were compared with radioactive counts from a
standardized and representative background area (shoulder/axillary region) in the
same whole body image, to estimate the ratio of tumor versus background uptake
(T/BG ratio). Furthermore, the tumor uptake was expressed as a percentage of the
injected tracer dose (%ID), using the ratio between radioactive counts in visually
determined ROIs of areas with increased uptake and the total radioactive counts of
the whole body image, corrected for the radioactive decay of the tracer. Apart from
analysis at the individual lesion level, tumor uptake was also assessed per body
region. For this analysis, the following metastatic regions were recognized: primary
tumor, skeleton, liver, lung, subcutis, non-skin soft tissue, pericardium and retina.
Radiolabeled trastuzumab thoracic SPECT images were fused with conventional
computed tomography images (if available) to validate regions of increased
trastuzumab uptake as metastatic lesions. For this analysis a Siemens LEONARDO
E-soft workstation (Erlanger, Germany) was used.
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Serum HER2
Serum testing for HER2 was collected before treatment, 24 hours and 7 days after
the start of treatment, and at the end of every cycle. Serum HER2 levels were
determined with a sandwich enzyme immunoassay according to the manufacturer’s
instructions (Oncogene Science, Inc, Cambridge, MA).

Statistics
The statistical power of the study was based on the incidence of trastuzumab-
related cardiotoxicity. Retrospective analysis of the pivotal phase III trial showed
an incidence of trastuzumab-related cardiac toxicity of 27%.18 As a consequence,
approximately 20 evaluable patients were considered to be needed to detect
cardiotoxicity in five. A sensitivity of the trastuzumab scan (fraction of patients
with cardiotoxicity who have a positive scan) of at least 50%, was considered to be
required for the technique to be of clinical value. If none out of five patients with a
significantly reduced LVEF (decrease of > 10% or value < 40%) would have a
positive scan, the sensitivity would be below 0.5 (P < .05). With an estimate that
80% of the patients who will undergo at least 4 cycles of trastuzumab treatment and
thus have two cardiac evaluations, the estimated total number of patients needed in
the study was 25. An interim analysis was planned after recruitment of 13
evaluable patients. Quantitative variables were compared between two groups
using a Mann-Whitney-U test for skewed distributed variables. Paired analyses
were performed with a Wilcoxon paired samples test. Correlations between
variables were calculated using Pearson’s correlation coefficient test. A P-value of
< 0.05 was considered statistically significant.

RESULTS

Seventeen patients entered the study. Patients characteristics are presented in table
1. All patients had received anthracycline-containing chemotherapy prior to
inclusion in the current study (Table 1). The median time interval between the last
dose of anthracycline-based chemotherapy and the start of treatment in the current
study was 11 (range 5-59) months.
Two patients (patients no. 9 and 10, see table 1) were not evaluable for the cardiac
and tumor uptake analysis, due to premature withdrawal caused by their clinical
condition, resulting in incomplete pre-treatment scan procedures. Both subjects
received the first 111In-DTPA-trastuzumab tracer dose. One of these patients only
underwent gammacamera imaging at 15 minutes and 24 hours after tracer injection.
For the second patient, the imaging protocol was limited to gammacamera imaging
at 15 minutes and 168 hours after tracer injection. As a result, 15 patients were
evaluable for the cardiac and tumor uptake analysis, with regard to the pre-
treatment scan.
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Table 1. Patient characteristics and cardiac evaluations
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Due to progressive disease, treatment was discontinued in one patient after 2 cycles
and after 4 cycles in another. Only the patient with disease progression after 2
cycles did not undergo the second radiolabeled trastuzumab scan. The second scan
was performed in 14 patients.

Cardiac functional assessment
Three out of 15 evaluable patients developed severe symptomatic left ventricular
dysfunction (CTC grade 3; NYHA functional class II-IV). This occurred during the
second cycle in two patients and during the fourth cycle in the third patient. Table 1
summarizes the cardiac evaluation according to the separate patients. The
development of heart failure was the reason for discontinuation of trastuzumab
treatment in all three patients. One of them died due to severe left ventricular
failure and massive pulmonary embolism. Paclitaxel alone was continued for 6
cycles in the second patient, and no further treatment was given in the third patient.
Pre-treatment plasma NT-proBNP levels were higher in the patients who developed
symptomatic left ventricular dysfunction during treatment (mean 534 (± SD 236)
ng/L), than in the women without heart failure (mean 105 (± SD 79) ng/L, P =
0.009). During treatment, NT-proBNP values remained higher in these three
patients.

111In-DTPA-trastuzumab pharmacokinetics
The kinetics of radiolabeled trastuzumab in plasma could satisfactorily be described
by a two-compartment model. Curve fitting of the pharmacokinetic data with a
three-compartment model did not improve the fit. Table 2 summarizes the
pharmacokinetic parameters for 111In-DTPA-trastuzumab in plasma, assuming a
two-compartment model. The mean urinary excretion (± SD) during the first 24 h
was 9.2 ± 3.1 %ID. Mean excretion during day 2-7 was 2.4 ± 0.8 %ID. Total
excretion during the first week was 23.4 %ID. These data match with the
scintigraphic data that show a total body retention of 75% after 1 week.

Table 2. Pharmacokinetic parameters 111In-DTPA-trastuzumab (mean ± SD)
T½(αααα)

(hours)
T½(β)

(hours)
Vd (central)

(L)
Vdss
(L)

CL
(L/hour)

MRT
(hours)

Scan 1 (n=11) 13.7 ± 2.5 117.4 ± 15.2 2.8 ± 0.3 5.2 ± 0.6 0.045 ± 0.009 140.0 ± 18.1

Scan 2 (n=8) 16.0 ± 3.2 142.2 ± 15.2 3.2 ± 0.4 5.7 ± 0.8 0.034 ± 0.006 183.3 ± 18.0

T1/2α = 111In-DTPA-trastuzumab half-life in the distribution phase; T1/2β =  111In-DTPA-trastuzumab half-
life in the elimination phase; Vd (central) = volume of distribution; Vdss = volume of distribution in steady
state; CL = total clearance; MRT = mean residence time.

111In-DTPA-trastuzumab imaging
17 patients underwent the first radiolabeled trastuzumab scan, 14 patients also
underwent the second scan. Initially (15 minutes after radiolabeled trastuzumab
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infusion), high bloodpool activity was observed, in addition to immediate high
uptake in the liver. Less uptake was observed in other organs, such as the spleen,
kidneys and bladder. Liver intensity (Figure 1) increased over the following days,
whereas bloodpool activity in the spleen, kidneys and bladder disappeared. Pre-
treatment non-tumoral radiolabeled trastuzumab biodistribution patterns were
similar to the patterns observed on the second scans. Pre-treatment serum HER2
levels, available in 15 of the 17 patients, correlated positively with 111In-DTPA-
trastuzumab liver uptake 15 minutes, 24 hours and 168 hours after tracer injection
on pre-treatment scans (R = 0.609, P = 0.016; R = 0.647, P = 0.017; R = 0.541 P =
0.046, respectively). Furthermore, a weak negative correlation was observed
between 111In-DTPA-trastuzumab plasma elimination half life and liver uptake at
120 hours and 168 hours after tracer injection, R = -0.630, P = 0.038 and R = -
0.604, P = 0.049, respectively.
In three patients, the radiolabeled trastuzumab pre-treatment scan was performed
approximately 24 hours prior to the unlabeled trastuzumab predose of 4 mg/kg, to
evaluate the effect of the unlabeled trastuzumab predose on the radiolabeled
trastuzumab biodistribution. In these three patients, who were enrolled as patient
three to five, liver uptake was higher from 15 minutes to 168 hours after tracer
injection, compared to the 14 patients who received the trastuzumab loading dose
prior to the 111In-DTPA-trastuzumab tracer (Figure 1). No differences were
observed with regard to radiolabeled trastuzumab uptake in other organs.

Figure 1. 111In-DTPA-liver uptake expressed as percentage of the injected dose. Solid lines: pre-treatment
scan. Closed circles: trastuzumab loading dose prior to tracer injection. Open circles: trastuzumab loading
dose 24 hours after tracer injection. Dotted line with closed squares: second scan. Values are expressed as
mean (+/- SD). * P < 0.05 compared to patients with “cold” pre-dose

In one of the 15 patients who were evaluable for the cardiac analysis, myocardial
uptake was observed on the pre-treatment scan at 48 hours after tracer injection.
(Figure 2). Due to progressive liver metastases, she was taken off study after two
cycles, without symptoms of cardiac dysfunction (pre-treatment LVEF 54%). In
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this patient, the time interval between the last dose of anthracycline-based
chemotherapy and the start of trastuzumab and paclitaxel treatment was 17 months.
None of the three patients who developed severe left ventricular dysfunction
showed myocardial 111In-DTPA-trastuzumab uptake on their pre-treatment scans.
In the patient who developed severe left ventricular dysfunction during the fourth
cycle, myocardial uptake was observed on the second radiolabeled trastuzumab
scan, 24 hours after tracer injection. The patient died during the second scan period
as a consequence of severe left ventricular dysfunction and no further images could
be obtained beyond 24 hours after tracer injection.
Fourteen patients underwent both radiolabeled trastuzumab scans and LVEF
measurement after 4 cycles or earlier if symptomatic heart failure developed. No
myocardial uptake was observed on any of the pre-treatment scans. Based on 14
negative scans, the confidence interval for a positive radiolabeled trastuzumab
scan, with regard to myocardial uptake, is 0 - 23%. Furthermore, three of the 14
patients developed cardiac dysfunction. Myocardial uptake was not observed in any
of these three patients. As a consequence, the study was closed after this interim
analysis.

Figure 2. Myocardial uptake in a patient with pre-existent cardiac ventricular arrhythmias. Transversal
SPECT slice. The arrow indicates the characteristic horseshoe shape of the myocardium of the left ventricle.
Dotted arrow indicates (normal) liver uptake.

Next to myocardial uptake, radiolabeled trastuzumab tumor uptake was evaluated.
Tumor uptake was best visualized 5 days after tracer injection, since
semiquantitative uptake parameters and the number of lesions visualized reached a
maximum at that time. Beyond 5 days following tracer injection image quality
decreased due to decay of 111In. Figure 3 shows the validation of regions with
increased 111In-DTPA-trastuzumab uptake by fusion of the radiolabeled
trastuzumab SPECT with conventional computed tomography images.
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Figure 3. (A) Fused computed tomography with 111In-DTPA-trastuzumab single photon emission
tomography (SPECT) image (96 hours after tracer injection). (B)Conventional CT images (top) of a patient
with a large liver metastasis as indicated by the arrow. Fusion with 111In-DTPA-trastuzumab SPECT
(bottom) shows correspondence of liver metastases and SPECT hotspot.
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One or more known tumor lesions, assessed with routine staging examinations,
were readily discernable in 14 out of the 15 evaluable patients. In 13 out of the 15
enrolled patients (87%), lesions not previously identified by routine staging
examinations, were detected on the pre-treatment scan. Previously undetected
skeletal lesions were found in nine patients, soft tissue lesions in four, and in one
patient increased uptake was observed in the contralateral breast. In four of the 13
patients in whom new lesions were identified, one or more of the previously
unknown lesions were confirmed with routine staging examinations at the time of
response evaluation. This concerned skeletal lesions in two and a lesion in the
contralateral breast in one patient. The detection rate of all known single tumor
lesions on the pre-treatment scan was 45%.
In 13 out of the 15 patients, visually determined ROIs of sites with increased 111In-
DTPA-trastuzumab uptake could be determined, at 120 hours after tracer injection.
At this time, the mean %ID of all identified lesions (including lesions not
previously identified by routine staging) was 1.2 (SD 0.9) and T/BG ratio was 3.0
(SD 1.0). %ID and T/BG ratio of known metastatic lesions only, identified with
routine staging, were 1.3 (SD 1.1) and 3.2 (SD 1.4), respectively. Great variation in
the degree of tumor uptake was observed between separate patients (range of mean
tumor uptake 0.3 - 3.4 %ID and range of mean T/BG ratio 1.4 - 4.9). For 11
patients, in whom multiple lesions were visualized, large variation in uptake was
observed between separate lesions in one patient.
In most patients, more tumor lesions were visualized on the pre-treatment scan,
compared to the second scan. Figure 4 shows that, for most patients, the cumulative
tumor lesion uptake as %ID per patient is higher on the pre-treatment, than on the
second scan. 111In-DTPA-trastuzumab uptake on the pre-treatment and second
scans was not clearly associated with tumor response. Figure 5 shows an example
of decreased tumor uptake on the second scan, compared to pre-treatment uptake.
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Figure 4. Total body tumor load estimated
on cumulative uptake (%ID) of all ROIs at
120 hours after tracer injection of
individual patients on pre-treatment scans
compared to the second scans, according
to tumor response. Black circles: patients
with a partial response after 4 cycles; open
circles: response not evaluable; squares
(with dotted line): progressive disease.
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A

B

Figure 5. SPECT maximum intensity projection images with sagittal, coronal and transversal views before
treatment (A) and corresponding images after 4 cycles (B). Arrows denote 111In-DTPA-trastuzumab uptake
in the lower central and left chest wall. Liver and spleen uptake is normal.

DISCUSSION

In the current study, we evaluated the use of radiolabeled trastuzumab scanning for
predicting trastuzumab-related cardiotoxicity and visualization of tumor lesions. To
date, data with regard to molecular HER2 imaging in humans is limited. In patients
with HER2-positive metastatic breast cancer, 111In-DTPA-trastuzumab scintigraphy
could not predict trastuzumab-related cardiotoxicity, since none of the patients who
developed severe left ventricular dysfunction showed myocardial uptake on their
pre-treatment scan. Pre-treatment plasma NT-proBNP levels were higher in the
patients who did, than in the patients who did not develop cardiac dysfunction
during treatment. However, this technique detected (HER2-positive) tumor lesions
and showed variation in radiolabeled trastuzumab tumor lesion uptake between
patients, and between lesions within one patient. In most patients new lesions were
identified, that were not previously identified with routine staging examinations.
We hypothesized that trastuzumab-related cardiotoxicity is based on a direct effect
of trastuzumab on HER2 expressed in the myocardium. In a preliminary report,
Behr et al. observed myocardial uptake of 111In-labeled trastuzumab in seven out of
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20 patients. Six of them developed NYHA functional class II to IV heart failure,
and the seventh patient had episodes of cardiac arrhythmia during trastuzumab
administration.19 In contrast to these results, we observed myocardial uptake at the
start of trastuzumab treatment in only one patient, who had received extensive
anthracycline pre-treatment and who had cardiac ventricular arrhythmias prior to
trastuzumab treatment. The second scans revealed myocardial uptake in one patient
who died shortly thereafter as a consequence of severe left ventricular failure.
However, no myocardial uptake was observed in the three patients who developed
severe symptomatic left ventricular dysfunction during trastuzumab and paclitaxel
treatment. A possible explanation for this finding may be the variation in HER2
expression in the myocardium, in analogy with the variation in HER2 expression
ranging from 1+ to 3+ overexpression. Myocardial HER2 however, if present, is
not likely to be in the range of tumor HER2 overexpression as was suggested by a
report that showed only weak immunohistochemical HER2 expression in the
myocardium in six of sixty patients with heart failure.20 An additional factor, may
be the contrast resolution of the planar and SPECT imaging techniques.
Alternatively, the administration of the unlabeled trastuzumab pre-dose may also
have influenced myocardial 111In-DTPA-trastuzumab uptake. However this is
contradicted by the fact that both patients who showed myocardial uptake had
trastuzumab “on board” at the time of tracer injection.
NT-proBNP and TnI measurement were included in the cardiac functional analysis,
in addition to the radiolabeled trastuzumab scintigraphy, cardiac ultrasound and
MUGA scan. A remarkable finding of the current study was that pre-treatment NT-
proBNP levels were above normal values and were almost 5-fold higher in the
patients who developed heart failure during trastuzumab treatment in comparison to
the patients who did not experience symptomatic left ventricular dysfunction. This
could suggest that prior anthracycline treatment induced subclinical myocardial
injury and reduced compensatory reserves in these patients, which has been
described previously.21 Subsequently, myocardial distress induced by trastuzumab
treatment resulted in heart failure. These findings are in line with in vitro data in
doxorubicin-treated rat cardiomyocytes, in which myofibrillar disarray increases
with the addition of trastuzumab.22

The issue of trastuzumab-related cardiotoxicity becomes increasingly relevant,
since the reported effect of trastuzumab in the adjuvant treatment of breast cancer.
Perez et al. recently reported that, despite strict cardiac eligibility criteria, cardiac
dysfunction occurred in 3.3% of the patients in the paclitaxel plus trastuzumab-
treated group after more than six months follow-up, whereas no cardiovascular
events were observed in the paclitaxel alone subgroup.5 Interim analysis of a large
European randomized trial evaluating observation versus one or two years of 3-
weekly trastuzumab, following standard adjuvant chemotherapy, showed that a
decrease in LVEF of more than 10% to an absolute value below 50% occurred in
7.1% during the first year of trastuzumab treatment, compared to 2.2% of patients
not receiving trastuzumab. The findings of the current study suggest that plasma
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markers such as NT-proBNP may be of particular value for the early detection or
prediction of cardiotoxicity. A large variation was observed in 111In-DTPA-
trastuzumab tumor uptake between patients and between tumor lesions within one
patient. Furthermore, we observed an overall detection rate of 45% at the single
lesion level, and previously unidentified lesions were visualized in 13 out of the 15
evaluable patients on the first scans. There are several explanations for these
findings. First of all, we estimated the degree of tumor uptake from visually
determined ROIs, using the two dimensional whole body images. On these images,
uptake intensity increases with increasing tumor size. In addition, the localization
of lesions influences the intensity of radiolabeled trastuzumab uptake; sites closer
to the body surface are more readily discernable than lesions that are localized
deeper. An alternative possible explanation is that the degree of HER2 expression
differs between separate metastatic lesions within one patient. Estrogen receptor
expression for instance, can change between primary and asynchronous recurrences
and estrogen receptor status of metastatic sites was suggested to be more predictive
of endocrine responsiveness.23 The HER2 status of lymph node metastases can also
differ from their primary tumors.24,25 Discordance in HER2 expression between the
primary tumors and asynchronous metastases or recurrences has also been
described.26,27 This may account partly for the low overall tumor detection rate.
Next to the variation in tumor lesion uptake, we observed that in most patients
lesions were visualized, irrespective of the tumor response to trastuzumab
treatment, although several lesions had disappeared on the second scan. In addition,
in most patients one or more tumor lesions were still visualized on the second scan.
This implies that HER2 remains present on the cell membrane and is not lost due to
shedding of the extracellular domain or receptor internalization.
High liver uptake is a phenomenon normally observed with monoclonal antibody
imaging, especially with 111In-DTPA labeled antibodies, and may limit
visualization of liver metastases.28 Immediately after injection, we observed high
111In-DTPA-trastuzumab liver uptake, which increased during the first week to up
to 29 %ID. The plasma half-life of the 111In-DTPA-trastuzumab tracer used in this
study was 4.9 days. This is in line with evidence from phase I and II trials,
reporting a half-life of trastuzumab varying from 1.1 at a dose of 10 mg weekly to
23 days with 500 mg weekly.29 Remarkably, in the three patients in whom the
trastuzumab loading dose prior to administration of the tracer dose of 111In-DTPA-
trastuzumab was omitted, particularly high liver uptake was observed (Figure 1). A
possible partial explanation for this finding is that radiolabeled trastuzumab targets
the extracellular domain of HER2, which is present in the circulation after being
shed from the cell membrane. The circulating serum HER2-radiolabeled
trastuzumab immune complexes may subsequently be cleared by the liver. The
weak correlation between serum HER2 and the degree of 111In-DTPA-trastuzumab
uptake in the liver may point into the direction of this hypothesis.
111In-DTPA-trastuzumab scintigraphy may become of value for clinical practice.
Since only patients with HER2-positive breast cancer are expected to benefit from
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trastuzumab treatment, selection of patients is essential. Currently, the most widely
applied techniques are immunohistochemistry and FISH/CISH.30 The most
important disadvantage of both techniques is the need for tumor tissue.
Furthermore, due to heterogeneity of tumor tissue, HER2 positivity (or negativity)
can be missed by tissue analysis. Based on the results of the current study,
radiolabeled trastuzumab scintigraphy may prove of value as a non-invasive
technique for assessment of HER2 tumor status. Another promising application of
our 111In-labeled trastuzumab scan is its potential use in staging of HER2-positive
breast cancer. A limitation of 111In-DTPA-trastuzumab SPECT imaging in this
regard however, might be its spatial resolution. Implication of positron emission
tomography (PET), with a higher spatial resolution than planar and SPECT
imaging, may improve tumor imaging. The use of trastuzumab or analogues
radiolabeled with PET isotopes may develop as an exciting new tool for molecular
tumor imaging in PET scanning. For the use of trastuzumab for PET scanning
however, a relatively long-lived isotope, such as 124I or 89Zr, is required. This
entails a high radiation dose, all the more based on the high photon energy of PET
imaging compared to traditional nuclear imaging. Also interesting in this regard is
the recent development of smaller engineered anti-HER2 antibody fragments, the
so called diabodies. The most important advantage of imaging with these smaller
antibody fragments is faster tumor targeting and clearance kinetics, compared to
intact monoclonal antibody imaging, thereby improving target-non target ratio. In a
xenograft model, Robinson and colleagues recently reported tumor imaging from 4
hours after injection of the radiolabeled anti-HER2 diabody.31 In another report,
imaging with radiolabeled trastuzumab fragments in a human breast cancer
xenograft model showed tumor visualization 24 hours after injection.32 Tumor
targeting of these smaller fragments is inferior to intact monoclonal antibodies.33,34

Although recently a study with a new type of HER2 affinity ligand showed equally
high HER2 binding affinity, compared to trastuzumab.35 Anti-HER2 diabody
imaging may assist in the localization of sites with HER2 overexpression however,
a disadvantage is that no insights will be provided into the mechanisms of
trastuzumab tumor uptake. Currently, PET tumor imaging especially focuses on
18fluorodeoxyglucose (FDG) as the tracer. FDG uptake is representative of glucose
metabolism, which is higher in malignant cells than in normal tissue. However, the
concept of new molecular targeting PET tracers, that addresses more specific
cellular processes than glucose metabolism, such as radiolabeled trastuzumab, are
very interesting for the near future of oncology PET imaging.
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ABSTRACT

Background
The use of trastuzumab, an antibody directed against HER2, in patients with HER2
positive metastatic breast cancer, is related to an increased incidence of heart
failure, suggesting that HER2 is required in the normal heart. The cleaved
extracellular domain of HER2 can be measured in serum. We evaluated whether
serum human epidermal growth factor receptor 2 (HER2) levels are increased in
heart failure patients and related to disease severity or circulating apoptosis-related
cytokines.

