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Introduction

Trastuzumab is a humanised monoclonal antibody
(mAB) used therapeutically in the treatment of
Epidermal Growth Factor Receptor 2 (ErbB2, Her2,
Neu) positive breast cancer. The efficacious use
of antibodies in the treatment of cancer has been a
goal of biologists for over 100 years.! That it has
recently come to fruition is due to numerous technical
advances over the last 40 years, not least the develop-
ment of monoclonal antibody technology. In the 1970s
Kholer and Milstein developed a process whereby the
fusion of antigen-exposed mouse spleen cells with
mouse myeloma cells, followed by clonal selection,
generated unlimited supplies of highly specific and
clonally-derived antibodies.”> They immediately rec-
ognised and commented on the therapeutic potential
of this technology. However, substantial barriers to
the clinical exploitation of mABs remained, not least
immunogenicity of murine antibodies in humans.?
Subsequent developments, using the nascent recom-
binant DNA technology of the 1970s and 80s, saw the
splicing of human and rodent antibody sequences*” to
the point where hypervariable regions of human light
and heavy immunoglobulin (Ig) chains could be sub-
stituted with antigen specific hypervariable regions
of rodent origin prior to transfection into melanoma
cell lines and clonal selection.® At the time of writing
there are 31 FDA-approved monoclonal antibodies,
12 of which are used in oncology, either therapeuti-
cally or for imaging.’

The period between the end of the last century
and the beginning of the current one has seen great
improvements in the management of breast cancer, to
the extent that an increased incidence in Europe has
been accompanied by a decrease in mortality.® The
decrease in mortality is attributable to the introduc-
tion of screening programs in a number of nations and
improvements in therapy resulting from improved
understanding of the molecular etiology of the dis-
ease. However, breast cancer is the most commonly
occurring cancer in women, remains the second most
common cause of death from cancer overall and is the
most common cause of death from cancer in women
aged between 20 and 59.° It is a heterogeneous disease
and elements of this heterogeneity have been exploited
to develop therapeutic options. For example ~70%
of breast cancers are estrogen and/or progesterone
receptor positive. Many of these tumours are

dependent on estradiol for survival and proliferation,
and therefore susceptible to inhibition of proliferation
by small molecule estrogen signalling antagonists.'
Her2 is over-expressed, due to gene amplification, in
approximately 25% to 30% of breast cancers and is
associated, in the absence of targeted therapy, with a
poorer prognosis than Her2-negative tumours." A 185
kDa receptor tyrosine kinase (RTK), Her2 in com-
mon with other RTKs has an extracellular domain,
a transmembrane domain and a cytoplasmic kinase
domain.'>"* In contrast to other RTKs no extracellu-
lar ligand for Her2 has been demonstrated. Despite
the lack of identified ligand, Her2 is still capable of
mediating intracellular proliferative and pro-survival
signalling via heterodimerisation with other members
of the ErbB family of receptors and is believed to be
the preferred binding partner of EGFR (Her1), Her3
and Her4.'*'> This may be of particular importance
for the facilitation of ligand driven Her3 signalling,
as Her3 has limited intrinsic tyrosine kinase activity
and requires the activity supplied by the heterodimeric
partner.'®!” Of the potential combinations of ErbB
dimers the Her2/Her3 heterodimer is believed to be
the main oncogenic dimer.'® It has also been hypoth-
esised that ligand-independent homodimerisation
is sufficient to drive proliferative signalling.! This
review will discuss the metabolism and pharmacol-
ogy of trastuzumab and the use of trastuzumab in the
clinic.