Patients and methods
Serum HER2 and plasma levels of tumor necrosis factor (TNF)-α, soluble (s) TNF-
receptor (R) 1, and sTNF-R2, were determined by enzyme-linked immunosorbent
assay (ELISA) in heart failure patients and compared to age and gender matched
healthy controls.

Results
Serum HER2 was higher (P = 0.013) in 50 heart failure patients (32 male and 18
female; median age 57 (range 33-77) years), mean 12.1 ±SD 2.3 ng/mL, than in 15
controls, 10.4 ±2.6 ng/mL. Serum HER2 levels were highest among NYHA class
III patients, followed by NYHA class II patients. Controls had the lowest serum
HER2 levels (P = 0.029, Kruskal-Wallis test). Serum HER2 correlated inversely
with LVEF (P = 0.037). No differences were observed in plasma TNFα levels, but
sTNF-R1 (P < 0.001) and sTNF-R2 (P = 0.015) were higher in patients than in
controls, and correlated positively with serum HER2 (P = 0.027 and P = 0.036,
respectively).

Conclusions
The increased serum HER2 levels in heart failure patients could suggest that HER2
plays a role in the pathophysiology of heart failure. HER2 may be involved in
cardiac apoptosis, based on the association with increased sTNF-R plasma levels.
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INTRODUCTION

An increased incidence of heart failure is observed with the use of trastuzumab, a
monoclonal antibody against the human epidermal growth factor receptor 2
(HER2), also known as erbB-2, in the treatment of HER2-positive metastatic breast
cancer patients.1 The pathophysiological mechanism of trastuzumab-related heart
failure is still unclear. HER2 is indispensable for normal cardiac development in
animals.2 Additionally, mice with a cardiac-restricted HER2 gene deletion
developed severe dilated cardiomyopathy, after they were born without overt
phenotypic abnormalities and at normal Mendelian frequencies.3,4 This coincided
with increased apoptosis in the left ventricles of these mice.5 Based on these data,
HER2 is considered to play a role in cardiac pathophysiology.
In heart failure due to dilated cardiomyopathy (DCM) or ischemic heart disease
(IHD), apoptosis leading to progressive myocellular loss, plays a pathophysiologic
role.6,7 Circulating levels of tumor necrosis factor (TNF)-α and its soluble (s)
receptors, TNF-R1 and TNF-R2, which are elevated in patients with chronic heart
failure, are associated with heart failure severity,8-10 and increased cardiomyocyte
apoptosis in these patients.11

The extracellular domain of the transmembrane HER2 protein can be
proteolytically cleaved from the cell membrane. After shedding into the circulation,
this HER2 extracellular domain can be measured in serum with an enzyme-linked
immunosorbent assay (ELISA). Patients with HER2 positive breast cancer have
high serum HER2 levels, which correlate positively with the number of metastatic
sites.12

To date, no knowledge is available regarding serum HER2 levels in patients with
heart failure. It is hypothesized that HER2 is involved in compensatory
mechanisms following cardiac stress. Anthracyclines for instance, can induce
cardiac stress through the induction of free oxygen radicals.13 The increased cardiac
stress may lead to upregulation of cardiomyocyte-expressed HER2, rendering these
cardiomyocytes more susceptible to trastuzumab. We hypothesize that HER2 is
involved in chronic heart failure, reflected by an increase in serum HER2
concentrations in heart failure patients. The aim of the present study was to
evaluate circulating HER2 concentrations in patients with chronic heart failure,
caused by idiopathic DCM or IHD. In addition, we evaluated whether serum HER2
is associated with plasma levels of the apoptosis-related proteins TNF-α, sTNF-R1
and sTNF-R2.

PATIENTS AND METHODS

Subjects
Consecutive patients who visited the outpatient clinic of the Thorax Center of the
University Medical Center Groningen, The Netherlands, for chronic heart failure
were asked to participate in the study. Exclusion criteria were unstable cardiac
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disease, such as decompensated heart failure or unstable angina pectoris, prior
anthracycline-based chemotherapy, and serious uncontrolled concurrent disease, or
concurrent malignancy.
A control group consisting of gender and age-matched healthy volunteers was
recruited by an advertisement. None of the volunteers were admitted to the
hospital, had acute or chronic illness, or reported symptoms related to the
cardiovascular system. All subjects gave their written informed consent, in
accordance with the approval of the local medical ethics committee.

Cardiac evaluation
Signs and symptoms of heart failure were classified according to the New York
Heart Association (NYHA) functional class. Radionuclide angiography or cardiac
ultrasound was performed to determine left ventricular ejection fraction (LVEF).
Left ventricular end systolic and diastolic diameter (LVESD and LVEDD) were
determined with echocardiography. Peak oxygen consumption was assessed using
exercise testing with gas exchange analysis.

Blood sampling
For the determination of serum HER2, B-type natriuretic peptide (BNP), TNF-α,
sTNF-R1 and sTNF-R2, peripheral blood samples were collected and transferred in
10 mL disposable tubes, tubes containing 2-natrium-ethylenediamine tetra-acetic
acid (EDTA), heparin or no additive. After sampling, tubes were placed on ice
immediately. Serum or plasma was separated within 30 min of collection by
centrifugation at 4 °C, and stored at –80 °C until determination. HER2 extracellular
domain concentrations were measured in serum, BNP and TNF-α in EDTA
plasma. Heparin plasma was used for quantification of sTNF-R1 and sTNF-R2.

Serum HER2, apoptosis markers and neurohormones
BNP was assessed with an immunoassay (Abbott Laboratories, Abbott Park, IL,
USA). Serum HER2 levels were measured using a sandwich enzyme assay (HER-
2/ECD Assay, Oncogene Sciences, Cambridge, MA, USA). The assay has a cut-off
value of 15 ng/mL, based on serum HER2 levels in breast cancer patients, which
correspond with tumor HER2 expression.14 Plasma TNF-α, sTNF-R1 and sTNF-R2
were determined using commercially available enzyme-linked immunosorbent
assays (Quantikine, R&D systems, Minneapolis, MN, USA) following the
manufacturer’s instructions.

Statistics
Values are given in median (range). Quantitative variables were compared between
two groups using a Mann-Whitney-U test for skewed distributed variables. For
comparisons between more than two groups, a Kruskal-Wallis test was used.
Correlations between variables were calculated using Pearson’s correlation
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coefficient test. All P-values were two-sided and P < 0.05 was considered
statistically significant.

RESULTS

Clinical characteristics
Clinical characteristics are presented in table 1. The study population consisted of
50 patients with moderate to severe chronic heart failure. Medical treatment for
heart failure consisted of angiotensin-converting enzyme inhibitors or angiotensin
receptor-2 antagonists, β-blockers, diuretics, nitrates and/or digoxin. BNP values
were higher in patients, than in controls (P<0.01), and higher in NYHA III than in
NYHA II patients (P < 0.05) (Table 1). LVEF values correlated inversely with
BNP values (R = -0.385, P = 0.012) and positively with peak oxygen consumption
values (R = 0.284, P = 0.046). The control group consisted of 15 gender and age-
matched healthy subjects (10 men and 5 women) with a median age of 56 (range
39-70) years.

Table 1. Clinical characteristics
Controls
(N=15)

Patients
(N=50)

Patients according to
NYHA classification

II (N=31) III (N=19)

Age (years) 56 (39-70) 57 (33-77) 58 (33-77) 56 (34-68)

Male/Female 10/5 32/18 19/12 13/6

Cause of heart failure
DCM N/A 28 19 9

IHD N/A 22 12 10

Diabetes mellitus 0 5 5 0

Hypertension 0 7 4 3

Smoking 3 6 3 3

LVEF N/A 0.23 (0.10-0.54) 0.27 (0.12-0.54) 0.22 (0.10-0.40)†

Peak oxygen consumption
(mL/kg min-1) N/A 15.8 (4.2-19.8) 17.0 (8.7-19.8) 14.4 (4.2-18.5)†

BNP (pg/mL) 32 (9-273) 279 (5-1938)* 216 (12-1545)* 519 (5-1938)*†

Values are presented as median (range). * P < 0.01 compared to controls. † P < 0.05 compared to NYHA
class II patients

Serum HER2 and plasma apoptosis markers
Serum HER2 levels were higher in heart failure patients, compared to controls (P =
0.013) (Table 2). Plasma sTNF-RI and sTNF-RII were also higher in patients, than
in controls (P < 0.001 and P = 0.015, respectively).
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Table 2. Serum HER2, plasma TNFα and sTNF-R levels
Control group (N=15) Heart failure patients(N=50) P-value

HER2 (ng/mL) 10.4 ± 2.6 12.1 ± 2.3 0.013

TNF-αααα (pg/mL) 4.3 ± 7.0 3.6 ± 6.3 0.889

sTNF-R1 (ng/mL) 0.8 ± 0.3 1.4 ± 0.5 < 0.001

sTNF-R2 (ng/mL) 2.0 ± 0.5 2.6 ± 0.8 0.015
Values are presented as mean ± SD

When comparing NYHA class III to NYHA class II and controls, NYHA class III patients
had the highest circulating levels of HER2 (P = 0.029), sTNF-R1 (P < 0.001) and sTNF-
R2 (P = 0.010), followed by NYHA class II patients and controls (Kruskal-Wallis test)
(Figure 1).

Figure 1. Dot plot of serum human epidermal growth factor receptor 2 (HER2). Dotted line represents the
serum HER2 cut-off value (upper limit of normal ) of 15 ng/L. (A) tumor necrosis factor receptor (sTNF-R)
1 (B) and sTNF-R2 (C) levels in NYHA class II vs. NYHA class III heart failure patients, compared to
controls. Lines represent mean values.

Serum HER2 levels were not associated with the time since the first diagnosis of
heart failure. No associations were observed between serum HER2 levels and
gender, age or the presence of diabetes mellitus, hypertension or present smoking.
TNFα and sTNF-R levels were also not associated with gender, age or any of the
aforementioned comorbidities. Serum HER2 correlated inversely with LVEF (R = -
0.296, P = 0.037) (Figure 2).
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HER2 did not correlate with peak oxygen consumption, plasma BNP values, nor
with LVESD or LVEDD. No differences were observed regarding serum HER2,
plasma TNF-α and sTNF-R levels between patients with DCM and IHD as the
cause for heart failure. A weak positive correlation existed between serum HER2
and sTNF-R levels; sTNF-R1 (R = 0.277, P = 0.027), sTNF-R2 (R = 0.260, P =
0.036).

DISCUSSION

One of the major findings of the present study, is that serum HER2 levels are
elevated in heart failure patients. Higher serum HER2 levels were associated with
increasing NYHA class, and a weak negative correlation between serum HER2 and
LVEF values was observed. Furthermore, serum HER2 levels correlated positively
with plasma levels of the apoptosis-related proteins sTNF-R1 and sTNF-R2.
Although the differences in serum HER2 levels between patients and controls are
small and not likely to be of clinical relevance, the elevated serum HER2 in heart
failure patients suggests that HER2 plays a role in cardiac pathophysiology. This
may be an important observation with regard to our understanding of the
mechanism responsible for trastuzumab-related cardiotoxicity.
In rats with banding-induced aortic stenosis, compensatory myocardial hypertrophy
precedes heart failure. Myocardial HER2 mRNA expression, which is present
during compensatory hypertrophy in the animals with banding-induced aortic
stenosis, is decreased during the transition from compensatory hypertrophy to heart
failure.15 In 36 patients with severe (NYHA class IV) heart failure due to ischemic
or non-ischemic cardiomyopathy, myocardial HER2 mRNA levels were raised
following left ventricular assist device implantation.16 It can be imagined that the
slightly higher serum HER2, as was observed in our study population, is indicative
of increased shedding of HER2 from the cardiomyocyte membrane into the
circulation. This may result, via decreased HER2 mRNA expression, in decreased
HER2 cardiomyocyte membrane expression. To date however, no data are
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available with regard to the relationship between HER2 mRNA and membrane
expression in the heart.
Recently, HER2 expression was shown with immunohistochemistry in left
ventricle biopsies from 6 of 60 patients with severe cardiac disease and heart failure
symptoms. Only weak HER2 staining was observed in these positive biopsies,
compared to HER2 overexpressing or HER2 gene amplifying breast tumors.17 This
might explain why circulating HER2 levels in our heart failure patients are only
slightly elevated in comparison to high serum HER2 values in HER2 positive
breast cancer patients.18

The pathophysiological mechanism of the higher serum HER2 values in heart
failure patients remains unclear. We observed an inverse association between
serum HER2 levels and systolic left ventricular function as assessed with LVEF
measurement. Serum HER2 was however not related to other markers of heart
failure severity such as BNP, peak oxygen consumption nor with left ventricular
diameters. Hypothetically, loss of cardiomyocyte-expressed HER2 may result in
loss of functional myocytes leading to systolic functional impairment and heart
failure. In addition, whether or not the myocardium is the origin of the increased
HER2 serum levels remains unclear. It can also be imagined that the HER2 is
produced by other organs, or as a result of systemic responses, such as passive
congestion, ischemia or as an acute phase reactant. HER2 appears to be involved in
the prevention of apoptosis.19

HER2 signal transduction is initiated through heterodimerization with one of the
other three HER family members. For review regarding the role of the HER family
in the heart see.20 Neuregulins are a family of ligands that can activate the HER
family of growth promoting receptors. Although no direct activating ligand has
been discovered for HER2, neuregulin signaling appears to be crucial for cardiac
development since targeted disruption of neuregulin signaling results in embryonic
lethality due to incomplete cardiac and neurologic development.21,22

Inhibition of HER2 in isolated neonatal rat ventricular myocytes resulted in
increased expression of the pro-apoptotic protein Bcl-xS and a decrease in the anti-
apoptotic Bcl-xL.23 It can be hypothesized that in heart failure, the protective
trophic signal normally provided by HER2 is lost through increased shedding of
cardiomyocyte membrane-bound HER2 into the circulation. Loss of
cardiomyocyte-expressed HER2 may induce cardiac apoptosis leading to heart
failure. The slight elevation in serum HER2 levels in our population of heart failure
patients may be indicative of this loss of membrane-expressed HER2.
HER2 cleavage might be affected by apoptosis-related cytokines, which are
elevated in patients with heart failure.24 In the current study, plasma levels of both
TNF receptors were higher than in controls. In addition, we observed a weak
positive correlation between plasma levels of both TNF receptors, which may point
in this direction. Further study is needed to determine whether the higher serum
HER2 levels in heart failure patients are related to increased cardiomyocyte
apoptosis or to augmented myocardial HER2 expression and shedding.
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For evaluating the importance of HER2 in the heart, scintigraphy with radiolabeled
trastuzumab may prove of value. This technique enables visualization of HER2 by
trastuzumab tissue uptake, using gammacamera imaging.25-27 Radiolabeled
trastuzumab scintigraphy in patients with chronic heart failure may increase our
understanding of the role played by HER2 in the heart.
A limitation of the current study is the relatively small sample size, which may
have restricted the statistical significance of our findings. For instance, elevated
plasma TNF-α levels have been described extensively in heart failure patients.28

Although plasma TNF-α levels were slightly higher in heart failure patients than in
controls in the current study, this did not reach statistical significance.

In conclusion, the increased serum HER2 levels observed in heart failure patients in
our study suggest that HER2 might play a role in heart failure. Although serum
HER2 did not correlate with TNFα, HER2 may be involved in cardiac apoptosis,
based on the positive association between HER2 and the sTNF-R levels. However,
the underlying pathophysiological mechanisms for the higher circulating levels of
HER2 remain unclear and require further investigation.
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ABSTRACT

Background
Plasma natriuretic peptides are increased in patients with cardiac dysfunction We
measured N-terminal (NT-ANP) and B-type (BNP) natriuretic peptides in disease-
free breast cancer survivors, during long-term follow-up after epirubicin (360
mg/m2 or 450 mg/m2 cumulatively) and chest irradiation.

Patients and methods
Plasma samples for natriuretic peptide measurement were repeated after extended
follow-up in 54 patients, who had participated in two studies evaluating
cardiotoxicity.

Results
From a median follow-up of 2.7 to 6.5 years, median BNP was raised almost three-
fold (P < 0.001). Symptomatic heart failure was now present in two patients.
Compared to the epirubicin 360 mg/m2 group, BNP was higher (P = 0.006) in the
450 mg/m2 group, with a trend (P = 0.054) for higher NT-ANP.

Conclusions
These findings suggest that anticancer therapy initiates an autonomically
progressive process that may ultimately lead to symptomatic cardiac dysfunction,
years after treatment. BNP measurement may be of value to identify patients
requiring intensive cardiac follow-up.
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INTRODUCTION

The most encountered late adverse effect of the anti-neoplastic anthracyclines is
heart failure as a consequence of cumulative dose-dependent, and irreversible,
cardiomyopathic alterations. With the improved prognosis and survival of cancer
patients over the last years, potential development of late cardiac dysfunction
increasingly becomes an issue with respect to the use of anthracyclines in clinical
practice. In addition to anthracycline chemotherapy, chest wall irradiation can
contribute to the development of cardiac dysfunction. Earlier detection of cardiac
injury, enabling earlier intervention, may limit the development of functional loss,
thereby limiting symptoms.
B-type natriuretic peptide (BNP) is secreted by the ventricles, in response to
increased wall stress or ventricular dilation. N-terminal atrial natriuretic peptide
(NT-ANP) is a linear peptide from the pro-hormone of ANP mainly secreted by the
atria following atrial wall stretch. Plasma BNP and NT-ANP levels are elevated in
patients with heart failure and increase with the New York Heart Association
(NYHA) class.1-3 Measurement of BNP in the emergency setting of acute dyspnea,
showed that increased plasma BNP can be used to discriminate between left
ventricular dysfunction and non-cardiac causes for the dyspnea 1. BNP and NT-
ANP are also elevated in patients with asymptomatic left ventricular dysfunction.4,5

Furthermore, increased natriuretic peptide levels have been related to decreased left
ventricular ejection fraction (LVEF) values in patients with left ventricular
dysfunction or coronary artery disease.6,7 As a consequence, elevated natriuretic
peptide values are considered to be indicative of left ventricular dysfunction.
Evidence with regard to the value of measuring natriuretic peptide levels during
long-term follow-up of cancer survivors is limited and is mainly derived from
childhood cancer survivors. NT-pro-ANP plasma levels increased during long-term
follow-up after anthracycline-treatment for childhood malignancy, and correlated
positively with echographic cardiac functional parameters, such as the left atrial
stroke volume, left ventricular end systolic volume and peak ventricular ejection
rate.8 In high-risk breast cancer patients, we previously observed that BNP and NT-
ANP levels were higher one year after adjuvant anthracyclines and chest wall
irradiation, compared to before treatment.9 In these patients, LVEF values declined
during the first year after chemotherapy, without the occurrence of symptomatic
heart failure. In addition, in non-Hodgkin’s lymphoma patients without
symptomatic cardiac dysfunction during anthracycline treatment, increased BNP
and NT-ANP levels correlated inversely with echographically determined
fractional shortening and E/A ratio.10 These data indicate that natriuretic peptide
levels increase with the development of (sub-clinical) anthracycline-induced
cardiac damage.
Based on their anti-tumour efficacy, the use of anthracyclines in the adjuvant
setting of breast cancer has increased in recent years. To date, evidence regarding
the detection of late cardiotoxicity, with ongoing decline of function, following
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adjuvant anthracyclines by measuring plasma natriuretic peptide values is limited.
We evaluated whether in relapse-free breast cancer survivors, in whom natriuretic
peptides were previously measured following moderate-dose adjuvant
anthracycline chemotherapy and chest wall irradiation, cardiac injury was present
after a median follow-up duration of more than 6 years, based on repeated
measurement of plasma BNP and NT-ANP.

PATIENTS AND METHODS

Patients and treatments
Natriuretic peptides were determined routinely in breast cancer survivors visiting
the oncology outpatient clinic of the University Medical Centre Groningen, The
Netherlands, between October 2002 and November 2003. Patients had participated
previously in two trials evaluating cardiotoxicity after adjuvant breast cancer
treatment.9,11 Both the cardiac evaluation trials, conducted between 1997 and 2000,
were side studies of a large randomised trial comparing anti-tumour efficacy of two
adjuvant chemotherapy regimens.12 In the cross-sectional study, the existence of
cardiac dysfunction at a median follow-up of 3.1 (range 2.0-6.6) years since the
start of chemotherapy was evaluated.11 The prospective trial studied the
development of cardiac dysfunction during the first year following the onset of
breast cancer treatment.9 In both studies, cardiac evaluations included a history and
physical examination, radionuclide ventriculography for LVEF determination, and
natriuretic peptide measurement. The study protocols were approved by the
medical ethics committee and written informed consent was obtained from all
participants.
Chemotherapy regimens consisted of either 5 cycles of standard-dose 5-fluorouracil
(500 mg/m2), epirubicin (90 mg/m2) and cyclophosphamide (500 mg/m2) once
every 3 weeks (FEC), or 4 cycles FEC, followed by high-dose carboplatin (1600
mg/m2), thiotepa (480 mg/m2) and cyclophosphamide (6000 mg/m2) (CTC).
Patients in the high-dose group underwent peripheral blood stem cell reinfusion 7
days after the start of CTC. Locoregional irradiation, with a total dose of 40-50 Gy
on the chest wall, was applied after bone marrow recovery. To the area of the
primary tumour an extra dose of 16-20 Gy was administered. Tamoxifen was
started after recovery from the final course of chemotherapy at a dose of 40 mg per
day orally.

Cardiac evaluation
In the present study, a history and physical examination with special attention to
signs and symptoms related to heart failure was performed to detect symptomatic
heart failure. If present, heart failure severity was classified according to the
NYHA scale. LVEF had been determined only as a part of the first cardiac
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assessment in the previous studies, using radionuclide ventriculography, and values
below 50% were considered abnormal.

Natriuretic peptides
For the determination of plasma BNP and NT-ANP, peripheral blood samples were
collected and transferred in 10 mL disposable tubes containing 2-natrium-
ethylenediamine tetra-acetic acid. After sampling, tubes were placed immediately
on ice. Plasma was separated within 30 min of collection by centrifugation at 4°C,
and stored at –80 °C until determination. BNP was measured with an
immunoradiometric assay. Normal values range between 1.0-10.0 pmol/L
(Shionoria, Osaka, Japan). NT-ANP plasma levels were assessed using a
radioimmunoassay. Normal values range between 150-500 pmol/L (Biotop, Oulu,
Finland).

Statistics
Values are given in mean ± SD for normal distributed variables and median (range)
for variables with a skewed distribution. Quantitative variables were compared
between two groups using a Mann-Whitney-U two-sample test for skewed
distributed variables. Paired analysis was performed in patients with a Wilcoxon
paired samples test. Correlations between variables were calculated using Pearson’s
correlation coefficient test. Linear regression analysis was performed to determine
the influence of age on the natriuretic peptide levels. All P values are two-sided and
P < 0.05 is considered statistically significant.

RESULTS

Clinical characteristics
A total of 91 patients had participated in the aforementioned cardiac studies.
Of these 91 patients, 76 were still alive at the time of the current evaluation.
Progression of breast cancer was the cause of death in 14. One patient died
due to the consequences of a second primary malignancy. Another nine
patients had received additional chemotherapy for recurrent breast cancer and
were excluded. Three patients were lost to follow-up and in 10 patients blood
samples could not be obtained due to other reasons. From the remaining 54
disease-free patients, blood samples were collected for the current extended
follow-up study.
Of these 54 patients, 26 women had received standard-dose chemotherapy and 28
high-dose CTC. Locoregional irradiation followed chemotherapy in all, except one
patient who developed a pericarditis after CTC.13 27 patients underwent left-sided
chest wall irradiation. The remaining 27 had received right-sided chest wall
irradiation.
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Natriuretic peptide measurement
At the time of the first cardiac evaluation, performed in the above mentioned
cardiac sub-studies of the nation-wide randomised trial, plasma natriuretic peptide
concentrations had been measured in women with a median age of 49 (range 26-56
years) at a median follow-up after the start of chemotherapy of 2.7 (range 0.5-5.1)
years. In the current evaluation, plasma BNP and NT-ANP levels were determined
after a median of 6.5 (range 4.1-11.0) years since the start of chemotherapy, at a
median age of 54 (range 32-61) years. The median time between the first and
second natriuretic peptide measurement was 4.1 (range 2.9-6.3) years.

Cardiac evaluation
At the time of the current study, a median of 6.5 years after chemotherapy start,
clinical heart failure (NYHA class II) was present in two patients. One of these
patients already had symptoms of heart failure at the time of the previous studies.
In one patient, diastolic dysfunction was the cause for heart failure, systolic
functional impairment was present in the other. After a median of 2.7 years
following chemotherapy, subnormal LVEF values were observed in eight of the 54
patients. Seven of the eight patients had received high-dose CTC and left sided
chest wall irradiation had been applied in four.9,11

Natriuretic peptides and cardiac dysfunction
Figure 1 represents BNP and NT-ANP levels at both time points. Median BNP
levels were higher after a median follow-up of 6.5 years, compared to after a
median of 2.7 years (P < 0.001) (Table 1 and Figure 1A). No differences were
observed regarding NT-ANP levels between the first cardiac evaluation and the
second time point (Figure 1B). Figure 2 represents the change in terms of
percentage for BNP (A) and NT-ANP (B) plasma levels between the two time
points, for individual patients. Linear regression analysis showed that the increase
in BNP plasma levels were not significantly influenced by the time between the
first and second evaluation.

Table 1. Natriuretic peptide plasma levels
Median 2.7 years after

chemotherapy start
Median 6.5 years after

chemotherapy start

BNP (pmol/L) 2.2 (0.5-51.1) 5.8 (0.8-25.5)*

BNP > 10.0 pmol/L 4 14

NT-ANP (pmol/L) 313 (164-909) 296 (121-651)

NT-ANP > 500 pmol/L 5 4

Values are presented as median (range). * P < 0.001
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Figure 1. Dot plot of plasma BNP (A) and NT-ANP (B) levels at a follow-up duration of median 2.7 vs. 6.5
years after the start of chemotherapy. Lines represent median values. P-value is based on Wilcoxon paired
samples test.

Figure 2. Dot plot of the change in plasma BNP (A) and NT-ANP (B) levels between the first and the
second measurement, expressed as the percentage of the first measurement (Y-axis). The X-axis represents
the time between the two measurements.

At a median follow-up of 6.5 years after chemotherapy start, BNP levels were
above the upper limit of normal (> 10 pmol/L) in 14 patients. In two of these 14
women plasma BNP was already above the upper limit of normal at the time of the
first evaluation. NT-ANP levels above the normal range (> 500 pmol/L) were
observed in four patients in the current study. One of these four patients had an
elevated plasma NT-ANP concentration at the time of the first evaluation.
At the second time point, plasma BNP was elevated in the patient with heart failure
based on systolic left ventricular dysfunction (11.4 pmol/L). The patient with
diastolic dysfunction-based heart failure had a normal plasma BNP concentration.
NT-ANP plasma levels were within the normal range for both patients with heart
failure.
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Natriuretic peptide plasma concentrations at the time of the current study, were not
associated with LVEF values determined as a part of the first cardiac evaluation, at
a median follow-up of 2.7 years. Natriuretic peptide plasma levels, at a median of
6.5 years since the start of treatment, in the eight patients with subnormal LVEF
values at the first time point were not different compared to the patients with a
LVEF > 50%.

Natriuretic peptides and anticancer treatment
At a median follow up of 6.5 years, median plasma BNP levels were higher in
breast cancer survivors who had received standard-dose chemotherapy (total
epirubicin dose 450 mg/m2), compared to the high-dose CTC-treated patients (total
epirubicin dose 360 mg/m2), 2.9 (range 0.8-25.5) vs. 7.4 (range 0.8-20.6) pmol/L,
respectively (P = 0.006) (Figure 3A). A trend was observed for higher median
plasma NT-ANP levels in patients after standard-dose chemotherapy (349 (range
132-577) pmol/L), compared to after high-dose CTC, (259 (range 121-651)
pmol/L) (P = 0.054) (Figure 3B). These differences were not present at the time of
the first cardiac evaluation, at a median follow-up of 2.7 years. Left sided chest
wall irradiation was not associated with higher plasma natriuretic peptide
concentrations at both time points.

Figure 3. Dot plot of plasma BNP (A) and NT-ANP (B) levels in patients treated with a total dose of 450
mg/m2, compared to patients who had received a total dose of 360 mg/m2 epirubicin, at a median of 6.5
years after chemotherapy start. Lines represent median values. P-value is based on Mann-Whitney-U two
sample test.

DISCUSSION

In the current study, we evaluated plasma BNP and NT-ANP levels in disease-free
patients after adjuvant anthracycline-containing chemotherapy and chest wall
irradiation for high-risk breast cancer, at a median follow-up of more than 6 years.
Plasma BNP levels were raised from 2.7 to 6.5 years of follow-up. Median
natriuretic peptide plasma levels remained within the normal range. Among the two
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patients with symptomatic heart failure, BNP levels were above the upper limit of
normal in the one patient with systolic left ventricular dysfunction as the
underlying cause for heart failure. In addition, patients who had been treated with
standard-dose chemotherapy (epirubicin 450 mg/m2) had higher plasma BNP, than
patients who had received high-dose CTC (epirubicin 360 mg/m2). To our
knowledge, this is the first evidence of a rise in plasma BNP levels during follow-
up of more than 6 years after anti-neoplastic treatment in an adult population of
adjuvant anthracycline-treated breast cancer survivors.
With a median age of 54 years at the time of the second evaluation, our study
population of breast cancer survivors is relatively young. Keeping in mind the
improved prognosis of patients with breast cancer over the last decades, the issue of
potential treatment-related late cardiotoxicity becomes increasingly important. An
important question to be raised is whether the life expectancy of these patients is
attenuated by adverse cardiac effects of prior anthracyclines and chest wall
irradiation. Earlier detection of ongoing cardiac injury may enable oncologists to
intervene, for instance by starting medical treatment using an angiotensin-
converting enzyme inhibitor, before functional loss occurs. We found elevated
BNP levels in 26% of the patients at a median of 6.5 years after chemotherapy,
which is viewed as suggestive for ongoing cardiac injury that can ultimately lead to
the development of heart failure. Natriuretic factors can become elevated before the
development of cardiac functional loss.14,15 We previously reported that plasma
NT-ANP and BNP levels increased during the first year after a similar adjuvant
treatment regimen for high-risk breast cancer. This rise was already present one
month following chemotherapy.9 Patients with an asymptomatic elevated plasma
BNP level after anticancer treatment, may be at increased risk for developing
cardiac dysfunction.
Anthracycline-induced cardiotoxicity is cumulative dose-dependent and can occur
up to years after treatment.16 Recently, symptomatic heart failure and asymptomatic
decreased fractional shortening or increased end-systolic wall pressure, determined
echocardiographically, were described to occur in 39% of 229 survivors of
childhood solid malignancies, after a mean follow-up duration of 18 years
following anthracyclines and irradiation to the heart region.17 In breast cancer
survivors, left ventricular dysfunction was reported in 20 of 85 relapse-free breast
cancer survivors treated with 6 cycles of FEC (epirubicin 100 mg/m2), compared to
one of 65 patients after 6 cycles FEC (epirubicin 50 mg/m2), more than 8 years
after treatment.18 With regard to natriuretic peptide levels after anthracycline
treatment, Poutanen et al. found higher serum NT-ANP levels, 5 years after
treatment, in 39 childhood malignancy survivors, compared to healthy age-matched
controls.8 In a study among high-risk breast cancer patients, comparing two
anthracycline-containing chemotherapy regimens, serial measurements of serum
NT-pro-ANP were performed during a follow-up period of up to 3 years after
treatment. Patients who received 9 cycles FEC (epirubicin 744 mg/m2), had 19%
higher NT-pro-ANP plasma levels than patients treated with 3 cycles FEC and
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high-dose CTC (epirubicin 181 mg/m2).19 Furthermore, plasma NT-pro-ANP was
higher in patients after left sided chest wall irradiation than after right sided
irradiation.19 In the current study, patients treated with standard-dose chemotherapy
(450 mg/m2 epirubicin, total dose) had higher BNP values at a median of 6.5 years
after start of chemotherapy, than patients who received 4 cycles FEC plus high-
dose CTC (360 mg/m2 epirubicin, total dose). This may be explained by the higher
cumulative epirubicin dose in the standard-dose chemotherapy (450 mg/m2),
compared to the high-dose CTC group (360 mg/m2). No clear association was
detected between left sided chest wall irradiation and higher plasma natriuretic
peptide concentrations.
The moderate cumulative amounts of anthracyclines administered in the current
study (epirubicin 360-450 mg/m2) may account for the low incidence of
cardiotoxicity encountered. On the other hand, in breast cancer patients who
received a similar treatment, we previously described that an asymptomatic drop in
LVEF occurred during the first year of follow-up after treatment.9 In addition, a
large study among 1,576 doxorubicin/cyclophosphamide-treated breast cancer
patients showed that an asymptomatic decrease in LVEF developed in 23.4%,
shortly after a relatively low cumulative dose of 240 mg/m2 doxorubicin.20

BNP is considered to be more sensitive and specific for the detection of cardiac
dysfunction than (NT-)ANP in chemotherapy-unrelated heart failure patients.2,21

ANP and BNP measurement in a small study among 13 daunorubicin-treated acute
leukaemia patients, also suggested superiority of BNP for this purpose.22 This may
be an explanation for the fact that we observed an increase in plasma BNP, but not
NT-ANP levels, between 2.7 and 6.5 years median follow-up after anticancer
treatment.
Plasma BNP measurement appears to be of value as an additional screening tool for
the detection of cardiac toxicity in the follow-up after anticancer treatment. To
date, detection and monitoring of cardiac dysfunction after anti-neoplastic therapy
mostly involves multigated radionuclide angiography or cardiac ultrasound.
However, these methods are less attractive for the routine cardiac evaluation of all
patients after cardiotoxic anticancer treatment. The relatively simple and cheap
BNP assay may therefore be of particular interest for screening patients who may
be prone to treatment-related cardiac dysfunction. Especially for patients with
increased BNP levels after anticancer treatment, cardiac follow-up with regular
LVEF measurement and/or echographic functional assessment may be indicated.
For this purpose, reliable cut-off values are of great importance. The suggested cut-
off value used in the emergency setting to discriminate between a cardiac and
pulmonary origin of acute dyspnea is 28.9 pmol/L (100 pg/mL).1 However, for
identifying patients at risk for cardiac dysfunction after anticancer treatment, the
cut-off value should probably be much lower. In this study, we used a low cut-off
value of 10.0 pmol/L.
For the interpretation of our findings, some considerations must be made. First,
great intra- and interindividual biological variations have been reported for the
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natriuretic peptides.23 Natriuretic peptide values of individual patients must be
interpreted carefully and whenever possible, the time-course of plasma natriuretic
peptide levels should be evaluated.23

Second, in the general population, natriuretic factors tend to increase with
advancing age,24 but in chronic heart failure patients, this relation appears to be less
pronounced.25 Here we present the data from relatively young breast cancer
survivors, which is not comparable to a heart failure population or to healthy
individuals. However, the time between both measurements (median 4 years) did
not influence natriuretic peptide plasma levels.
Third, cardiac dysfunction was considered to be present with symptoms of heart
failure. At the time of evaluation, no objective measures of cardiac function, such
as LVEF or other functional parameters, were available. This may lead to an
underestimation of the presence of asymptomatic cardiac dysfunction in our study
population at the time of evaluation. A well designed, long-term prospective
evaluation of plasma natriuretic peptide levels together with assessment of clinical
symptoms of heart failure and functional parameters, such as LVEF measurement,
is required to determine the clinical implications of the rise in plasma BNP, as
observed in the current study.

In summary, in breast cancer survivors who had received anthracyclines and chest
wall irradiation, we observed a significant rise in plasma BNP levels from median
2.7 to 6.5 years after the start treatment. These findings suggest that after the initial
insult to the myocardium of anti-neoplastic therapy, an autonomically progressive
process is initiated, which may lead to the development of symptomatic cardiac
dysfunction up to years after anti-neoplastic therapy. Considering the fact that
anthracyclines and chest wall irradiation are used widely in the adjuvant treatment
of breast cancer, thousands of women will be at risk for developing cardiac
dysfunction in late follow-up. Thus, determining the optimal time for intervention,
aiming to prevent or limit the development of heart failure in these patients, is of
great interest. Increased plasma BNP may become of value for identifying patients
who require more intensive cardiac follow-up. Measuring plasma natriuretic
peptide levels for this purpose is simple and appears promising and deserves further
study.
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ABSTRACT

Background
To evaluate whether circulating soluble (s) apoptosis-related proteins and
inflammation markers are increased in long-term disease free breast cancer
survivors and associated with cardiotoxicity, and if subgroups could be identified
based on the applied treatments.