Metabolism

The study of the catabolism of therapeutic antibodies
presents a challenge to pharmacologists. Generically
the degradative metabolism of small molecule drugs
can be categorised as a process of enzymatic transfor-
mation of a compound to more hydrophilic product
(Phase I), more amenable to direct excretion or conju-
gation with an endogenous molecule (Phase IT) prior to
excretion.” The metabolism of small molecule drugs
predominantly, but not exclusively, occurs in the liver
and excretion generally occurs via urine and faeces.
Therapeutic proteins generally, and therapeutic anti-
bodies specifically, are not typically substrates for the
characterised enzymes of drug metabolism. While the
mechanism of trastuzumab metabolism has not been
extensively studied, it is assumed that the pathway
of degradation accurately reflects that of endogenous
IgG antibodies, the endpoint of catabolism being the
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release of the constituent amino acids by intracellular
proteolytic degradation. The mechanisms that influ-
ence the metabolism of antibodies can be classified
into three broad categories (Fig. 1).

FcyR

The FcyRs—may have a role in the clearance of anti-
bodies,”! but they also serve as the bridge between
the Ab:Ag interaction and the effector mechanisms
of the Ab-mediated immune response. By analogy,
the FcyR molecules are essential for some of the pro-
posed mechanisms of action of trastuzumab and will
be discussed in the context of pharmacodynamics.?

FcRn

In the mid 1960s two apparently disparate observa-
tions of the behaviour of IgG in vivo were elegantly
synthesised to generate a readily testable hypothesis.*
These observations were:

e That ingested maternal IgG was transmitted across
the intestinal epithelium of neonatal mice by pino-
cytosis and that this transmission was saturable,
with functional antibody re-entering the circula-
tion or being degraded in the epithelium.

e That the rate of IgG catabolism increased in pro-
portion to concentration.

Brambell and colleagues postulated that both
phenomena could readily be explained by the pres-
ence of a receptor that protected IgG from prote-
olysis in lysosomes. This receptor, termed FcRn for
neonatal Fc receptor, was initially identified in the

Extracellular
\) ::

intestine of neonatal rats** and subsequently in the
syncytiotrophoblasts of humans® and is the receptor
that mediates the transfer of IgG from maternal to
infant circulation in rats and humans respectively.
Structurally the FcRn is a membrane bound heterodi-
mer comprised of an alpha chain, which is a member
of the MHC class I family, and a B2 microglobulin
chain (B2M).* That the FcRn is also the IgG protec-
tive receptor postulated in the Brambell hypothesis has
been demonstrated definitively, at least in mice, in gene
knockout experiments. Mice deficient in either B2M
or the FcRn alpha chain have both a lower concentra-
tion of endogenous IgG and a more rapid clearance of
radio-labelled I1gG.?*° In humans, FcRn is expressed
in placenta, heart, lung, liver, kidney, pancreas, breast,
endothelial cells and dendritic cells.?**'* The Fc por-
tion of antibodies interacts with the FcRn receptor
at pH6, but not at physiological pH* and it is likely
that plasma IgG is taken into endothelial cells by fluid
phase endocytosis rather than receptor-mediated trans-
fer. Once in the early endosome the FcRn bound IgG
is protected from the lysosomal proteolysis and may
potentially be transferred into the tissue or returned
to the circulation. While the former scenario has not
been disproved the latter has been demonstrated in a
Tie 2 Cre/Lox mouse model engineered to have no
expression of the FcRn alpha chain in endothelial
or haematopoietic cells.*® Phenotypically this mouse
model resembles both the FcRn and f2M knock-out
mice with a lower concentration of endogenous IgG
and increased rate of clearance of human IgG, indicat-
ing that the expression of FcRn in these tissues alone