Patients and methods
Circulating tumor necrosis factor (TNF) α, sTNF-receptor (sTNF-R) 1 and 2, sFas,
sFas ligand, sTNF-related apoptosis inducing ligand (sTRAIL) and serum HER2
were measured with immunoassay (ELISA) in long-term disease-free breast cancer
survivors after adjuvant anthracyclines and chest wall irradiation. High-sensitivity
C-reactive protein (HS-CRP), fibrinogen, plasma B-type and N-terminal atrial
natriuretic peptide (NT-ANP and BNP) were also determined. Serum platinum was
analyzed in subjects who had received carboplatin.

Results
34 patients with a median follow-up of 6.0 years, and 12 healthy age-matched
women were enrolled. Chemotherapy, consisting of standard-dose (5x fluorouracil,
epirubicin (450 mg/m2), cyclophosphamide (FEC), n=14) or high-dose (4x FEC,
epirubicin (360 mg/m2), and myeloablation with 1600 mg/m2 carboplatin, 6 g/m2

cyclophosphamide, thiotepa 480 mg/m2, n=20) with hematopoietic stem cell
rescue, preceded irradiation and tamoxifen. Although no associations with
natriuretic peptides or clinical cardiotoxicity (n=2) were observed, circulating
apoptosis markers were higher in breast cancer survivors than in controls. SFas
ligand and sTRAIL were higher in the high-dose than in the standard-dose group.
Circulating platinum levels did not correlate with apoptosis marker levels.

Conclusions
Circulating apoptosis marker levels were increased in long-term disease-free breast
cancer survivors, treated with adjuvant chemoradiotherapy, and were higher after
myeloablative than after standard-dose chemotherapy. The potential relation with
late cardiotoxicity of antineoplastic therapy deserves further study.
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INTRODUCTION

The use of chemotherapy in the treatment of early breast cancer has lead to
improved prognosis and survival. As a result, long-term complications related to
chemotherapeutic agents become more and more of an issue in clinical practice.
Several antineoplastic agents, anthracyclines in particular, are known to have
adverse effects on the cardiovascular system (for review see 1. Anthracycline-
induced cardiotoxicity mostly consists of cumulative dose-dependent
cardiomyopathic alterations that can ultimately lead to heart failure. Besides
anthracyclines, other antineoplastic agents can also induce cardiotoxicity. For
instance, acute symptomatic cardiotoxicity occurs in 5-28% of the patients treated
with high-dose cyclophosphamide.2-4

Currently, left ventricular ejection fraction (LVEF) measurement is generally
accepted as the diagnostic tool for the detection of anthracycline-related
cardiotoxicity. However, with this technique only functional loss can be detected.
When a drop in LVEF occurs, the myocardial damage has already occurred.
Therefore, many investigators have searched for alternative methods for earlier
detection or prediction of chemotherapy-induced cardiac injury, to enable medical
intervention that limits myocardial injury and symptomatic cardiac dysfunction.
In patients with heart failure unrelated to anticancer treatment, cardiomyocyte
apoptosis is increased.5,6 Plasma levels of the soluble forms of several members
belonging to the tumor necrosis factor (TNF)-superfamily of apoptosis-related
proteins (TNFα, TNF receptor (TNF-R) 1 and 2, Fas and Fas ligand) are increased
in heart failure and correlate positively with New York Heart Association (NYHA)
functional class.7-10 Increased TNF-related apoptosis-inducing ligand (TRAIL)
cDNA expression is present in peripheral blood mononuclear cells of heart failure
patients.11

Next to plasma markers of apoptosis, serum levels of the acute phase reactants
high-sensitivity C-reactive protein (HS-CRP) and fibrinogen are elevated in heart
failure patients and positively associated with the NYHA class. Both HS-CRP and
fibrinogen are independent negative prognostic factors in these patients.12,13

Increased plasma fibrinogen may also be suggestive of a hypercoagulable state in
heart failure.14

The human epidermal growth factor receptor 2 (HER2; also known as erbB-2) is
predominantly known for its role in breast cancer, in which it is
overexpressed/amplified in 25-30% of patients and related to worse prognosis.15

The anti-HER2 antibody trastuzumab is associated with an increased risk of cardiac
dysfunction, especially if administered with concurrent anthracycline treatment.16

HER2 is hypothesized to play a role in the pathogenesis of heart failure,
predominantly based on the observation that mice lacking the intracardiac gene
coding for HER2 develop severe dilated cardiomyopathy shortly after birth.17,18

The proteolytically cleaved extracellular domain of the transmembrane HER2 is
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shed into the circulation and can be quantified in serum with an immunosorbent
assay.19

The neurohormones B-type natriuretic peptide (BNP) and N-terminal atrial
natriuretic peptide (NT-ANP) are elevated in patients with low LVEF values and
clinical heart failure, and increase with the NYHA class.20-22 Furthermore,
increased natriuretic peptide levels have been related to decreased left ventricular
ejection fraction (LVEF) values in patients with left ventricular dysfunction or
coronary artery disease.23,24 As a consequence, elevated natriuretic peptide values
are considered to be indicative of left ventricular dysfunction. In patients who
received adjuvant anthracycline-based chemotherapy followed by chest wall
irradiation and oral tamoxifen maintenance treatment for early stage breast cancer,
we previously observed that plasma natriuretic peptides increased during the first
year after the start of treatment.25

To date, no data is available regarding circulating levels of TNF-related soluble
apoptotic proteins, acute phase proteins and serum HER2 in relation to the
occurrence of late cardiotoxicity, during follow-up of breast cancer survivors who
received potentially cardiotoxic treatment. Therefore, in this cross-sectional study,
we determined whether circulating levels of sTNF-related apoptotic proteins,
HER2 and acute phase proteins are increased and associated with cardiac
dysfunction, in long-term disease-free breast cancer survivors after adjuvant
anthracycline chemotherapy and chest wall irradiation. Additionally, we evaluated
whether subgroups could be identified, based on the applied treatment regimens.

PATIENTS AND METHODS

Breast cancer survivors and treatment
Between February 2003 and June 2004, breast cancer patients visiting the oncology
outpatient clinic of the University Medical Center Groningen, The Netherlands for
routine follow-up, were asked to participate in this study. Eligible patients were
those who were treated successfully in a nation wide randomized trial comparing
efficacy of two adjuvant anthracycline-containing chemotherapy regimens.26 In this
randomized study, patients aged 18-55 years received either 5 three-weekly cycles
of standard dose 5-fluorouracil (5-FU) (500 mg/m2), epirubicin (90 mg/m2) and
cyclophosphamide (500 mg/m2) (FEC) or 4 courses of FEC followed by high-dose
cyclophosphamide (1500 mg/m2), thiotepa (120 mg/m2) and carboplatin (400
mg/m2), daily for 4 days (4x FEC+CTC). Hematopoietic stem cells were reinfused
7 days after the start of high-dose CTC. In both treatment arms, chemotherapy was
followed by locoregional irradiation, which was started after hematological
recovery from the last chemotherapy cycle. The dose applied to the supraclavicular
and axillary lymph node area was between 46 and 50 Gy in 23-25 fractions. Chest
wall irradiation was performed in 20-25 fraction to a dose of 40 to 50 Gy. In the
case of breast conserving surgery, an additional boost of 16 to 20 Gy was



CIRCULATING APOPTOSIS-RELATED PARAMETERS IN LONG-TERM DISEASE-FREE BREAST CANCER SURVIVORS

113

administered to the tumor bed. Tamoxifen (40 mg/day orally) was started in both
treatment arms after bone marrow recovery for 2-5 years.
To be eligible for the current study, patients were required to be free of disease,
with the last course of anthracycline-containing chemotherapy at least 6 months
prior to inclusion.
A history and physical examination with special attention to signs and symptoms
related to heart failure was performed. If present, the severity of heart failure was
classified according to the NYHA functional scale.
Age-matched, healthy female individuals, with no history of malignancy or
cardiovascular disease, recruited through an advertisement, served as controls.
The study protocol was approved by the local ethics committee. Written informed
consent was obtained from all participants.

Blood sampling
Peripheral blood samples were drawn and transferred in 10 mL disposable tubes
containing either 2-natrium-ethylenediamine tetra-acetic acid (EDTA), heparin or
no additive for serum collection. After sampling, tubes containing EDTA or
heparin as an additive were placed on ice immediately. In tubes containing no
additive, blood was allowed to clot at room temperature until centrifugation. Serum
and plasma were separated by centrifugation at 4ºC, and stored at –80ºC until
determination.

Soluble apoptosis-related proteins
Plasma levels of TNFα, sTNF-R1, sTNF-R2, sFas, sFas ligand and sTRAIL were
determined using commercially available enzyme-linked immunosorbent assay
(ELISA) kits (Quantikine; R&D systems, Minneapolis, MN, USA) following the
manufacturer’s instructions. Serum HER2 was determined with a sandwich ELISA
(HER-2/ECD assay; Oncogene Sciences, Cambridge, MA, USA). TNFα was
measured in EDTA plasma, sTNF-R1 and sTNF-R2 in heparin plasma. Serum was
used for sFas, sFas ligand, sTRAIL and HER2.

Neurohormones
BNP and NT-ANP were analyzed as markers for cardiac dysfunction. BNP plasma
levels were measured with an immunoradiometric assay (Shionora, Osaka, Japan),
with a normal range of 1-10 pmol/L. NT-ANP levels were assessed with a
radioimmunoassay (Biotop, Oulu, Finland), with a normal range between 150 and
500 pmol/L.

Acute phase reactants
Serum HS-CRP and fibrinogen were determined as markers for inflammation. HS-
CRP was assayed with the BNII Nephelometer (Dade Behring, Brussels, Belgium).
Lower detection limit 0.16 mg/L (normal values 0.16-10 mg/L). Plasma fibrinogen
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was measured with the Clauss functional assay on an STA coagulation analyzer
(normal range 1.7-3.5 g/L).

Platinum
Serum platinum concentrations were analyzed in the patients who had received
carboplatin-based chemotherapy (4x FEC+CTC). This analysis was performed
using a highly sensitive procedure in which high-pressure decomposition of plasma
is followed by adsorptive voltammetric determination of platinum with a detection
limit of 6 pg/g.27

HER2 tumor status
Formalin-fixed, paraffin-embedded tumor samples were stained with antibodies
against HER2 28. Staining for HER2/neu was scored as follows: a score of 0, no
staining; a score of 1, more than 10 percent of cells were weakly positive; a score of
2, moderate homogeneous staining; and a score of 3, strong homogeneous staining.
A score of 0-1 was considered as HER2 negative and a score of 2-3 was considered
HER2 positive.

Statistics
Quantitative variables were compared between two groups using an unpaired t test
for normally distributed variables or a Mann-Whitney-U test for skewed distributed
variables. Normally distributed variables are reported as mean ±SD, skewed
distributed variables are reported as median and range. Correlations between
variables were calculated using Pearson’s correlation coefficient or Spearman rank
sum test. All P values were two-sided and P<0.05 was considered statistically
significant.

RESULTS

Thirty-four breast cancer survivors, with a median age of 52 years and a median
follow-up duration of 6.0 years since the start of chemotherapy, were enrolled.
None of the patients had evidence of cardiac disease at the start of breast cancer
treatment. 5x FEC had been the applied chemotherapy regimen in 14 (41%)
patients, 20 (59%) had received 4x FEC+CTC. All breast cancer survivors had
received locoregional irradiation to the chest wall and axillary lymph nodes with a
median dose of 50 (range 32-50) Gy and oral tamoxifen maintenance therapy; 27
for the duration of 2 years and 7 for the duration of 5 years. Sixteen patients had
received left sided chest wall irradiation and right sided chest wall irradiation had
been performed in the remaining 18 patients.
Second primary breast cancers were diagnosed in three breast cancer survivors
during follow-up after adjuvant treatment; one after 5x FEC and two after 4x
FEC+CTC. All three underwent surgery followed by adjuvant chemotherapy (6x
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CMF; cyclophosphamide, methotrexate and 5-fluorouracil), one patient underwent
chest wall irradiation. At the time of enrollment in the current study, the patients
were free of malignant disease. For the analysis of the influence of the applied
antineoplastic treatment on circulating soluble apoptosis marker levels the three
patients with a second breast cancer were excluded.
The control group consisted of 12 healthy women with a median age of 51 (35-63)
years.

Cardiac evaluation
Symptoms of heart failure (NYHA II) were present in two breast cancer survivors
(6%), both after 4x FEC+CTC. Plasma natriuretic peptide values median 6.0 years
after treatment, did not differ between breast cancer survivors and controls. Plasma
BNP >10 pmol/L was found in eight of 34 breast cancer survivors, but in none of
the controls. In one of these eight patients, elevated plasma BNP coincided with
symptoms of heart failure. Plasma NT-ANP values above the upper limit of normal
were not observed in the control group, whereas two breast cancer survivors, both
without heart failure symptoms, had plasma NT-ANP levels above normal values.

Circulating proteins
Circulating soluble apoptosis-related proteins Figure 1 and table 1 represent
circulating plasma apoptosis marker concentrations in breast cancer survivors
compared to controls. Median plasma TNFα, serum sFas, sFas ligand and sTRAIL
levels were higher in breast cancer survivors than in controls (Table 1). A trend was
observed for higher sTNF-R2 values in patients. Plasma sTNF-R1 levels did not
differ between patients and controls. SFas correlated with sFas ligand (R = 0.497, P
< 0.001), sTNF-R2 (R = 0.648, P < 0.001) and sTRAIL (R = 0.555, P < 0.001).
STNF-R2 correlated with sTNF-R1 (R = 0.444, P < 0.001), sFas ligand (R = 0.448,
P = 0.002) and sTRAIL (R = 0.568, P < 0.001). Furthermore, sTRAIL correlated
with sFas ligand (R = 0.440, P = 0.002) No correlations were observed between
follow-up duration and plasma apoptosis marker concentrations. No subgroups
could be identified based on high serum and plasma levels (> mean +1 or 2SD) of
more than one of the circulating apoptosis markers.
Serum HER2 Serum HER2 was higher in breast cancer survivors than controls. For
30 of the 34 patients, primary tumor HER2 status had been determined; eight
patients had a HER2-positive primary tumor, whereas the remaining 22 had HER2-
negative primary tumors. Serum HER2 did not differ between patients with a
primary HER2-positive tumor and those with HER2-negative tumors. Furthermore,
patients with HER2-negative primary tumors had higher serum HER2 levels than
controls (P = 0.035), as well as patients with a HER2-positive primary tumor (P =
0.004) (data not shown).
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Figure 1. Dot plots of circulating soluble apoptosis-related proteins of the TNF-superfamily and HER2 in
breast cancer survivors and healthy age-matched controls. Lines represent median values for TNFα and
mean for sTNF-R1, sTNF-R2, sFas, sFas ligand, sTRAIL and HER2. (A) TNFα (pg/mL), (B) sTNF-R1
(ng/mL), (C). sTNF-R2 (ng/mL), (D) sFas (ng/mL), (E) sFas ligand (pg/mL), (F) sTRAIL (pg/mL), (G)
HER2 ECD (pg/mL).
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Acute phase reactants Serum HS-CRP and plasma fibrinogen levels did not differ
between breast cancer survivors and controls. HS-CRP and fibrinogen were
positively associated (R = 0.385, P = 0.008). HS-CRP correlated positively with
sTNF-R2 (R = 0.520, P < 0.001). In breast cancer survivors with high HS-CRP
and/or fibrinogen (> mean +1 or +2 SD), TNF-related apoptotic protein
concentrations were not different from subjects with low HS-CRP and/or
fibrinogen (< mean + 1 or 2SD).

Table 1. Circulating soluble apoptosis markers of the whole population (median follow-up 6.0 years)
Controls

(n=12)

Breast cancer

Survivors (n=34)

P-value

TNFαααα (pg/mL) 0.6 (0.3-3.3) 1.4 (0.5-15.7) 0.028

sTNF-R1 (ng/mL) 0.9 (0.7-1.3) 0.8 (0.5-1.6) 0.587

sTNF-R2 (ng/mL) 1.9 (±0.4) 2.3 (±0.7) 0.051

sFas (ng/mL) 8.0 (6.5-11.8) 10.1 (6.4-16.2) 0.009

sFas ligand (pg/mL) 64 (±22) 80 (±20) 0.029

STRAIL (pg/mL) 71 (±28) 97 (±37) 0.029

HER2 ECD (ng/mL) 9.4 (±1.7) 11.1 (±1.8) 0.005

HS-CRP (mg/L) 1.0 (0.2-4.8) 1.6 (0.2-6.8) 0.341

Fibrinogen (g/L) 3.0 (±0.5) 3.3 (±0.5) 0.119

BNP (pmol/L) 4.0 (1.0-9.5) 5.6 (0.8-25.5) 0.476

BNP >10 pmol/L - 8

NT-ANP (pmol/L) 255 (118-426) 273 (121-557) 0.532

NT-ANP >500 pmol/L - 2

Data are expressed as median (range) or mean (±SD)

Serum and plasma markers in relation to cardiac dysfunction
In breast cancer survivors with plasma NT-ANP and/or BNP values above normal
values, circulating apoptosis marker, HER2, nor acute phase protein levels were
different from subjects with plasma natriuretic peptide concentrations within
normal ranges. No correlations were observed between plasma soluble apoptosis
markers and natriuretic peptides. HS-CRP and fibrinogen plasma levels did not
correlate with plasma BNP or NT-ANP.

Serum and plasma markers in relation to treatment
We evaluated whether subgroups could be identified based on the applied
chemotherapy regimens with regard to the circulating levels of the soluble proteins.
For this analysis, the three breast cancer survivors with a second primary tumor
were excluded. In the remaining 31 patients, subjects who had received high-dose
CTC followed by hematopoietic stem cell reinfusion had markedly higher serum
sFas ligand and sTRAIL levels than women treated with standard-dose
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chemotherapy (Table 2). A trend for higher sFas levels was observed in patients
who had received high-dose chemotherapy. Acute phase reactants HS-CRP and
fibrinogen were not different in women who had received high-dose chemotherapy,
compared to patients after standard-dose chemotherapy.

Tabel 2. Circulating soluble apoptosis markers in relation to treatment (median follow-up 6.0 years)
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Radiation therapy No differences were detected between patients who had received
left versus right-sided chest wall irradiation, with regard to the circulating
apoptosis-related proteins, serum HER2 or acute phase proteins. In addition,
natriuretic peptide values did not differ between subjects after left sided compared
to women after right-sided chest wall irradiation.
Tamoxifen Serum and plasma apoptosis marker, serum HER2 and acute phase
protein levels were not different in the patients who had received 2 years tamoxifen
compared to patients who had received tamoxifen for 5 years. In addition, the
duration of tamoxifen use did not correlate with levels of the measured circulating
proteins.
Platinum In the subgroup of 18 women who had received chemotherapy containing
carboplatin (4x FEC+CTC), we evaluated if persisting circulating platinum could
explain the higher circulating plasma soluble apoptosis markers. Circulating
platinum concentrations ranged from 17 to 223 pg/g, with a median of 64 pg/g
plasma at a median follow-up of 6.5 (range 4.1-9.8) years. Serum platinum levels
decreased with longer follow-up duration (Figure 2). Partial Spearman correlation
coefficients, with adjustment for follow-up duration, revealed no associations
between circulating platinum concentrations and any of the serum and plasma
apoptosis markers.