Key: >TA\ntibody X Antigen

/ FcyR

Intracellular - ./

fl FcRn

Figure 1. Receptor mediation of IgG catabolism. a) Antigen mediated endocytosis. Antigen on cell membrane is recognised by the antibody and the
complex is then amenable to endocytosis and subsequent proteolysis in the lysosome. b) FcR mediated endocytosis of Ab:Ag complex. Fc Receptors
on the surface of phagocytic cells interact with the antibody Fc region and may trigger endocytosis. ¢) FcRn mediated protection of IgG. Following fluid
phase endocytosis and intra vesicular acidification IgG in the vesicle can interact with the FcRn receptor and is protected from proteolysis and available
for recycling back to the interstitial compartment.
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is sufficient to maintain the stability of IgG in blood.*
Whether FcRn functions predominantly as a stabiliser
rather than a transporter in all other adult tissues is
not known. It is hypothesised that expression of FcRn
in the proximal tubular cells of the kidney contrib-
utes to re-absorption of IgG from the urine®' and it
has been observed that IgG concentrations in the bile
are very low despite the presence of FcRn expression
on hepatocytes,** both phenomena that will result in
reduced plasma IgG clearance. While FcRn function
increases the stability of IgG and is the saturable mol-
ecule that results in nonlinear clearance of IgG at high
concentrations, it is not envisaged that endothelial
FcRn expression will influence the blood concentration
of trastuzumab, which at maximum measured concen-
trations is ~5% of the IgG serum concentration, and at
steady state is ~0.5%.%>¢ However, it is of interest that
FcRn is expressed in normal breast and breast tumour
tissue,* and may protect local concentrations of drug
at the intended target. While FcRn should not influ-
ence the blood concentration of trastuzumab at thera-
peutic concentrations, under physiological conditions
it 1s worth noting that high-dose corticosteroids do
result in increased catabolism of IgG in both mice and
humans®’*® and it has been demonstrated that corticos-
teroids lead to a decrease in FcRn expression.®

Antigen-mediated catabolism

The interactions of antibody with antigen can
influence the catabolism of antibodies, both by
receptor-mediated endocytosis and the endocytosis
of immune complexes following interaction of the
antibody with soluble Ag.?'*’ This process will be
saturable and may contribute to a non linear aspect
of the pharmacokinetics of trastuzumab at low
concentrations.***> However, in contrast to the rela-
tionship between FcRn and IgG, the phenomenon
of generic Ab:Ag-mediated catabolism cannot be
extrapolated to the influence of membrane or sol-
uble Her2 on the catabolism of trastuzumab. While
the interaction between trastuzumab and the Her2
antigen may influence catabolism, it is also essential
for the pharmacodynamics of trastuzumab and will
be discussed below.

Pharmacokinetics
Trastuzumab is currently administered clinically as
a 90 minute IV infusion of a 4 mg/kg loading dose

followed by 2 mg/kg every week, or by a three
weekly regimen of 8 mg/kg as a loading dose fol-
lowed by 6 mg/kg every three weeks. A population
PK analysis of data from 476 patients extracted from
previous studies, the majority of whom were treated
with the weekly regimen, revealed a two compart-
ment linear model as the most appropriate fit of the
data. The model predicted a steady-state trough con-
centration of 66 ng/ml with clearance of 0.225 1/d,
volume of distribution (Vd) of 2.95 1 and a terminal
half-life (t'2) of 28.5 days.** This compares with a
t”2 of 23 days for endogenous IgG and the Vd corre-
sponds to plasma volume. High levels of circulating
Her2 extracellular domain (ECD), more than 4 sites
of metastases and high body weight were all asso-
ciated with a lower predicted plasma concentration.
While these covariates were statistically significant
the magnitude of the effect was small compared to the
overall variability of exposure and they are unlikely
to be of clinical or predictive benefit.* The estimated
steady-state trough concentration is comparable to
that seen in the three weekly schedule.36:4445

The population PK analysis was in contrast to ear-
lier observations. Although the three initial phase one
studies of trastuzumab have not been published in
extenso, the available data show that half-life tended
to increase with increasing dose, from approximately
1 day in the lowest dose group (10 mg) to 2 weeks
in the highest dose group (500 mg).* Early phase II
studies with a PK element reported a mean half life
of between 1.1 and 11 days, with a high level of ECD
being associated with a shorter halflife and lower trough
concentration.*'*#® The first published study using the
weekly weight-adjusted regimen® reported PK param-
eters that, other than the mean t% value of 6.5 days,
were consistent with the subsequent population PK
model* with Vd of 2.7 litres and a mean trough con-
centration at steady state of approximately 70 pg/ml.
The first dose escalation study of trastuzumab to be
published included concentration-time curves over a
three week period from patients administered 1, 2, 4
or 8 mg/kg. The dose concentration-time curve at the
highest dose appeared to show biphasic elimination
with a fast initial decrease in trastuzumab concentra-
tion over 4 days followed by a slower decrease over
the subsequent 11 days. Mean estimates of half life
were short compared to those predicted from the two
compartment linear model developed by Bruno et al,
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ranging from 2.7 days following 1 mg/kg to 10.4 days
following administration of the 8 mg/kg dose. A simi-
lar non-linear mechanism was seen, with clearance
which decreased with increasing dose, suggesting that
the pharmacokinetics of trastuzumab were non-linear
and saturable at clinically relevant doses.* However,
when plotted against dose the clearance and t'% values
appeared to plateau at 4 mg/kg, indicating trastuzumab
pharmacokinetics are linear and non-saturated at higher
doses, suggesting that two distinct mechanisms of dis-
tribution or elimination influence clearance.

The initial assumption that trastuzumab pharma-
cokinetics were non-linear and the observation that
accumulation can occur for up to 32 weeks before
steady-state is reached, led to the hypothesis that a lon-
ger duration dosing schedule, more convenient for the
patient, could be administered without lowering expo-
sure to the drug. The three-weekly schedule results
in a higher peak and lower trough concentration than
seen with the weekly schedule, but overall exposure
to drug and efficacy are comparable.’** The effective-
ness of the three-weekly schedule is more likely to be
due to the t'% of 28.5 days than non-linear PK.

There are no apparent pharmacokinetic drug inter-
actions between trastuzumab and cyclophosphamide,
cisplatin, gemcitibine, paclitaxel or lapatinib,*3:44:46:49-51
With regard to the potential interaction with other
monoclonal antibodies, a phase I trial of trastuzumab
in combination with the anti-Vascular Endothelial
Growth Factor (VEGF) monoclonal antibody

Perforin &
Granzymes

bevacizumab reported that the pharmacokinetics of
either agent were unaltered by co-administration.>

Mechanism of Action

The mechanism by which trastuzumab exerts an anti
tumour activity is complex and likely to be multi-
factorial. The question of the clinical relevance of
proposed mechanisms of action is also complicated
by differences in the response of tumour cells to
trastuzumab in vivo and in vitro. For example, while
trastuzumab-induced apoptosis has been observed
in clinical tissue and xenografts,>** it is not com-
monly observed in tissue culture models. All pro-
posed mechanisms are predicated on the interaction
of the complementary determining region (CDR) of
the antibody with the antigen, and the development
of trastuzumab as an antibody specifically targeting
Her2 can be viewed as a success. However, the
complexity of trastuzumab’s mechanism of action
lies in the downstream consequences of the Ab:Ag
interaction, and can be categorised as those that are
immunologically mediated and those that are antago-
nistic of signalling pathways.

Immunological mechanisms

Antibody-dependentcell-mediated cytotoxicity (ADCC)
is an immunological process whereby the cytolytic
activity of a subset of lymphocytes, natural killer
(NK) cells, is targeted to the destruction of host tissues
by target-specific antibodies (Fig. 2). The process is

Figure 2. ADCC mechanism: Antibodies of the IgG isotype (Trastuzumab) bind the antigens (Her2) on the surface of target cell. Fc gamma Receptors
(FcyR) on the NK cell recognizes the Fc region of the bound antibody on the target cell. Cross-linking of the FcyR on the NK cells promotes the release of