DISCUSSION

In this cross-sectional study, we observed for the first time that circulating levels of
the apoptosis-related proteins TNFα, sFas, sFas ligand, sTRAIL and HER2 were
higher in disease-free breast cancer survivors, at a median follow-up of 6 years
after anticancer treatment, than in age-matched healthy controls. No association
was observed between the increased circulating apoptosis marker levels and cardiac
dysfunction, based on the existence of symptomatic heart failure, which was
observed in two breast cancer survivors, or elevated plasma BNP and NT-ANP.
Remarkably however, after a median follow-up of more than 6 years, sFas ligand
and sTRAIL were higher in the breast cancer survivors who had received high-dose
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chemotherapy, followed by hematopoietic stem cell rescue, compared to breast
cancer survivors after standard-dose chemotherapy.
Plasma BNP was elevated in eight of the breast cancer survivors, with symptomatic
heart failure being present in one of these patients. NT-ANP was elevated in two
patients, both without heart failure symptoms. Since, natriuretic factors can become
elevated before the development of cardiac functional loss,29 patients with an
asymptomatic elevation of plasma natriuretic peptides after anticancer treatment
may be at increased risk for developing cardiac dysfunction and may require more
intensive cardiac follow-up.
Although no direct association with cardiac dysfunction was observed in our breast
cancer survivors after potentially cardiotoxic treatment, the increase in plasma
soluble apoptotic protein levels might be indicative of subtle ongoing cardiac
damage and as such, may be associated with the development of cardiac
dysfunction later on. Recently, a population-based study showed that in women
who participated in a large prospective cohort study and were free of
cardiovascular disease, increased baseline sTNF-R1, sTNF-R2 and CRP plasma
levels were found to be related to a higher risk of developing cardiovascular disease
during follow-up.30

Atherosclerosis is considered to be an inflammatory process and increased serum
HS-CRP levels are present in patients with heart failure based on coronary artery
disease and non-ischemic causes.31-33 In addition, elevated serum fibrinogen levels
were shown in heart failure patients, and were associated with higher NYHA
class.34 We previously reported that serum HS-CRP and plasma fibrinogen were
higher in cured testicular cancer patients at a median follow-up of 7 years since the
start of cisplatin-based chemotherapy, than in controls.35 In our breast cancer
survivor population however, serum HS-CRP and plasma fibrinogen concentrations
were not different from controls. Furthermore, we observed no associations
between the acute phase reactants and plasma natriuretic peptides or apoptotic
proteins.
To our knowledge, the results presented in this report provide the first evidence of
increased circulating apoptosis-related protein levels during long-term follow-up
after antineoplastic therapy for breast cancer, especially after high-dose
chemotherapy and hematopoietic stem cell rescue.
A possible explanation for the increased plasma apoptosis marker concentrations
long after high-dose chemotherapy may be the prolonged retention of circulating
platinum in the body after carboplatin-containing chemotherapy. Retention of
circulating platinum was observed in 61 testicular cancer patients and 21 patients
with an ovarian malignancy cured with cisplatin-based chemotherapy. It was
suggested that persisting circulating platinum is associated with long-term sequelae
of chemotherapy.36,37 In the testicular cancer patients, the mean plasma platinum
concentration was 65 pg/g, after a median follow-up of 14 years following
platinum-containing chemotherapy with cisplatin doses ranging from 350-950
mg/m2.38 In the current study, we observed a median serum platinum concentration



CIRCULATING APOPTOSIS-RELATED PARAMETERS IN LONG-TERM DISEASE-FREE BREAST CANCER SURVIVORS

121

of 64 pg/g, at a median of 6.5 years after carboplatin-based chemotherapy at a dose
of 1600 mg/m2. We found no associations between circulating serum platinum
concentrations and serum and plasma TNF-related apoptotic protein levels. This
suggests that the platinum concentration per se is at least not the only risk factor for
late toxicity.
Prior tamoxifen treatment may also have influenced circulating apoptosis marker
levels. To date, no data are available with regard to the in vivo effects of tamoxifen
on plasma circulating apoptosis marker levels. Only limited evidence, derived from
in vitro studies in breast cancer cells, indicate that the effects of tamoxifen on Fas
ligand membrane expression may depend on the tamoxifen dose.39,40 All patients in
the current study had received tamoxifen for the duration of two or more years.
Although the duration of tamoxifen use was not associated with circulating levels
of the soluble apoptosis markers, the effects of tamoxifen treatment on soluble
apoptosis markers remains cannot be excluded based on these results.
Next to tamoxifen, radiation therapy to the chest wall may also have played a role
in the increased circulating apoptosis marker concentrations in our study
population. In patients treated with total body irradiation prior to bone marrow
transplantation for hematological malignancies, plasma TNFα concentrations were
increased at 4 hours after irradiation, compared to pre-treatment levels.41 To our
knowledge however, no data exist regarding plasma levels of circulating apoptosis
markers in patients with long-term follow-up after radiotherapy to the chest wall.
Since all patients in the current study underwent chest wall irradiation, the
influence of radiotherapy on the plasma soluble apoptosis marker levels could not
be determined.
Serum HER2 levels were higher in our population of breast cancer survivors in
comparison to control subjects, but was not associated with cardiac dysfunction or
treatment regimen. In patients with HER2-positive active breast cancer, serum
levels of HER2 are increased and correlate positively with the number of metastatic
sites.42 In our study, the HER2 status of the primary tumor did not explain the
higher serum HER2 levels in the breast cancer survivors. The higher serum HER2
concentrations may be related to an altered basal apoptotic state. Several studies
have linked HER2 to protection from apoptosis. In ovarian cancer cells for
instance, endogenous HER2 overexpression is associated with resistance to TNF-
induced cytotoxicity.43 The increased soluble apoptosis marker and HER2 levels,
observed in the current study, could suggest an interaction between HER2 shedding
and cleavage of ligands and receptors involved in the death receptor apoptotic
pathways.

Considerations for interpreting the results
Our breast cancer survivor population had received a relatively low cumulative
epirubicin dose of either 450 mg/m2 in the standard-dose arm (5x FEC) or 360
mg/m2 in the high-dose arm (4x FEC+CTC). Both the standard-dose and the high-
dose regimen contained cyclophosphamide, 2.5 g/m2 and 8.0 g/m2 respectively,
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which has also been related to cardiotoxicity.44,45 Mild clinical cardiac dysfunction
was observed in only two breast cancer survivors after moderate dose
chemotherapy and chest wall irradiation. The limited number of breast cancer
survivors who experienced (mild) symptomatic heart failure at the time of
evaluation, could explain for the fact that we did not observe a relation between the
circulating apoptosis marker levels and cardiac dysfunction in our study population.
The small sample size of this cross-sectional study may also have limited the
statistical significance of the findings. In addition, because multiple circulating
apoptosis-related proteins were investigated, multiple testing had to be performed
while analyzing our data, which could theoretically have increased the type I (α)
error.
The cytokines TNFα and sTRAIL are known to have pro-apoptotic effects,46,47

whereas the soluble forms of both death-receptors (Fas and TNF-R2) are linked to
inhibition of apoptosis, by binding their specific ligands after which the pro-
apoptotic signal is lost.48,49 It is remarkable that we observed higher plasma levels
of both pro- and anti-apoptotic proteins in breast cancer survivors compared to
controls. An explanation for the elevated plasma levels of sFas and sTNF-R2 may
be the proteolytic cleavage and subsequent release in the circulation of increased
membrane-expressed receptor.
The pathogenetic role of the increase in both pro- and anti-apoptotic circulating
proteins in this population of breast cancer survivors remains to be determined. The
improved diagnostic and therapeutic modalities in recent years, make the early
detection and prediction of late sequelae caused by anticancer therapy of increasing
interest. Increased serum pro-inflammatory cytokine (TNF-R2 and interleukin-1)
levels were found to be associated with fatigue, in 40 breast cancer survivors at 5
years after diagnosis.50 Whether the higher levels of circulating soluble apoptosis
markers in breast cancer survivors compared to controls are associated with long-
term sequelae deserves further study.

In summary, we observed that long-term breast cancer survivors treated with
anthracyclines and irradiation had higher circulating levels of TNFα, sFas, sFas
ligand, sTRAIL and sHER2 than healthy age-matched women, especially when
they received high-dose chemotherapy followed by hematopoietic stem cell rescue.
In this small cross-sectional study, no clear associations were observed between
circulating apoptosis markers and the existence of cardiac dysfunction, measured
with natriuretic peptides. It remains to be determined whether the higher circulating
soluble apoptosis markers play a pathogenetic role in the long-term sequelae of
anticancer therapy for breast cancer, particularly in relation to high-dose
chemotherapy regimens. Nevertheless, these results could indicate that basal
apoptotic rates remain increased during long-term follow-up after antineoplastic
therapy for breast cancer.
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ABSTRACT

Aim
To evaluate whether circulating soluble apoptosis-related protein levels change
after anthracycline-containing chemotherapy and radiotherapy in relation to cardiac
dysfunction or the applied treatment.

Methods
Circulating apoptotic proteins were determined with immunoassay in 40 breast
cancer patients following surgery (T0), one month after epirubicin-based
chemotherapy (T1) and one year later (T2). Chemotherapy, consisting of standard-
dose (n=21) or high-dose myeloablative chemotherapy (n=19), preceded irradiation
and tamoxifen. Circulating apoptotic proteins were compared with previous cardiac
evaluations, including measurement of LVEF, B-type and N-terminal atrial
natriuretic peptide (BNP and NT-ANP), diastolic function with echocardiography
and a standard electrocardiogram.

Results
Soluble tumor necrosis factor receptor 1 (+ 30%), 2 (+ 43%) and Fas (+ 40%) were
transiently increased at T1 compared to T0, whereas Fas ligand (- 64%) was
transiently decreased, especially in the high-dose group. Apoptosis markers were
not associated with cardiac dysfunction.

Conclusions
We observed interestingly significant, but transient changes in levels of soluble
apoptotic proteins, particularly after high-dose chemotherapy. No relation was
found between apoptosis-related proteins and standard markers of cardiotoxicity.
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INTRODUCTION

Late complications of anticancer treatment become increasingly relevant due to
improved survival of cancer patients. Cardiovascular toxicity for instance, is a well
known adverse effect of several chemotherapeutic agents, especially
anthracyclines.1 Anthracyclines can cause heart failure, which mostly occurs during
the first year after treatment,2 but can also take years to develop.3 Asymptomatic
cardiac dysfunction is considered to precede symptoms of heart failure. We have
previously shown that left ventricular ejection fraction (LVEF) decreases during
the first year following epirubicin-containing chemotherapy and chest wall
irradiation, in patients treated for breast cancer who did not experience
symptomatic cardiac dysfunction.4 Unfortunately, LVEF measurement is relatively
insensitive, since it detects only loss of systolic cardiac function. More sensitive
methods, enabling earlier detection or even prediction of anthracycline-related
cardiotoxicity, may allow clinicians to intervene before heart failure develops.
In patients with heart failure unrelated to anthracyclines, increased cardiomyocyte
apoptosis has been reported5 (For review see 6). Plasma levels of several soluble (s)
members of the tumor necrosis factor (TNF)-superfamily of apoptosis-related
proteins (TNFα, TNF Receptor (TNF-R) 1 and 2, Fas and Fas Ligand) are
increased in heart failure patients and correlate with New York Heart Association
(NYHA) class,7,8 and increased TNF-related apoptosis-inducing ligand (TRAIL)
cDNA expression has been reported in peripheral blood mononuclear cells of heart
failure patients.9 Next to plasma markers of apoptosis, serum levels of the acute
phase reactant high-sensitivity C-reactive protein (HS-CRP) are elevated in heart
failure patients and positively associated with the NYHA class.10

Currently, it is unknown whether circulating sTNF-related apoptotic protein levels
change during follow-up after anticancer treatment in relation to cardiac injury. We
have reported that plasma sTNF-related apoptotic proteins are increased after a
median follow-up of more than 6 years in patients who had received adjuvant
epirubicin-containing chemotherapy and chest wall irradiation for breast cancer.11

This increase was particularly prominent in patients who underwent high-dose
chemotherapy with hematopoietic stem cell rescue. The question rises whether this
rise in soluble apoptotic proteins is causative for or coinciding with (early)
cardiotoxicity in this breast cancer population. Previously, we described that
subclinical cardiotoxicity occurred during the first year after anthracycline-
containing chemotherapy and chest wall irradiation in 40 patients treated with
anthracycline-based chemotherapy for breast cancer.4 In the current study, we
extended the results of this prospective study by measuring plasma sTNF-related
apoptotic protein levels in plasma samples from these patients.
The primary aim of the current prospective study was to evaluate whether
circulating sTNF-related apoptotic protein levels change during the first year
following the start of anthracycline-containing chemotherapy and radiation therapy
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in relation to cardiac function. Secondly, we investigated the influence of the
applied chemotherapy regimen on the circulating apoptosis-related protein levels.

PATIENTS AND METHODS

Plasma samples from 40 breast cancer patients, who had participated in a cardiac
side study of a nation wide randomized trial,12 comparing anti-tumor efficacy of
standard-dose chemotherapy to high-dose chemotherapy and hematopoietic stem
cell rescue.4 The study was approved by the medical ethical committee and all
patients gave their written informed consent. Twenty one patients received
standard-dose chemotherapy and 19 high-dose chemotherapy followed by
hematopoietic stem cell rescue.

Treatment
Patients were treated with standard-dose of 5 courses of fluorouracil (500 mg/m2),
epirubicin (90 mg/m2) and cyclophosphamide (500 mg/m2) (FEC), or 4 cycles of
FEC, followed by high-dose cyclophosphamide (1500 mg/m2), thiotepa (120
mg/m2) and carboplatin (400 mg/m2) daily for 4 days (4x FEC + CTC). Peripheral
stem cell reinfusion took place 7 days after the start of CTC. Total epirubicin dose
was 450 mg/m2 for the standard-dose FEC-treated group and 360 mg/m2 for the
high-dose 4x FEC + CTC-treated group. Tamoxifen (40 mg/day, orally) was started
thereafter in both treatment groups. Locoregional irradiation followed upon
hematological recovery from the last chemotherapy cycle. Patients received 46-50
Gy in 23-25 fractions on their supraclavicular and axillary lymph nodes. Chest wall
irradiation was performed with doses between 40 and 50 Gy in 20-25 fractions. In
patients who underwent breast conserving treatment, a boost of 16-20 Gy in 8-10
fractions was applied to the tumor bed. Twenty-five patients received right sided
chest wall irradiation and the remaining 15 underwent radiation therapy to the left
side of the chest wall.

Cardiac evaluation
Cardiac evaluation was performed as described previously.4 Briefly, cardiac
evaluations had been performed following surgery but before the start of
chemotherapy (T0), one month after chemotherapy before chest wall irradiation
(T1) and one year after the start of chemotherapy (T2). Next to a history and
physical examination with special attention to signs and symptoms related to heart
failure, the cardiac evaluations consisted of a standard electro- and
echocardiogram, and plasma natriuretic peptide (N-terminal atrial and B-type
natriuretic peptide (NT-ANP and BNP)) measurement. LVEF measurements were
done at T0 and T2. None of the patients had pre-existent cardiac disease at the time
of enrollment and symptomatic heart failure had not occurred during the one year
follow-up period. Two patients had pre-existent hypertension for which they
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received medical treatment consisting of an angiotensin converting enzyme
inhibitor and a calcium blocker, respectively. Two patients did not complete the
cardiac evaluation. Both patients participated in the cardiac evaluation study until
T1. Table 1 summarizes the earlier published results of the cardiac evaluations.4

Table 1. Cardiac functional characteristics at the different time points.4

T0 T1 T2 P-value
T0 vs T1

P-value
T0 vs T2

P-value
T1 vs T2

LVEF 0.61 (0.47-
0.76)

N/A 0.54 (0.42-0.67) N/A <0.001 N/A

LVEF decrease   ≥≥≥≥ 0.10 N/A N/A 10 N/A N/A N/A

LVEF < 0.50 0 N/A 6 N/A N/A N/A

LVEF decrease   ≥≥≥≥ 0.10
to value < 0.50 N/A N/A 4 N/A N/A N/A

LVESD (mm) 45 (36-53) 45 (36-52) 46 (39-55) 0.480 0.850 0.793

LVEDD (mm) 29 (20-43) 30 (21-36) 28 (21-35) 0.404 0.545 0.429

E/A ratio 1.2 (0.8-1.8) 1.2 (0.5-2.1) 1.1 (0.7-1.8) 0.411 0.248 0.575

Dt (ms) 176 (95-263) 180 (75-275) 185 (120-296) 0.894 0.991 0.213

IVRT (ms) 80 (55-110) 80 (53-130) 80 (47-100) 0.387 0.721 0.405

QTc (ms) 405 (382-437) 417 (378-539) 421 (388-456) 0.02 <0.001 0.079

QTc > 440 ms 0 5 5 - - -

BNP (pmol/L) 1.7 (0.4-12.4) 3.0 (0.6-11.3) 4.5 (0.4-17.9) 0.034 0.004 0.071

BNP > 10 pmol/L 1 3 4 - - -

NT-ANP (pmol/L) 231 (108-411) 283 (106-1007) 316 (168-594) 0.005 <0.001 0.001

NT-ANP > 500 pmol/L 0 1 3 - - -
Values are represented as median (range). T0 = after surgery, before chemotherapy; T1 = 1 month after
chemotherapy, before radiation therapy; T2 = 1 year after the start of chemotherapy. Abbreviations: LVEF =
left ventricular ejection fraction, LVESD = left ventricular end-systolic diameter, LVEDD = left ventricular
end-diastolic diameter, E/A ratio = early peak flow velocity / atrial peak flow velocity – ratio, Dt =
deceleration time, IVRT = isovolumic relaxation time, QTc = corrected QT time, BNP = B-type natriuretic
peptide, NT-ANP = N-terminal atrial natriuretic peptide

Plasma soluble apoptosis markers
Peripheral blood samples had been collected in 10 mL disposable tubes containing
either 2-natrium-ethylenediamine tetra-acetic acid (EDTA), heparin or no additive.
Tubes containing EDTA or heparin as an additive were placed immediately on ice.
In tubes containing no additive, blood was allowed to clot at room temperature
until centrifugation. Serum and plasma ware separated within 30 min of collection
by centrifuging at 4 ºC, and stored at –80 ºC until determination. Circulating levels
of TNFα, sTNF-R1, sTNF-R2, sFas, sFas ligand and sTRAIL were determined
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using commercially available ELISA kits (Quantikine; R&D systems, Minneapolis,
MN, USA) following the manufacturer’s instructions. TNFα was measured in
EDTA plasma, sTNF-R1 and sTNF-R2 in heparin plasma. Serum was used for
sFas, sFas ligand and sTRAIL.

Platinum
Serum platinum levels were determined in the patients who received carboplatin.
This analysis was performed using a highly sensitive assay in which high-pressure
decomposition of plasma is followed by adsorptive voltametric determination of
platinum, with a quantification limit of 6 pg/g.13

HS-CRP
Serum HS-CRP was determined as a marker for inflammation and assayed with the
BNII Nephelometer (Dade Behring, Brussels, Belgium). The lower detection limit
was 0.16 mg/L (normal values 0.16-10 mg/L).

Statistics
Quantitative variables were compared between two groups using an unpaired t test
for normally distributed variables or a Mann-Whitney-U test for skewed distributed
variables. Paired analysis was performed with a Wilcoxon signed ranks test.
Normally distributed variables are reported as mean ± SD, skewed distributed
variables are reported as median and range. Correlations between variables were
calculated using Pearson’s correlation coefficient or Spearman rank sum test. All P
values were two-sided and P < 0.05 was considered statistically significant.

RESULTS

Plasma soluble apoptosis markers
Table 2 and figure 1 show plasma apoptosis marker levels at the different time
points in the whole group. Between T0 and T2, a transient increase in median
plasma levels of sTNF-R1, sTNF-R2 and sFas was observed at T1. Plasma sFas
ligand concentrations were transiently decreased. At T2, sFas remained higher
compared to pre-treatment levels. After the decrease at T1 compared to T0, plasma
sTRAIL was raised from T1 to T2, to levels higher than pre-treatment values.
Serum levels of sTNF-R1 (R = 0.573, P < 0.001) and sTNF-R2 (R = 0.362, P =
0.035) correlated positively with serum HS-CRP levels at T1. One year after
chemotherapy, a weak positive correlation was observed between serum HS-CRP
and sTNF-R2 (R = 0.418,  P = 0.038) and sFas (R = 0.450, P = 0.024).
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Table 2. Circulating apoptosis-related proteins at the different time points
T0 T1 T2 P-value

T0
vs. T1

P-value
T0
vs. T2

P-value
T1
vs. T2

TNFα (pg/mL) 1.5 (0.2-38.4) 1.5 (0.4-45.8) 1.4 (0.4-9.0) 0.385 0.458 0.085
sTNF-R1 (ng/mL) 1.0 (0.7-1.6) 1.3 (0.8-4.6) 1.1 (0.7-2.0) <0.001 0.492 <0.001
sTNF-R2 (ng/mL) 2.1 (1.3-3.3) 3.0 (1.6-8.1) 2.2 (1.4-4.1) <0.001 0.050 <0.001
sFas (ng/mL) 8.2 (4.2-16.4) 11.5 (6.5-26.0) 9.7 (6.1-35.0) <0.001 <0.001 0.005
sFas ligand (pg/mL) 71 (38-137) 33 (8-157) 65 (40-132) <0.001 0.411 <0.001
sTRAIL (pg/mL) 70 (48-118) 65 (16-144) 80 (33-161) 0.470 0.026 0.014
Values are presented as median (range). T0 = after surgery, before chemotherapy; T1 = 1 month after
chemotherapy, before radiation therapy; T2 = 1 year after the start of chemotherapy. s = soluble, TNFα =
tumor necrosis factor α, TNF-R1 = TNF receptor 1, TNF-R2 = TNF receptor 2, TRAIL = TNF-related
apoptosis-inducing ligand.