Perforin and Granzymes, which induce apoptosis in the target cell.
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mediated by the interaction of the antibody CDR with
the antigen on the target cell surface and the interac-
tion of the Fc portion of the antibody with the FcyRIII
receptor on the surface of the NK cell. The formation
of this interaction then triggers the release of cyto-
toxic effector proteins from the NK cell and the death
of the target cell.”® The role of ADCC in the efficacy
of trastuzumab was first suggested in vitro as part of
the initial characterisation of the drug>® and has been
subsequently demonstrated in murine models, ex vivo
and in clinical samples. For example, trastuzumab
prevents the growth of Her2-positive BT474M1
explants in wildtype nude mice, but this inhibition
is abrogated in FcyR —/— animals of the same back-
ground.”” Administration of trastuzumab enhances
ex vivo ADCC activity in the neoadjuvant®®> and
metastatic setting®® and the induction of ADCC is
associated with improved response. An increase in
tumour-associated NK cells has also been observed in
Her2-positive primary breast tumours in trastuzumab
treated patients compared to controls not treated with
trastuzumab.”> The FcyRIlla gene contains a single
nucleotide polymorphism that results in a substitution
of a valine for a phenylalanine at residue 158. There
are suggestions that breast cancer patients who are
homozygous for the valine genotype have increased
ADCC activity and prolonged progression free sur-
vival when treated with trastuzumab.>*¢!

The clinical relevance of other antibody mediated
immune effector mechanisms is uncertain. Low affin-
ity anti-Her2 CD8&+ T cells have been identified and
can be clonally expanded ex-vivo. There is in vitro
evidence that trastuzumab enhances the cytolytic
activity of these cells, via internalisation of Her2
and increased expression of Her2 epitopes in the
context of Class I MHC, but the clinical significance
of this is unknown.®* It has also been demonstrated
that while trastuzumab can recruit complement to

the Her2-positive cell surface this has no effect on
cell death.®

Cell signalling mechanisms

The growth of Her2-positive cells is inhibited in vitro
by trastuzumab and this growth inhibition is concom-
itant with inhibition of the pro-survival and prolifera-
tive PI3K/AKT and MAPK signalling pathways.** ¢
Of these two pathways, in vitro data suggest that the

PI3 K/AKT axis is the most important. It has been
demonstrated that introduction of constitutive AKT
activity by transfection is sufficient to abrogate
trastuzumab-mediated growth inhibition,*” cell-cycle
arrest and differential gene expression.®® There is
also evidence that functional PTEN, a phosphatase
that antagonises PI3 K signalling, is essential for
trastuzumab-mediated growth inhibition.®*’® The
lack of trastuzumab-induced apoptosis in cell line
models is surprising in light of the observed inhibi-
tion of PI3 K signalling. In contrast, increased levels
of apoptosis are observed in clinical tumour samples
from patients treated with trastuzumab, but para-
doxically this increase is seen without an increase in
AKT phosphorylation in the same samples.> Another
study has revealed an association between poor sur-
vival outcome in patients treated with trastuzumab
and a potential high PI3 K activity phenotype, char-
acterised by low PTEN expression or PI3 K mutation
conferring constitutive activation.”

Anti-angiogenesis

Angiogenesis is the formation of new blood vascu-
lature in response to low oxygen tension or angio-
genic signalling pathways. It is considered a hallmark
of cancer and is necessary for the growth of solid
tumours beyond the size dictated by the diffusion
of oxygen through the tissue.”’ Both low oxygen
and the PI3 K/AKT signalling pathway can mediate
an increase in the activity of the Hypoxia Induc-
ible Factor-1 transcription factor and the subsequent
induction and down-regulation of pro and anti angio-
genic factors respectively.”>”® These include VEGF
which is a potent inducer of endothelial proliferation,
and the anti angiogenic factor thrombospondin-1.
Her2 expression has been shown to be correlated with
VEGEF expression in breast tumours.” This association
appears to be mediated via the PI3 K/AKT signalling
pathway’’" and induction of VEGF can be abrogated
by trastuzumab in vitro.” Treatment with trastuzumab
of mice bearing established tumours from xenografts
of Her2-positive cells results in normalisation and
decreased density of tumour vasculature.”’

Inhibition of Her2 shedding
Her2 is cleaved by a metalloproteinase, ADAMI10,
to yield the released extra-cellular domain found in
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plasma and a 95 kDa fragment that is the membrane-
boundinternalkinasedomain.’”®”Inthepre-trastuzumab
era expression of the p95 fragment was associated
with poor prognosis.® Trastuzumab inhibits the cleav-
age of Her2 in SKBR3 and BT-474 cells in vitro.*!

Early Clinical Studies

The early clinical development of trastuzumab,
unlike the vast majority of anti-cancer agents, has
been characterized by the exclusive focus on a par-
ticular subset of patients, i.e. the Her2-positive
breast cancer patients. Since the first three phase I
trials, patients have been pre-selected on the basis
of Her2 expression in tumours. In these initial stud-
ies the authors failed to reach a maximum tolerated
dose (dose range from 10 to 500 mg IV weekly) and
none of the four reported serious adverse events was
considered to be related to trastuzumab treatment.*
Four subsequent phase II trials evaluated the activity
of weekly administration, both as monotherapy and
in combination. In particular, a first study of trastu-
zumab given as single-agent at a flat dose of 100 mg
weekly with a loading dose of 250 mg showed an
overall response rate (ORR) of 11.6% in 46 patients
with pre-treated (median of 2 prior regimens) meta-
static tumours expressing Her2 in more than 25%
of cells (more than 50% of cells in 85% of cases).*
A second combination study of trastuzumab (same
schedule as above) and cisplatin (75 mg/m? every
28 days) showed an interesting ORR of 24% in a
series of 37 heavily pre-treated patients. In this trial
tumours were required to have evidence of over-
expression (2+ or 34) of Her2 as determined by
immuno-histochemistry.*! A third, much larger, mul-
ticentre trial evaluated the activity of a single-agent,
weight-based weekly regimen (loading dose 4 mg/kg
followed by 2 mg/kg) in 222 pre-treated patients. The
ORR assessed by an independent response evaluation
committee was 15% in the intent-to-treat population
and the most clinically significant adverse event was
cardiac dysfunction, occurring in 4.7% of cases.*
Finally, a randomized trial conducted in previously
untreated patients demonstrated the equivalence in
terms of activity and safety of two different weekly
schedules (2 mg/kg or 4 mg/kg). Most interestingly,
a retrospective correlative analysis of Her2 gene ampli-
fication by fluorescent in situ hybridization (FISH)

showed that objective remissions (26%) were almost
entirely confined to FISH-amplified cases: ORR was
in fact 34% in 79 FISH-positive cases and only 7%
in 29 FISH-negative patients.*> Taken together, the
results of these initial clinical studies prompted the
manufacturer and the researchers to broaden their
evaluation within controlled settings.

Efficacy

Metastatic setting
In 2001 a pivotal randomized phase III trial provided
evidence of trastuzumab efficacy in combination
with chemotherapy in patients with previously
untreated, Her2-positive, metastatic breast cancer.®
Patients received chemotherapy (doxorubicin/
cyclophosphamide or paclitaxel) either alone or
in combination with the antibody. The addition of
weekly trastuzumab conferred a clinically-significant
increase in time to disease progression (4.6 vs.
7.4 months), ORR (50% vs. 32%), duration of
response (9.1 vs. 6.1 months) and median survival
(25.1 vs. 20.3 months). A second randomized trial of
docetaxel alone or with trastuzumab achieved similar
results.* Concomitantly with these large controlled
trials two important phase Il studies showed that a
three-weekly schedule (8 mg/kg loading dose fol-
lowed by 6 mg/kg), in combination with paclitaxel or
as monotherapy, was able to achieve the same results
in terms of response rates and plasma trough levels
as the standard weekly regimen.’*** Beside the tax-
anes, other chemotherapeutic agents, such as vinore-
Ibine, capecitabine and carboplatin have been tested
in combination with trastuzumab in various non-
randomized and randomized trials. The combination
with vinorelbine, in particular, has been compared in
a small randomized phase II trial with a weekly regi-
men of trastuzumab plus a taxane (either paclitaxel or
docetaxel) and the results of this comparison revealed
equivalence between the two arms in terms of effi-
cacy and safety.®