Plasma soluble apoptosis markers and cardiac dysfunction
Plasma apoptosis marker levels and serum HS-CRP did not differ between the
patients with a decrease in LVEF of more than 0.10 from pre-treatment values or a
total LVEF value less than 0.50 one year after the start of chemotherapy.
Furthermore, the changes in plasma apoptosis marker and serum HS-CRP levels
between the different time points were not associated with a change in LVEF
during the study period.
No associations were observed between the plasma apoptosis marker
concentrations and echocardiographic functional parameters or the QTc time. At
T1, serum HS-CRP levels were correlated positively with the corrected QT time
(QTc) (R = 0.622, P < 0.001).
In the patients with increased plasma natriuretic peptide levels (NT-ANP > 500
pmol/L; BNP > 10 pmol/L) at T2, circulating apoptosis marker values were not
different from patients with natriuretic peptide levels below the upper limit of
normal. No correlations between natriuretic peptide plasma concentrations and
plasma apoptosis marker levels or HS-CRP were observed.

Figure 1. Bar plots of (A) TNFα (pg/mL), (B) sTNF-R1 (ng/mL),
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Figure 1. Bar plots of (C) sTNF-R2 (ng/mL), (D) sFas (ng/mL), (E) sFas ligand (pg/mL), (F) sTRAIL
(pg/mL). Bars represent median values, error bars represent range (except for TNFα; interquartile range).

Plasma soluble apoptosis marker and treatment
Figure 2 represent plasma apoptosis markers levels according to the applied
treatment regimen. Before the start of treatment, apoptosis marker levels did not
differ between the treatment groups. At T1 however, sTNF-R1, sTNF-R2 and sFas
plasma levels were markedly higher in the patients who had received high-dose
chemotherapy. Plasma sFas and sTRAIL levels were lower in the high-dose treated
group. One year after the start of chemotherapy, only a higher median sTNF-R1
plasma level was detected in high-dose group.
No differences were observed between patients who had received left sided
compared to right sided chest wall irradiation with regard to the circulating
apoptosis marker concentrations.
Serum HS-CRP levels did not differ between the treatment groups at any of the
time points.
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Figure 2.Dot plots of (A) TNFα (pg/mL), (B) sTNF-R1 (ng/mL), (C) sTNF-R2 (ng/mL), (D) sFas
(ng/mL),(E) sFas ligand (pg/mL), (F) sTRAIL (pg/mL) according to chemotherapy regimen. Lines represent
median values. * P < 0.01
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Platinum
In samples of the patients treated with the high-dose carboplatin-containing
regimen, serum platinum was analyzed at T2, to evaluate whether persisting
circulating platinum could explain for the higher plasma apoptosis marker levels
observed in this subgroup of patients. Circulating platinum levels were available
for 16 of the 19 patients in the high-dose group and was median 4091 (range 2027-
7022) pg/g plasma. Serum platinum correlated positively with plasma sFas levels
(R = 0.684, P = 0.003) and with sTNF-R1 (R = 0.558, P = 0.025) at T2. Serum
platinum levels were not associated with serum HS-CRP levels.

DISCUSSION

The main finding of the present prospective study is a transient change in soluble
levels of several of the TNF-related apoptotic proteins, particularly a rise in sFas
and a decrease in sFas ligand, following adjuvant antineoplastic treatment for early
stage, high-risk breast cancer. The transient changes in serum soluble apoptosis
marker levels were not associated with     the development of cardiac dysfunction,
since no relation with symptomatic cardiac dysfunction, decreased LVEF or
increased natriuretic peptide plasma levels was observed.
Anthracyclines are well known to induce cardiac toxicity in a dose dependent
manner.14 Both chemotherapy regimens applied in this study contained a relatively
low dose of epirubicin of either 450 mg/m2 or 360 mg/m2. This may be an
explanation for the fact that none of the patients developed symptoms of cardiac
failure during the first year after the start of treatment. However, an asymptomatic
decrease in LVEF to a value below 0.50 was observed in 15% of the patients. This
indicates that even low doses of anthracyclines have detrimental effects on the
heart, which may ultimately lead to the development of heart failure. We observed
no differences in plasma apoptosis marker levels between patients with a LVEF
decline more than 0.10 or to an absolute value less than 0.50, and patients with a
normal LVEF. At one year, apoptosis marker levels were not different in patients
with plasma natriuretic peptide concentrations above the upper limit of normal. As
a consequence, the value of circulating apoptosis marker measurement for the early
detection of cardiac dysfunction appears limited.
In patients with heart failure due to coronary artery disease and non-ischemic
causes, increased serum HS-CRP levels have been reported.10 Although HS-CRP
serum levels were not associated with other parameters representative of cardiac
function, we observed a positive association of serum HS-CRP levels with the QTc
at T1.
Currently, only limited data with regard to circulating soluble apoptosis marker
levels during and after adjuvant antineoplastic treatment are available. In several
types of (active) malignant diseases, plasma levels of TNF-related apoptotic
proteins are raised. Compared to healthy controls, breast cancer patients have
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higher TNFα plasma concentrations before treatment, and a more advanced TNM
stage is positively associated with higher TNFα levels.15 A small study among 17
breast cancer patients showed that pre-treatment serum sTNF-R levels are higher in
patients than in healthy controls.16 Plasma sFas concentrations were also elevated
in 162 primary and 71 recurrent breast cancer patients, compared to controls.17

Additionally, plasma sFas levels are higher in breast cancer patients before surgery,
than in healthy subjects.18 In our study population, the baseline (T0) measurement
was performed after surgery. For evaluating the effects of anticancer treatment on
circulating levels of the apoptotic proteins, obtaining pre-treatment samples would
have been required. However, as is indicated above, patients with active breast
cancer, thus prior to surgery, have higher plasma apoptotic protein levels as
compared to controls. Our study was carried out after surgery. Therefore, the
changes in circulating apoptotic protein levels can not be attributed to the presence
of active malignancy. In addition, there were no signs of cancer recurrence at the
different time points of blood sampling.
Previously, we described that plasma apoptosis markers are elevated in long-term
disease-free breast cancer survivors, after a median follow-up duration of more
than 6 years after the start of chemotherapy, especially after high-dose
chemotherapy.11 Compared to healthy controls, higher plasma TNFα, sFas, sFas
ligand and sTRAIL levels were observed in the population of long-term disease-
free breast cancer survivors. In particular, patients who had received 4 cycles of
FEC followed by myeloablation with high-dose CTC, had higher sFas ligand and
sTRAIL plasma concentration at a median follow-up of 6 years, compared to the
patients treated with 5 cycles of FEC. Remarkably, in the current study, we found a
transient increase in sFas, but a transient decrease in sFas ligand plasma levels, at
one month after chemotherapy. Plasma sFas levels tend to increase with advancing
age.18 This may partly explain the higher circulating apoptotic protein levels, which
we observed in our population of long-term disease-free breast cancer survivors.11

Alternatively, the initial change in circulating apoptosis marker levels, observed in
the current study, may be indicative of the generalized injury induced by the
antineoplastic treatment, and the high-dose chemotherapy regimen in particular.
The convalescence of the circulating apoptotic proteins one year after the start of
chemotherapy, may point to a recovery of the body after the induced damage. It can
be hypothesized that the increase in circulating apoptotic proteins after longer
follow-up may be the result of an autonomically progressive process, which is
initiated by the initial injury induced by the anticancer treatment. As a result, these
patients might be at increased risk of developing late sequelae related to the
anticancer treatment. In addition, patients with increased circulating apoptotic
proteins after antineoplastic treatment may be more susceptible to chemotherapy-
related complications, for instance when they are re-treated with cytostatic agents.
The origin of the elevated sTNF-related apoptotic proteins remains to be
determined. Next to the inflamed heart,19 several extracardiac sources of the
circulating apoptotic proteins, such as peripheral skeletal muscles20 and activation
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of the immune system have been described.21 The increased serum apoptosis
marker levels may indicate an augmented apoptotic state. Hypothetically, the
increase in plasma apoptosis marker levels may be the result of an increase in
membrane-expressed apoptotic proteins. Elevated plasma concentrations of the
soluble forms of these proteins may be the result of subsequent cleavage and
shedding of membrane-bound proteins. Alternatively, an increase in the rate of
proteolytic cleavage, leading to reduced membrane-expressed protein, might also
account for the rise in plasma apoptosis marker levels. The circulating apoptosis-
related receptors are viewed as anti-apoptotic,22,23 while the ligands are considered
to be pro-apoptotic.24-26 The transient increase and decrease in plasma sFas and
plasma sFas ligand, respectively, might suggest a natural protection or
compensation mechanism against the external noxe, induced by the antineoplastic
treatment. The exact association between the basal apoptotic rate and the current
findings of transient change in plasma apoptosis-related protein levels remains
unclear and warrants further investigation.
The high-dose chemotherapy regimen contained carboplatin. Previously, we
showed that platinum can reside in the circulation long after treatment and is
associated with long-term sequelae of chemotherapy.27,28 In the current study, we
evaluated the influence of circulating platinum retention on the plasma apoptosis
marker levels and observed that, one year after the start of chemotherapy,
circulating platinum was positively associated with plasma sTNF-R1 and sFas
levels. This might be interpreted as a continuous external noxe for the apoptotic
rate.
The transient increase in circulating apoptosis markers at one month after
chemotherapy was especially pronounced in the patients treated with high-dose
chemotherapy followed by hematopoietic stem cell rescue, compared to women
treated with standard-dose chemotherapy. Data with regard to serum markers for
apoptosis following high-dose chemotherapy during and after adjuvant treatment
for setting is scarce. In 22 patients who received autologous peripheral blood stem
cell transplantation for malignant non-Hodgkin’s lymphoma or lung cancer, a
transient increase in TNFα plasma levels was observed at one week after stem cell
transplantation.29

Several pathophysiological mechanisms may contribute to the difference in
apoptosis marker levels in high-dose compared to standard-dose treated patients.
For instance, elevated circulating TNFα, sTNF-R, sFas, sFas ligand and sTRAIL
levels have been reported in inflammatory conditions.30-32 In this light, the
increased circulating TNF-related apoptotic proteins may reflect an acute phase
reaction as part of the neutropenic period induced by the high-dose regimen. We
observed a positive association between HS-CRP serum levels and serum levels of
the sTNF-Rs at T1, and sTNF-R1 and sFas one year after chemotherapy. In our
study however, plasma apoptosis markers were measured after the neutropenic
period. It can also be imagined that the higher circulating apoptosis marker levels
in patients treated with high-dose chemotherapy are indicative of more tissue
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and/or cellular injury induced by the myeloablative regimen in comparison to the
standard-dose chemotherapy.
We analyzed six subtypes of TNF-related cytokines in order to find a relationship
of these proteins with the development of cardiotoxicity induced by anticancer
treatment. A possible limitation of our work is that multiple comparisons were
performed, which may have increased the type I (α) error. Furthermore, the size of
the study population was small.

In summary, we observed that plasma apoptotic receptor levels, particularly sFas,
were increased and that plasma sFas ligand was decreased, one month after
completion of epirubicin-containing chemotherapy, compared to after surgery, in
patients receiving adjuvant breast cancer treatment consisting of chemotherapy and
chest wall irradiation. These changes were more pronounced in the patients who
received high-dose chemotherapy, and may be explained by the presence of
platinum in the circulation. We observed no association between circulating
apoptotic protein levels and the existence of cardiac dysfunction. Our findings
suggest that the patients treated with myeloablative chemotherapy sustained more
severe cellular damage, compared to the standard-dose-treated patients, although
the precise mechanisms underlying the rise in plasma apoptotic proteins remain to
be determined.
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Advances in the treatment of breast cancer aim to increase the survival of patients
suffering from this disease. Next to the conventional anticancer treatment,
consisting of surgery, radiation therapy, cytostatic and hormonal therapies, the use
of molecular targeted agents is a very promising new direction in the treatment of
patients with breast cancer. Since more patients survive and reach an older age,
long-term complications of their anticancer treatment, such as cardiac toxicity, may
surface increasingly. In addition to chest wall irradiation, several cytostatic agents,
of which the anthracyclines are the most important, can induce cardiotoxicity.
Trastuzumab, the monoclonal antibody against HER2, increases the risk of cardiac
dysfunction, especially when combined with anthracycline chemotherapy.1

Recently, interim analyses of three large randomized trials, evaluating trastuzumab
after standard adjuvant chemotherapy, showed a prolongation of disease free and
overall survival in patients with HER2-positive breast cancer.2,3 However, the
interim analysis of one of these studies, which already had strict inclusion criteria
concerning cardiac fitness, revealed a 3.3% incidence of severe cardiac dysfunction
more than 6 months after the start of paclitaxel plus trastuzumab, compared to none
in the patients who received paclitaxel alone. An additional 15% of the patients
receiving paclitaxel and trastuzumab were taken off study for an asymptomatic
decrease in left ventricular ejection fraction (LVEF).4 As trastuzumab is now
becoming the standard of care in the adjuvant treatment of HER2-positive breast
cancer patients, the issue of trastuzumab-related cardiotoxicity becomes
increasingly relevant.
Therefore, prediction and early detection of cardiotoxicity, preferentially before
symptoms of cardiac dysfunction develop, are becoming increasingly important in
the follow-up of cancer patients. Primary prevention and early intervention are of
imminent importance.

Measurement of biochemical markers of cardiac damage, such as the plasma
natriuretic peptides, is very promising in this regard, all the more considering the
relative simplicity and low cost of these types of tests. Plasma B-type natriuretic
peptide (BNP) measurement may become of particular interest for screening
patients who are prone to develop cardiac dysfunction. Nevertheless, before plasma
natriuretic peptide measurement can be taken to the clinic for monitoring (long-
term) cardiotoxicity of antineoplastic treatment, proper validation of the test for this
purpose needs to be performed. A well designed prospective study with long-term
follow-up, measuring plasma natriuretic peptides alongside more established
cardiac functional parameters, such as LVEF determination, will be required to
assess the role for natriuretic peptide measurement in the screening for
cardiotoxicity of anticancer treatment.
Next to plasma BNP measurement, we evaluated whether measurement of
circulating apoptosis-related proteins could be used for the detection of
antineoplastic treatment-related cardiotoxicity. Although we were unable to detect
an association between these apoptotic proteins and the existence of cardiotoxicity,
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several of the apoptotic proteins and serum HER2 were elevated in patients treated
with anthracycline-containing chemotherapy for breast cancer, especially after
high-dose chemotherapy. These findings suggest that antineoplastic treatment
initiated an ongoing process of cellular/tissue damage, which may be associated
with long-term treatment-related complications. To investigate whether the
increased plasma apoptosis markers are related to long-term complications of
anticancer treatment, longer follow-up regarding late sequelae of our study
population would be highly interesting.

Non-invasive imaging techniques form another appealing approach regarding the
early detection of cardiotoxicity due to antineoplastic treatment. 99mTc-annexin V
scintigraphy for example, can be used for the detection of myocardial apoptosis.5

Reutelingsperger et al. implemented 99mTc-annexin V scintigraphy in seven patients
with acute myocardial infarction. They found that the area of 99mTc-annexin V
uptake corresponded with defects in 99mTc-Sestamibi uptake in 6 of 7 patients.6

Alternative imaging techniques aim at detection of cardiomyocyte cell damage,
such as 111Indium-antimyosin scintigraphy, or detection of adrenergic neuron
function impairment, for instance with 123Iodine-metaiodobenzylguanidine (123I-
MIBG) scanning. However, although positive results have been described for the
early detection of anthracycline cardiotoxicity,7,8 further development of these
techniques for the early detection of anticancer treatment-related cardiotoxicity is
stagnating.
The above mentioned nuclear imaging methods can detect cardiac injury and could
be of use for the early detection of cardiotoxicity. However, these technique do not
address agent-specific mechanisms that could underlie the cardiotoxicity. Since
trastuzumab, a highly specific monoclonal antibody against HER2, is associated
with an increased risk of cardiac complications, it was hypothesized that
trastuzumab-related cardiotoxicity is caused by a direct effect of trastuzumab on the
myocardium. We developed a method to radiolabel trastuzumab with the gamma-
emitting isotope 111Indium, and we showed that 111In-DTPA-trastuzumab single
photon emission computed tomography (SPECT) imaging can detect HER2
positive sites. Despite the fact that Behr et al. suggested in a preliminary report that
pre-treatment 111In-DTPA-trastuzumab scanning could predict for the development
of trastuzumab-related cardiotoxicity,9 we could not observe any predictive value
for this technique regarding trastuzumab-related cardiotoxicity in HER2-positive
metastatic breast cancer patients who underwent 111In-DTPA-trastuzumab
scintigraphy.

One hypothesis that could explain why we did not observe myocardial 111In-DTPA-
trastuzumab uptake in the patients who developed heart failure, is that HER2
upregulation is a transient phenomenon. The cellular growth and survival
promoting signal provided for by HER2, is considered to function as a
compensatory mechanism which is induced following cardiac stress, for instance
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by anthracyclines. The time interval between the last dose of prior anthracycline
chemotherapy and trastuzumab treatment might therefore be crucial for the
detection of myocardial HER2 expression with this technique. The rationale that
anthracycline-based chemotherapy induces cardiac stress, which subsequently leads
to upregulation of HER2 expression in the myocardium, was the reason to design
and to recently start a study in which radiolabeled trastuzumab scintigraphy is
performed directly after completion of anthracycline-based anticancer treatment.
The aim is to determine the value of 111In-DTPA-trastuzumab SPECT imaging with
regard to the early detection and/or prediction of anthracycline-induced
cardiotoxicity. Remarkably, myocardial 111In-DTPA-trastuzumab uptake was
observed in the first patient entered in this ongoing study. Although based on only
one patient, who did not undergo a scan before the onset of treatment, this finding
does suggest that anthracycline chemotherapy induces myocardial HER2
upregulation. Thirteen additional patients will be enrolled in this study, before a
conclusion can be drawn with regard to the value of this technique for predicting
anthracycline-induced cardiotoxicity.