A recent review of a large mono-institutional
cohort of patients has shown that, despite the
well-documented negative prognostic influence
of Her2 over-expression, Her2-positive metastatic
breast cancer patients treated with trastuzumab can
achieve a better overall outcome than Her2-negative
patients.5¢
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Adjuvant setting
When used as adjuvant treatment for early stage Her2-
positive breast cancers, trastuzumab has been consis-
tently demonstrated to reduce the risk of recurrence
by 30 to 50%. Table 1 shows the major findings of
four large and two smaller randomized trials in terms
of efficacy and toxicity, along with some notable dif-
ferences with regard to various aspects, including the
size of patient population, duration of treatment, type
of associated adjuvant chemotherapy, trastuzumab
schedule and timing of administration.

In particular, the large HERA trial*”* adopted
a rather pragmatic approach, encompassing a wide
range of adjuvant chemotherapy regimens in its
inclusion criteria. This feature makes the study highly
representative of clinical practice and confers a wide
applicability to the results. Trastuzumab every three
weeks was administered for one year after the com-
pletion of chemotherapy in this setting and a third
randomization arm (data not released yet) evaluated a
two-year treatment duration. The NSABP B-31 and the
NCCTG-NO9831 trials®! reflect the popularity of the

Table 1. Reported trastuzumab adjuvant trials.

AC — P schedule (Doxorubicin/Cyclophosphamide
followed by Paclitaxel). They both focused on the
concomitant administration of paclitaxel and weekly
trastuzumab, which had been shown to be synergistic,
but the NCCTG-N9831 researchers also considered a
comparison with a sequential arm. The BCIRG 006
study®®” aimed to specifically evaluate the efficacy
of trastuzumab in association with an anthracycline-
free regimen (Docetaxel/Carboplatin) or with a more
standard regimen (Doxorubicin/Cyclophosphamide
followed by Docetaxel).

As can be seen from a cross-comparison of the
efficacy results reported in Table 1, the concomi-
tant administration of trastuzumab (NSABP B-31/
NCCTG-N9831 joint analysis and BCIRG 006) with
chemotherapy seems to confer a slightly larger ben-
efit in terms of efficacy, compared with the sequential
administration, although these data could be biased by
different durations of follow-up and different rates of
treatment cross-over among the studies. On the other
hand, incidence of cardiotoxicity appears slightly
higher in the trials of concomitant trastuzumab.

Trastuzumab Pts with
Study Most recent update Pts no. Stage Design - . LVEF drop
administration (%)
Node-pos and Ch = 0'8:
HERA Gianni et al,® 5102  node-neg Ch —H 3W; total 1 year 3.7
(tumour size > 1cm) ch — H 3W; total 2 years  NR
NSABP o1 ) AC - P - NR
B-31 Perez et al, 2006 Node-pos AC — PH W: total 1 year NR
. AC —» P - NR
Nogai  Perezetal? 3505 hode-pesorhigh  ac —, p W; total 1year o
risk Node-neg AC — P —H W; total 1 year
AC—>T - 11
: W with T, then 3W; >
BCIRG 006 Slamon et al,®® 3g9p  Node-posorhigh — AC —TH total 1 year =
risk Node-neg W with TCa. th
TCaH wit a, then g+
3W; total 1 year
Node-pos or high T-FEC or V-FEC - 10.5%**
FinHER Joensuu et al,*® 232 e W with T or V; oo
risk Node-neg TH-FEC or VH-FEC total 9 weeks 6.8
FNCLCC- : - ) FEC or ET - 2.6%**
phos gy SPEmEmmERel 928 leezpes FECorET »H  3Witotal 1year  11.1%*
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The small FinHer trial®**> provided interest-
ing findings on the potential efficacy of weekly
trastuzumab administered with chemotherapy
(vinorelbine or docetaxel) for a very limited period
(9 weeks).