HER2 is indispensable for normal cardiac development in animals and is
considered to play a similar role in the human heart. We observed that serum HER2
levels were higher in patients with heart failure, compared to healthy controls,
which suggests that HER2 plays a role in the pathophysiology of heart failure. In a
preliminary report, which was published later as a full paper, immunohistochemical
analysis of 60 cardiac biopsy specimens from patients with heart failure due to
cardiac disease, showed weak positive staining for cardiomyocyte HER2
membrane expression in six.10 The authors also describe that low levels of HER2
mRNA were detectable with in situ hybridization in all cardiomyopathy patients.
Although the expression level may be low, compared to HER2 overexpressing
tumor tissue, this indicates the presence of HER2 in failing cardiomyocytes. To
evaluate whether myocardial HER2 expression can be demonstrated in patients
with chronic heart failure, we designed a cross-sectional study using radiolabeled
trastuzumab scintigraphy in this patient category. In this ongoing study, patients are
injected with a tracer dose of 111In-DTPA-trastuzumab, followed by SPECT
imaging at 48 and 96 hours. Six patients were recruited up to now. Myocardial
uptake was not observed in any of these patients. Recent advances in our
understanding of the role of HER2 in the heart may provide an explanation for this
finding. It is now hypothesized that HER2 plays a role as a compensatory
mechanism, counteracting cardiac stress. Loss of survival and hypertrophy
promoting signaling, provided by cardiomyocyte HER2, might precede the
development of heart failure. For instance, rats with a banding-induced aortic
stenosis consequently develop compensatory myocardial hypertrophy. During the
phase of compensatory hypertrophy, Northern blotting and immunoblotting
analysis showed the presence of HER2 mRNA and protein in left ventricular
myocytes. HER2 mRNA and protein levels were depressed when the animals
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subsequently developed heart failure.11 Furthermore, implantation of a left
ventricular assist device in patients with severe heart failure resulted in
upregulation of HER2 mRNA.12

Anthracyclines can induce cardiac injury through production of toxic free oxygen
radicals and an increase in oxidative stress.13 Activation of the renin-angiotensin
system and oxidative stress have been linked extensively in recent literature.14,15 It
has also been reported that the angiotensin II signaling pathway plays an important
role in anthracycline-induced cardiotoxicity.16 HER1, the archetype of the HER
family of receptors, is transactivated through activation of the angiotensin II type 1
receptor, which leads to myocardial hypertrophy.17 Thus, a connection exists
between (activation of) the renin-angiotensin system and the HER-related signaling
in myocardial hypertrophy. In prostate cancer cells, Western blot analysis showed
that angiotensin II can transactivate both HER1 and HER2.18 It can be postulated
that the renin-angiotensin system is activated due to anthracycline treatment and
plays a role in compensatory HER2 signaling in the heart. Subsequent trastuzumab
treatment may attenuate this compensatory signaling, leading to cardiac
dysfunction. Measurement of plasma renin activity in anthracycline-treated patients
prior to trastuzumab treatment, may be a logical first step to determine whether the
renin-angiotensin system is involved in trastuzumab-related cardiotoxicity. If this is
the case, it would be interesting to evaluate the effects of the renin-angiotensin
system on HER2-mediated signaling in vitro. One approach to evaluate the effects
of angiotensin on HER2 expression, could be to determine HER2 mRNA and
protein expression, and downstream signaling, in angiotensin II-treated (rat)
ventricular myocytes.

In addition to early detection, prevention or circumvention of cardiotoxicity by
antineoplastic treatment are also of interest. Attempts to improve cardiac safety of
potentially cardiotoxic anticancer agents include alterations of dosing schedules to
modify pharmacokinetics, for instance altered dosing schedules.19,20 Administration
of liposome-encapsulated anthracyclines represent the most recent approach to the
problem of anthracycline cardiotoxicity, without attenuating antitumor efficacy.21

In Europe, only nonpegylated liposomal doxorubicin is available for clinical use.
Randomized clinical trials have shown that the incidence of cardiotoxicity is
substantially lower with the use of liposomal doxorubicin, compared to
conventional doxorubicin, either as a single agent or in combination with other
cytostatic agents.22,23 Possible explanations for the lower cardiotoxicity incidence,
compared to conventional doxorubicin, may be that nonpegylated liposomes
generally extravasate in tissue and organs lined with fenestrated endothelial barriers
or areas of pathology where capillaries are disrupted by inflammation or tumor
growth. The myocardium is supplied by vessels with tight junctions, which prevent
doxorubicin to penetrate the myocardium.24 Application of liposomal
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anthracyclines is still limited due to severe adverse effects, such as mucositis, and
the fact that these agents are very expensive.
Administration of cardioprotective agents is also of interest with regard to
circumvention of the cardiotoxicity problem.25 Currently, dexrazoxane is the only
cardioprotective agent that is registered for concurrent use with anthracycline
chemotherapy in patients receiving doxorubicin or epirubicin for metastatic cancer,
and is suggested for patients who have received a total doxorubicin dose of more
than 300 mg/m2.26 The most important fear with the use of dexrazoxane, is that it
attenuates the efficacy of antitumor treatment.27,28 Angiotensin-converting enzyme
(ACE) inhibition can ameliorate symptoms in patients with anthracycline-induced
congestive heart failure.29 Recent literature suggests beneficial effects of ACE
inhibition regarding left ventricular end-systolic wall stress (echocardiography) in
anthracycline-treated childhood cancer survivors, who had shown one or more
cardiac abnormalities at any time during follow-up after treatment.30 It would be
interesting to evaluate whether the use of ACE inhibition is of benefit with regard
to preservation of cardiac function in a randomized placebo-controlled trial in adult
anthracycline-treated patients. Another interesting approach is to administer an
ACE inhibitor simultaneously with anticancer treatment consisting of
anthracyclines or (adjuvant) trastuzumab, in a prospective randomized trial with
careful monitoring of cardiac function. In the light of the aforementioned possible
interaction between HER2 and angiotensin II receptor type 1-mediated signaling,
the newer angiotensin II type 1 receptor antagonists may also be of interest
regarding prevention of anticancer treatment-related cardiotoxicity.
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The efficacy of therapy for cancer has improved dramatically in recent years. Due
to the increased prognosis, it becomes critically important to limit treatment-related
comorbidity in cancer survivors. Several therapeutic strategies can be applied for
the treatment of patients with cancer, of which surgery, radiotherapy and
chemotherapy are the most widely used. Each of these treatment modalities can
lead to acute and late side effects. Chest wall irradiation and chemotherapy have
been linked with an increased incidence of cardiac adverse effects. Understanding
and early detection of these effects is crucial to their effective prevention and
management.
Next to chest wall irradiation, several systemic antineoplastic agents are associated
with the risk of developing heart failure, among which the anthracycline derivatives
are the most well known. New molecular targeted agents, such as trastuzumab
(Herceptin®), can also induce heart failure, and although the incidence of left
ventricular dysfunction is limited when administered alone, the combination of
trastuzumab with an anthracycline derivative is particularly notorious.
Next to chest wall radiotherapy, many breast cancer patients are treated with
anthracycline-based chemotherapy. In addition, the use of trastuzumab in the
treatment of patients with breast cancer is increasing. As a consequence, patients
treated for breast cancer have an increased risk of developing antineoplastic
treatment-related cardiac dysfunction.

The aim of the thesis as formulated in chapter 1, was to evaluate new methods and
biochemical markers in the prediction or early detection of cardiotoxicity of
antineoplastic treatment, and to provide more insight into the role of HER2 in the
pathophysiology of heart failure.

Chapter 2 is an editorial comment on a report concerning a rabbit model for
anthracycline-induced cardiotoxicity, which can be used for pharmacological
testing. In the original article, the authors describe that heart failure induced by
daunorubicin could be quantified adequately with cardiac catheterization,
phonocardiography, echocardiography, biochemistry, and histological
examinations. Although the rabbits were more susceptible to daunorubicin-induced
cardiotoxicity than humans, the severity of cardiotoxicity was dependent on the
cumulative dose of daunorubicin, as is the case with anthracycline-treatment in
patients. Anthracyclines are among the most effective anticancer compounds and
are therefore widely used in current antitumor therapy. In both curative and
palliative settings, use of anthracyclines is increasing, for example in the adjuvant
breast cancer treatment. The described animal model can be of use for testing
pharmacological interventions aimed at prevention or amelioration of
cardiotoxicity and/or preservation of cardiac function, for instance by free radical
scavengers.
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In chapter 3, the literature with regard to mechanisms of apoptosis in the heart is
reviewed. As is generally accepted, apoptosis can occur through activation of the
intrinsic and extrinsic pathway, or through lack of growth-promoting signaling
provided for by the human epidermal growth factor family of receptors. Intrinsic or
mitochondrial apoptosis occurs when a stimulus induces cytochrome c release from
mitochondria. Extrinsic apoptosis is mediated by specific ligand binding to
membrane receptors, initializing intracellular signaling resulting in cell death. Next
to the intrinsic and extrinsic pathways, apoptosis can also be initiated through lack
of growth factor receptor-mediated signaling, leading to loss of the survival
promoting signal. The human epidermal growth factor receptor family consists of 4
members (HER1-4), of which all subtypes, except HER3, are expressed in the adult
heart. Next to their expression in the heart, members the HER family of receptors
can also be expressed in tumor cells. In anticancer treatment, new targeted
therapies with monoclonal antibodies against one or more members of this family
of receptors, such as trastuzumab against HER2 in breast cancer patients, are
effective and are therefore used increasingly. The downside of the use of these new
drugs however, is that they may also inhibit the survival promoting signaling of
these receptors in the heart. The use of trastuzumab is associated with an increased
incidence of heart failure. Additionally, cyclooxygenase 2 (COX2, the rate-limiting
enzyme in prostaglandin synthesis) is involved in HER-related survival promoting
signal transduction. Inhibition of COX-2 may therefore result in apoptosis, which
may be a partial explanation for cardiovascular problems, observed with the use of
selective COX-2 inhibitors, which recently caused a great deal of commotion.
Better understanding of the apoptotic pathways in the heart can contribute to the
safer use of anticancer agents and may lead to improved therapies for heart failure
as well.
The risk of developing cardiotoxicity makes that careful patient selection for
trastuzumab therapy is critically important. A reliable test to predict the occurrence
of cardiac failure is therefore needed. In addition, there is no non-invasive method
to visualize HER2 overexpressing tumor localizations. Radiolabeled trastuzumab
might be useful for the detection of tumor localizations and also for the selection of
those patients that should not be treated with trastuzumab, because they are likely
to develop cardiac toxicity.

In chapter 4, the pre-clinical characterization of the development of radiolabeled
trastuzumab is described. For the coupling of trastuzumab to 111Indium (111In),
diethylenetriamine penta-acetic acid anhydride (DTPA) was used as a chelator.
With size exclusion-high performance liquid chromatography, the radiochemical
purity of the 111In-DTPA-trastuzumab was determined and amounted to more than
95%. Furthermore, 111In-DTPA-trastuzumab was stable in phosphate buffered
saline over 14 days. The immunoreactive fraction, as determined by cell binding
assays using human ovarian SK-OV-3 tumor cells, was 0.87. For an in vivo
analysis of the biodistribution, athymic mice implanted with either a HER2
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overexpressing (SK-OV-3) or a HER2 low expression (GLC4) human tumor cells
were injected with indium-labeled trastuzumab. For the determination of tumor and
normal tissue uptake of radiolabeled trastuzumab, the mice were sacrificed at 6
different time points ranging from 5 hours to 7 days. Tumor uptake in the mice
implanted with the HER2-positive tumor was already present 5 hours after injection
of the tracer, but was even more pronounced after 3 days. Uptake in organs such as
the liver, spleen and kidneys was also visualized. Radiolabeling trastuzumab with
111In, using DTPA as a chelator resulted in a highly stable tracer, which selectively
binds to the human HER2 receptor both in vitro and in-vivo in animals. Based on
these findings, 111In-DTPA-trastuzumab was considered to be suitable for clinical
use.

Following the pre-clinical validation of 111In-DTPA-trastuzumab, the results of the
clinical study with 111In-DTPA-trastuzumab scintigraphy are presented in chapter
5. We hypothesized that the cardiotoxic and antitumor effects of trastuzumab might
be specifically related to direct targeting and inhibition of HER2 expressed on
cardiomyocytes or tumor cells, respectively. The primary aim of this study was to
evaluate whether the radiolabeled trastuzumab scan could identify patients prone
for developing trastuzumab-related cardiac dysfunction. As the secondary aim, we
determined whether radiolabeled trastuzumab could be used to identify (HER2-
positive) tumor lesions. Patients with HER2-positive metastatic or recurrent breast
cancer were eligible for this study if they were suitable for treatment with
trastuzumab and paclitaxel, and had a good cardiac function (radionuclide
angiography) and performance score. Trastuzumab was administered weekly
starting with the 4 mg/kg loading dose, followed by the maintenance dose of 2
mg/kg. Paclitaxel was given every 3 weeks at a dose of 175 mg/m2. A radiolabeled
trastuzumab scan was performed at the start of treatment and after 4 cycles.
Patients underwent gammacamera imaging from 15 minutes to 7 days after tracer
injection. Cardiac evaluations, consisting of a history and physical examination
with specific attention to signs and symptoms related to the cardiovascular system,
left ventricular ejection fraction (LVEF) measurement by radionuclide angiography
and a cardiac ultrasound, were performed before the start of treatment, after 4 and
after 6 cycles. Tumor evaluations were carried out every 2 treatment cycles. 17
patients were enrolled in the study, of whom 15 were evaluable. Pre-treatment
myocardial uptake was observed in only one patient, who suffered from cardiac
arrhythmias prior to enrollment in the study. Three other patients developed severe
symptomatic heart failure during treatment, all without myocardial uptake on their
pre-treatment scans. One of these three patients had myocardial uptake on the
second scan after 4 cycles. Tumor lesions were visualized in most patients and in
13 patients lesions previously unidentified using routine staging examinations were
visualized. Since none of the patients who developed cardiotoxicity during
treatment had myocardial uptake on the pre-treatment scans, radiolabeled
trastuzumab scintigraphy has limited value for predicting trastuzumab-related
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cardiotoxicity, in the tested setting. However, the technique can be used to visualize
HER2 positive tumor lesions and may assist in identifying metastases.

As described previously, the extracellular domain of the transmembrane HER2 can
be proteolytically cleaved and shed into the circulation. The aim of the study
presented in chapter 6 was to evaluate whether serum HER2 levels are increased in
patients with heart failure due to dilated cardiomyopathy or ischemic heart disease.
Serum HER2 levels and plasma soluble (s) apoptosis-related proteins (tumor
necrosis factor (TNF)α and its receptors sTNF-R1 and sTNF-R2) were measured
with enzyme-linked immunosorbent assays (ELISA) in 50 patients with chronic
heart failure. 15 healthy individuals served as controls. Serum HER2 was higher in
patients with heart failure, compared to controls. In a three group comparison,
between controls, New York Heart Association (NYHA) functional class II and
NYHA class III patients, we observed a positive association between the NYHA
class and serum HER2. Serum HER2 levels were inversely correlated with left
ventricular function, as was assessed by measuring LVEF. In addition, plasma
sTNF-R1 and sTNF-R2 were higher in patients than in controls and correlated
positively with serum HER2. Based on these results, HER2 appears to be involved
in the pathophysiology of heart failure. HER2 may also play a role in
cardiomyocyte apoptosis, as was pointed out by the positive association between
serum HER2 and sTNF-R plasma levels.
Chapter 7 describes a study concerning the use of measuring natriuretic peptides
for the detection of cardiotoxicity in anthracycline-treated breast cancer survivors,
after long-term disease-free follow-up. N-terminal atrial natriuretic peptide (NT-
ANP) and B-type natriuretic peptide (BNP) were measured cross-sectionally after a
median follow-up of 2.7 years and after more than 6 years following a relatively
low dose of epirubicin (total dose either 360 or 450 mg/m2) and chest wall
irradiation. Plasma NT-ANP and BNP were measured with a radioimmunoassay in
54 patients, who had previously participated in two local trials evaluating cardiac
dysfunction due to anticancer treatment. Median plasma BNP levels were increased
during the follow-up period, while median NT-ANP levels did not change. Patients
who had received 450 mg/m2 epirubicin had higher BNP levels than patients
treated with a total epirubicin dose of 360 mg/m2. The findings of this study
suggest that after the initial blow to the myocardium, an autonomically progressive
process is initiated, which may lead to symptomatic cardiac dysfunction up to years
after antineoplastic treatment. Although proper validation of these results are
necessary, the simple use of plasma BNP measurement may become a valuable
screening tool for the identification of patients at risk for developing cardiac
dysfunction during the follow-up after anthracycline treatment.

Next to the more established natriuretic peptides as markers for cardiac
dysfunction, we evaluated whether circulating apoptosis-related proteins can be
used to detect (sub)clinical cardiotoxicity, during long-term follow-up after
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adjuvant anthracyclines and radiotherapy for breast cancer. The secondary aim of
this study, that is presented in chapter 8, was to determine whether the applied
treatment regimens were of influence on the plasma apoptosis marker levels. With
enzyme-linked immunosorbent assay (ELISA), we measured TNFα, sTNF-R1,
sTNF-R2, sFas, sFas ligand, sTNF-related apoptosis-inducing ligand (sTRAIL) and
serum HER2 in 34 breast cancer survivors, who had a median follow-up of 6 years
after treatment with standard-dose 5 cycles of standard dose fluorouracil (500
mg/m2), epirubicin (90 mg/m2) and cyclophosphamide (500 mg/m2) (FEC, n=14) or
4 cycles of FEC followed by high-dose myeloablative chemotherapy consisting of
1600 mg/m2 carboplatin, 6 g/m2 cyclophosphamide and 480 mg/m2 thiotepa
(FEC+CTC, n=20), followed by hematopoietic stem cell rescue. 12 healthy, age-
matched women served as controls. NT-ANP, BNP, fibrinogen and high-sensitivity
C-reactive protein were determined as markers for cardiac dysfunction. Circulating
platinum was also determined in subjects who had received carboplatin in their
myeloablative regimen. Chest wall irradiation and tamoxifen were started after
recovery from chemotherapy. Although no associations between the circulating
apoptosis markers and cardiac dysfunction was observed, higher levels were
observed in breast cancer survivors compared to controls. sFas ligand and sTRAIL
were higher in the high-dose than in the standard dose group. Circulating platinum
concentrations were measured, but did not correlate with circulating apoptosis
marker levels. The finding of higher apoptosis markers in breast cancer survivors
than in healthy controls, particularly after high-dose chemotherapy, may be
associated with late complications of treatment, such as cardiotoxicity, but require
further study.

In chapter 9, the results of a prospective study are presented, evaluating circulating
apoptosis marker levels in women during and after similar adjuvant breast cancer
treatment regimens as described in chapter 8. The study was aimed at evaluating
whether circulating soluble apoptosis-related protein levels change during the first
year after the start of anthracycline-containing chemotherapy and radiotherapy in
relation to cardiac dysfunction (primary endpoint) or to the applied treatment
regimen (secondary endpoint). For this purpose, circulating tumor necrosis factor-
related apoptotic proteins were determined in stored samples with ELISA in 40
breast cancer patients at three time points; prior to chemotherapy, one month after
chemotherapy, and one year after the start of chemotherapy. Serum platinum levels
were analyzed in subjects who had received carboplatin. We found that plasma
apoptosis markers were not associated cardiac dysfunction, LVEF decrease,
echocardiographic diastolic functional parameters, plasma natriuretic peptides or
high-sensitivity C-reactive protein. One month after chemotherapy, sTNF-R1,
sTNF-R2 and particularly sFas were transiently increased, whereas sFas ligand was
transiently decreased, especially in the high-dose group. Circulating platinum levels
one year after carboplatin-based chemotherapy were positively associated with
plasma sTNF-R1 and sFas. Measurement of circulating apoptosis-related proteins
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appears to have no value for the early detection of cardiotoxicity. Interestingly, we
observed a transient change in circulating levels of these markers, particularly in
high-dose chemotherapy-treated patients. Although transient, these changes may
indicate that anticancer treatment has inflicted substantial damage, which might
culminate into late complications of the treatment. To determine the (clinical)
relevance of these findings, further study with long-term follow up will be required.

In Chapter 10 a discussion and directions for future research are presented.
Cardiac dysfunction is a worrisome side effect resulting from the use of several
antineoplastic agents, of which the anthracyclines are the most well known. In
addition, molecular targeted therapies with the potential of inducing cardiotoxicity,
such as trastuzumab in the treatment of HER2-positive breast cancer patients, have
been and will be used increasingly. Since the survival of patients treated for cancer
has improved over the recent years, treatment-related morbidity and mortality
become more relevant. Consequently, early detection, and preferably prevention, of
anticancer treatment-induced cardiotoxicity becomes more and more important.
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De effectiviteit van de behandeling van patiënten met kanker is in de afgelopen
jaren sterk verbeterd. Gezien de verbeterde prognose van patiënten met kanker, is
het van groot belang dat schade en bijwerkingen ten gevolge van de behandeling
zoveel mogelijk worden beperkt. Bij de behandeling van kanker zijn er
verschillende behandelingsstrategieën mogelijk; meest toegepast zijn chirurgie,
bestraling en chemotherapie. Elke behandeling kan gepaard gaan met bijwerkingen,
niet alleen op de korte, maar ook op de lange termijn. Van radiotherapie en
bepaalde cytostatica is bekend dat ze gepaard kunnen gaan met een verhoogd risico
op hartschade. Het vergroten van onze kennis met betrekking tot de schadelijke
effecten op het hart en vroege opsporing hiervan zijn cruciaal bij de preventie en
behandeling van klinische hartschade.

Bestraling van de borstwand veroorzaakt een verhoogd risico op het ontstaan van
hartfalen. Een toegenomen kans op hartfalen is ook beschreven bij toepassing van
een aantal cytostatica, het meest berucht in dit opzicht zijn de anthracyclines.
Daarnaast kunnen nieuwe middelen hartschade veroorzaken, zoals de zogenaamde
“molecular targeted agents“, die zeer specifiek bepaalde (moleculaire) kenmerken
van kwaadaardige tumoren beïnvloeden. Trastuzumab, (Herceptin®) is hier het
meest bekende voorbeeld van. Het gebruik van trastuzumab kan leiden tot een
verminderde pompfunctie van de linker ventrikel, hetgeen voornamelijk is
beschreven wanneer trastuzumab in combinatie met anthracycline cytostatica wordt
gegeven. Omdat veel patiënten met borstkanker worden behandeld met
radiotherapie van de linker thoraxhelft, naast behandeling met anthracyclines en
soms trastuzumab, vormen zij een categorie patiënten die een verhoogd risico loopt
op het ontwikkelen van hartschade.

Het doel van dit proefschrift, zoals werd geformuleerd in hoofdstuk 1, was om
nieuwe methoden ten behoeve van de vroege opsporing van door kankertherapie
geïnduceerde hartschade te onderzoeken. Tevens werd de rol van biochemische
merkstoffen voor deze toepassing onderzocht. Daarnaast is gekeken naar de rol die
HER2 speelt bij de pathofysiologie van hartfalen.

Hoofdstuk 2 is een redactioneel commentaar bij een artikel waarin een diermodel
wordt beschreven, dat gebruikt wordt om hartschade, veroorzaakt door
anthracyclines, te onderzoeken. Dit model is ook bedoeld voor het testen van
nieuwe medicamenten. In het originele artikel beschrijven de auteurs dat hun model
goede kwantificatie van de hartschade toestaat, door gebruik te maken van
hartcatheterisatie, fono- en echocardiografie, biochemische bepalingen en
histologisch onderzoek. De dieren bleken gevoeliger voor hartschade ten gevolge
van behandeling met het cytostaticum daunorubicine dan mensen en de ernst van
de hartschade was gerelateerd aan de totale toegediende dosis van het cytostaticum.
Deze dosisafhankelijke relatie is ook uitgebreid bij patiënten beschreven.
Anthracyclines zijn zeer effectieve middelen tegen kanker en worden daarom dan
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ook veel toegepast, zowel in de curatieve als in de palliatieve setting. Het model dat
is beschreven zou uitstekend dienst kunnen doen om de effectiviteit van middelen
gericht op het voorkomen of beperken van hartschade, zoals bijvoorbeeld vrije
radicaalremmers, te onderzoeken.

Hoofdstuk 3 geeft een overzicht van de literatuur met betrekking tot mechanismen
die ten grondslag liggen aan apoptose (geprogrammeerde celdood) in het hart.
Apoptose kan worden veroorzaakt door activatie van de intrinsieke en/of de
extrinsieke route of door remming van signaaltransductie via groeifactorreceptoren.
De intrinsieke route wordt geactiveerd als ten gevolge van een stimulus van buiten
de cel het cytochroom c vrij komt uit de mitochondriën die zich in het cytoplasma
van de cel bevinden. Apoptose via de extrinsieke route ontstaat als activerende
stoffen (liganden) binden aan hun specifieke receptoren op de  celmembraan. Een
derde manier waarop apoptose kan worden geïnduceerd is een gestoorde signaal
overdracht via groeifactorreceptoren, waardoor de cel zijn overlevingsstimulus
verliest. De humane epidermale groeifactorreceptoren bestaan uit 4 soorten (HER1-
4). Behalve HER3 komen alle subtypen tot expressie in het volwassen hart.
Daarnaast komen deze receptoren vaak tot overexpressie in tumorcellen.
Monoklonale antilichamen die specifiek gericht zijn tegen één of meerdere van
deze receptoren zijn effectief gebleken bij de behandeling van patiënten met kanker
waarin deze receptoren tot overexpressie komen. De behandeling met trastuzumab
van patiënten met een HER2 positief mammacarcinoom is hiervan een goed
voorbeeld. Deze middelen kunnen echter ook gezonde hartcellen beschadigen door
de groei- en overlevingsstimulus weg te nemen. Het gebruik van trastuzumab gaat
dan ook gepaard met een verhoogde kans op het ontstaan van hartfalen.
Cyclooxygenase 2 (COX2), het enzym dat de prostaglandine synthese reguleert,
maakt onderdeel uit van de HER signaaltransductieroute en remming van COX2
kan leiden tot apoptose. Dit verschijnsel zou gedeeltelijk kunnen verklaren waarom
COX2 remmende middelen een verhoogd risico op cardiovasculaire problemen met
zich meebrengen, hetgeen recentelijk in de publiciteit kwam. Een beter inzicht in
de signaaltransductieroutes die apoptose in het hart veroorzaken, kan leiden tot een
veiliger gebruik van geneesmiddelen die worden toegepast bij de behandeling van
patiënten met kanker en mogelijk ook tot het verbeteren van de behandeling van
hartfalen.

Het verhoogde risico op hartschade door de behandeling met trastuzumab, maakt
een goede selectie van patiënten die in aanmerking komen voor deze behandeling
noodzakelijk. Hiervoor is idealiter een test nodig die betrouwbaar kan voorspellen
of hartschade al dan niet opreedt. Tot op heden bestaat er geen eenvoudige om
HER2 positieve tumor localisaties op te sporen. Scintigrafie met radioactief
gelabeld trastuzumab zou mogelijk een rol kunnen spelen bij het voorspellen van
hartschade ten gevolge van behandeling met trastuzumab en/of bij het opsporen van
HER2 positieve tumorlokalisaties.
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In hoofdstuk 4 werd de ontwikkeling van radioactief gelabeld trastuzumab
beschreven. Om trastuzumab te binden aan 111Indium (111In), is een chelator nodig
die werd gevonden in de vorm van diethylenetriamine penta-acetic acid anhydride
(DTPA). Aangetoond werd dat 111In-DTPA-trastuzumab meer dan 95%
radiochemisch zuiver is. Bovendien bleek dat 111In-DTPA-trastuzumab gedurende
14 dagen stabiel bleef in zoutoplossing (phosphate buffered saline). De
immunoreactieve fractie, zoals die werd bepaald door middel van bindingsanalyse
met ovarium tumorcellen, bedroeg 0.87. Voor het in vivo testen van de verdeling in
het lichaam kregen muizen een humane tumor met hoge HER2 expressie (SK-OV-
3) of een humane tumor met lage HER2 expressie (GLC4) geïmplanteerd. Na
injectie van een heel lage dosering 111In-DTPA-trastuzumab, als zogenaamde
tracer, ondergingen de muizen een gammacamera scan. Om de hoeveelheid
opname van radioactief gelabeld trastuzumab in tumor- en orgaanweefsel te
bepalen, werden de muizen op 6 verschillende momenten, variërend van 5 uur tot 7
dagen, gedood. Opname van radioactief gelabeld trastuzumab in tumorweefsel
werd gemeten vanaf 5 uur na injectie, maar bleek het meest uitgesproken te zijn na
3 dagen. Ook werd opname van radioactief gelabeld trastuzumab in de lever, milt
en nieren aangetoond. Het radioactief labelen van trastuzumab met 111In met DTPA
als chelator, leverde een zeer stabiele nucleaire tracer op, welke zowel in vitro als
in vivo selectief bindt aan HER2 receptoren. Op basis van deze resultaten werd
111In-DTPA-trastuzumab geschikt geacht voor gebruik bij patiënten.

Nadat 111In-DTPA-trastuzumab in proefdieren (muizen) was onderzocht, werden de
resultaten van de toepassing bij patiënten beschreven in hoofdstuk 5. Onze
hypothese was dat de schadelijke effecten op het hart en de antitumor werking
specifiek gerelateerd zijn aan binding van trastuzumab aan HER2 receptoren op
respectievelijk cardiomyocyten en tumorcellen. Het primaire doel van de studie
was te onderzoeken of een scan met radioactief gelabeld trastuzuzumab
voorafgaand aan de behandeling, patiënten kan identificeren die een verhoogde
kans hebben op het ontwikkelen van hartschade. Als secundair doel wilden we
onderzoeken of deze scan van waarde is om (HER2 positieve) tumorlokalisaties op
te sporen. Vrouwen met een recidief  of gemetastaseerd en HER2 positief
mammacarcinoom konden deelnemen aan de studie, indien zij behandeld zouden
worden met trastuzumab en het cytostaticum paclitaxel. Patiënten kregen 6 kuren
met trastuzumab en paclitaxel. Trastuzumab werd wekelijks gegeven en paclitaxel
eens per 3 weken. Een scan met radioactief gelabelde trastuzumab werd gemaakt
voor de start van de behandeling en na 4 kuren. Iedere keer werd in een tijdbestek
van 15 minuten tot 7 dagen na injectie van de tracerdosis 111In-DTPA-trastuzumab
opnames gemaakt. Het onderzoek van de functie van het hart bestond uit een
anamnese en lichamelijk onderzoek, een MUGA scan en echocardiografie. Dit
onderzoek werd gedaan voor de start van de behandeling, na 4 en na 6 kuren.
Evaluatie van het effect van de behandeling op de tumor vond na elke 2 kuren
plaats. Zeventien patiënten werden onderzocht, waarbij van 15 patiënten de
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gegevens bruikbaar evalueerbaar waren. Bij één patiënt kon myocardopname
worden vastgesteld op de eerste scan. Bij drie patiënten, die ernstig hartfalen
tijdens de behandeling ontwikkelden, werd echter geen myocardopname gezien op
de eerste scan, terwijl bij een van deze drie patiënten de 2e scan wél
myocardopname toonde. Bij de meeste patiënten werden reeds bekende
tumorlaesies gezien, maar bij 13 van de 15 patiënten werden met deze trastuzumab
scan laesies aangetoond, die met de routine diagnostiek niet waren gevonden.
Omdat geen van de patiënten die hartfalen ontwikkelden tijdens de behandeling
met trastuzumab en paclitaxel myocardopname van het radioactief gelabelde
trastuzumab toonde op de eerste scan, lijkt het maken van een trastuzumab scan
voorafgaand aan de behandeling met trastuzumab niet zinvol voor het voorspellen
van optreden van hartschade. Desondanks kan deze scan wel worden gebruikt om
HER2 positieve tumorlokalisaties op te sporen en kan deze mogelijk een rol spelen
bij het opsporen van metastasen.

Zoals eerder beschreven, kan het extracellulaire deel van de HER2 receptor
proteolytisch “geknipt” worden, waarna het in de circulatie terechtkomt. Het doel
van de studie die beschreven werd in hoofdstuk 6 was om te onderzoeken of serum
HER2 spiegels verhoogd zijn bij patiënten met hartfalen ten gevolge van een
dilaterende cardiomyopathie of van ischemisch hartlijden. Niet alleen werden
serum HER2 spiegels gemeten, maar ook die van tumor necrose factor (TNF)α en
de TNF receptoren TNF-R1 en TNF-R2 bij 50 patiënten met chronisch hartfalen en
bij 15 gezonde vrijwilligers. Het bleek dat serum HER2 concentraties hoger zijn bij
patiënten met hartfalen dan bij gezonde vrijwilligers. Uit de directe vergelijking
van spiegels bij gezonde proefpersonen, met die bij patiënten met New York Heart
Association (NYHA) functionele klasse II hartfalen en bij patiënten met NYHA
klasse III hartfalen, bleek dat serum HER2 spiegels positief geassocieerd waren
met de ernst van de symptomen van hartfalen. Tevens zagen we dat hogere serum
HER2 spiegels gerelateerd waren aan een lagere linker ventrikel ejectiefractie. Ook
bleek dat plasma TNF-R1 and TNF-R2 hoger waren bij de patiënten met hartfalen
ten opzichte van de gezonde controlegroep, waarbij een positieve associatie van
plasma TNF-R1 en TNF-R2 werd gezien met serum HER2 spiegels. Op basis
hiervan concludeerden wij dat HER2 een rol lijkt te spelen in de pathofysiologie
van hartfalen. Daarnaast zou HER2 van belang kunnen zijn bij apoptose in het hart,
zoals wordt gesuggereerd door de relatie van serum HER2 spiegels met de plasma
waarden van beide TNF receptoren.

Hoofdstuk 7 beschreef een studie naar de waarde van het meten van natriuretische
peptiden in plasma, om hartschade bij patiënten met borstkanker, die in het
verleden werden behandeld met anthracycline chemotherapie, op te sporen. In een
cross-sectionele opzet maten we N-terminaal atriaal natriuretisch peptide (NT-
ANP) en type B natriuretisch peptide (BNP) op 2 momenten in de follow-up. De
eerste meting werd gedaan na een mediane follow-up duur van 2.7 jaar, de tweede
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meting na een mediane follow-up duur van meer dan 6 jaar na een relatief lage
totale dosis epirubicine (360 of 450 mg/m2) en borstwandbestraling. Plasma NT-
ANP en BNP werden gemeten bij 54 patiënten, die ook reeds eerder hadden
meegedaan aan 2 lokale studies naar cardiale bijwerkingen van de behandeling. De
resultaten van het huidige onderzoek toonden een toename van plasma BNP
spiegels gedurende de follow-up periode, terwijl geen verandering werd gevonden
in NT-ANP waarden. Patiënten die waren behandeld met een totale dosis van 450
mg/m2 epirubicine hadden hogere plasma BNP waarden dan de patiënten die 360
mg/m2 hadden gekregen. Deze bevindingen suggereren dat na de initiële schade aan
het myocard een autonoom progressief proces geïnitieerd wordt, dat uiteindelijk
jaren na de behandeling zou kunnen leiden tot het ontstaan van hartfalen. Alhoewel
bevestiging van deze resultaten nog wel noodzakelijk blijft, lijkt het erop dat het
meten van BNP plasma spiegels een geschikte screeningsmethode zou kunnen zijn,
om patiënten met een verhoogd risico op hartfalen te identificeren tijdens de
follow-up na behandeling met anthracycline cytostatica.

Naast de in de cardiologie meer geaccepteerde natriuretische peptiden als
merkstoffen voor het vaststellen van cardiale disfunctie, hebben we ook onderzocht
of het meten van circulerende waarden van eiwitten die gerelateerd zijn aan
apoptose, gebruikt zouden kunnen worden bij de vroege opsporing van
(sub)klinische hartschade na behandeling met anthracyclines en
borstwandbestraling. Het tweede doel van deze studie, die is beschreven in
hoofdstuk 8, was om te evalueren of de verschillende chemotherapie regimes van
invloed zijn op de hoogte van de plasma concentraties van de verschillende
apoptose eiwitten. Wij bepaalden plasma spiegels van TNFα, TNF-R1, TNF-R2,
Fas, Fas ligand, “TNF-related apoptosis-inducing ligand (TRAIL) en HER2 bij 34
vrouwen met een mediane follow-up van 6 jaar na behandeling van borstkanker
met óf 5 kuren FEC bestaande uit fluorouracil (500 mg/m2), epirubicine (90 mg/m2)
en cyclofosfamide (500 mg/m2) óf 4 FEC kuren gevolgd door hoge dosis met
carboplatin (1600 mg/m2), cyclofosfamide (6 g/m2) en thiotepa (480 mg/m2),
waarna stamceltransplantatie plaatsvond. De spiegels van deze patiënten hebben we
vergeleken met die van een controlegroep van 12 voor leeftijd gematchte, gezonde
vrouwen. NT-ANP, BNP, fibrinogeen en hoogsensitief C-reactief proteïne werden
tevens gemeten als merkstoffen voor cardiale disfunctie. Tevens werd circulerend
platina werd bepaald bij de patiënten die waren behandeld met carboplatin.
Alhoewel geen relaties werden gevonden van de circulerende apoptose plasma
eiwitten met hartschade, vonden we wel hogere waarden in vergelijking met de
gezonde vrijwilligers. Fas ligand en TRAIL waren bovendien hoger in de met hoge
dosis chemotherapie behandelde patiëntengroep, dan in de groep die was behandeld
met het standaard regime. Circulerende platina spiegels hadden geen relatie de
apoptose eiwitten. De bevinding dat plasma spiegels van apoptose eiwitten
verhoogd zijn bij patiënten na behandeling, vooral met hoge dosis chemotherapie,
suggereert dat deze factoren een relatie zouden kunnen hebben met het optreden



NEDERLANDSE SAMENVATTING

163

van late complicaties van de behandeling. Om dit te bewijzen is echter verder
onderzoek vereist.

In hoofdstuk 9 zijn de bevindingen beschreven van een prospectieve studie naar
circulerende apoptose eiwitten, tijdens en na de in hoofdstuk 8 beschreven
adjuvante behandeling van patiënten met borstkanker. Het doel van dit onderzoek
was om na te gaan of er veranderingen optreden in de plasma spiegels van de
apoptose eiwitten tijdens het eerste jaar na chemotherapie. Hiervoor werden bij 40
patiënten met borstkanker apoptose eiwitten gemeten op 3 tijdsmomenten; na
chirurgie en voor start van de chemotherapie; een maand na de chemotherapie, nog
voor start van de radiotherapie en tenslotte een jaar na de start van de
chemotherapie. Platina concentraties werden bepaald in serum van de patiënten die
waren behandeld met hoge dosis chemotherapie waarin carboplatin was
opgenomen. De resultaten toonden aan dat de plasma spiegels van de apoptose
eiwitten geen relatie hadden met symptomen van hartschade, een verminderde
linker ventrikel ejectiefractie, diastolische functieparameters (echocardiografie),
noch met plasma concentraties van hoogsensitief C-reactief proteïne en de
natriuretische peptiden. Plasma spiegels van TNF-R1, TNF-R2 en met name Fas
waren verhoogd, een maand na de chemotherapie, terwijl Fas ligand verlaagd was
op dit tijdstip. Dit was het meest uitgesproken in de groep die werd behandeld met
hoge dosis chemotherapie. Een jaar na de start van de chemotherapie waren deze
veranderingen echter grotendeels weer verdwenen. Circulerende platina spiegels
waren positief geassocieerd met sTNF-R1 en sFas spiegels, één jaar na de
chemotherapie. Op basis van deze gegevens lijkt het meten van plasma apoptose
eiwitten geen toegevoegde waarde te hebben bij de vroege opsporing van
hartschade in deze patiëntengroep. Een interessante nevenbevinding van het
onderzoek was de tijdelijke verandering in plasma spiegels van de apoptose
eiwitten een maand na de (hoge dosis) chemotherapie. Dit zou erop kunnen wijzen
dat de behandeling substantiële schade heeft geïnduceerd, die uiteindelijk zou
kunnen leiden tot het optreden van late complicaties. Prospectief onderzoek met
een langere follow-up duur, zal dit moeten uitwijzen.

Tenslotte werden in hoofdstuk 10 de resultaten bediscussieerd en suggesties
genoemd voor verder onderzoek. Cardiale disfunctie is een zorgwekkende
bijwerking, die voorkomt bij het gebruik van een aantal cytostatica. Daarnaast
worden zogenaamde molecular targeted drugs, zoals trastuzumab, in toenemende
mate toegepast. Omdat de overleving van patiënten na behandeling van kanker de
laatste jaren sterk is toegenomen, worden behandelingsgerelateerde morbiditeit en
mortaliteit steeds relevanter. Vroege detectie en zo mogelijk preventie van
hartschade door de behandeling wordt daarom steeds belangrijker.
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