It is noteworthy that a recent medium-sized
study of adjuvant trastuzumab failed to demon-
strate a clear advantage in disease-free survival and
overall survival.”® The authors identified a potential
explanation for this result in the rather high rate of
treatment discontinuation, mainly due to cardiac
toxicity.

Neo-adjuvant setting

Many non-randomized studies have demonstrated
the extreme activity of trastuzumab in association
with chemotherapy in the pre-operative setting.”’’
A very promising randomized phase II trial con-
firmed the efficacy of this approach,'® achieving
an unprecedented rate of pathological Complete
Remissions (pCR) (66.7% for chemotherapy plus
trastuzumab versus 25% for chemotherapy alone)

in a limited series of patients with operable primary
breast cancer. Recently, a large randomized phase I1I
trial has evaluated the combination of trastuzumab
with a poly-chemotherapy regimen in the setting
of locally-advanced breast cancer, achieving a ben-
efit in terms of pCR rate and a substantial prolon-
gation in event-free survival, with an acceptable
cardiac safety.!”! In this study, which included non-
inflammatory T4, inflammatory and N2 or ipsilateral
tumours, trastuzumab was administered both pre-op-
eratively (in association with doxorubicin, paclitaxel
and cyclophosphamide/methotrexate/fluorouracil)
and post-operatively, to complete one year of treat-
ment. Importantly, 19% of patients in the control arm
crossed over to adjuvant trastuzumab after the results
of the major randomized trials became available.
Despite the exciting results in terms of pCRs many
clinical questions, including choice of chemothera-
peutic drugs, combination with anthracyclines and
duration of treatment, remain unsolved and use of
pre-operative trastuzumab in clinical practice is still
not widely established.

Grade lll-tV Cardiac deaths Median follow-up
cardiotoxicity + (no.) (months) DFS (HR) P OS (HR) P Cross-over (%)
deaths (%) )
0.1 1 ref - ref -
0.8 0 48 0.76 <0.0001 0.85 0.1087 52
NR NR NR - NR -
gg (1) N U‘ﬁ) AC > P ref - ref -
0.3 1 £ E 35 21
2.5 0 B <Z,: AC — PH 0.48 <0.00001 0.65 0.0007
0.7 0 ref - ref —
2 0 65 0.64 <0.001 0.63 <0.001 21
0.4 0 0.75 0.04 0.77 0.038
1.7 0 ref - ref -

62 0.65 0
0.9 0 (DDFS) 0.12 0.55 0.094
0.4 0 ref - ref —
1.5 0 a7 0.86 0.41 1.27 NR v

Abbreviations: Ch, any chemotherapy; A, adriamycin; C, cyclophosphamide; H, herceptin; P, paclitaxel; T, docetaxel; Ca, carboplatin; F, fluorouracil;
E, epirubicin; V, vinorelbine; W, weekly; 3W, 3-weekly; NR, not reported; LVEF, left ventricle ejection fraction; DFS, Disease Free Survival; HR, Hazard
Ratio; OS, Overall Survival; DDFS, Distant Disease-Free Survival; Cross-Over, Proportion of patients in the observation arm who crossed-over to the

trastuzumab arm after 1st release of efficacy data.

Note: *significant LVEF drop, **LVEF drop > 10%, ***LVEF drop > 20%, ****LVEF < 45% and/or 45%—49% + =15% decrease.
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Predictors of efficacy

Trastuzumab was originally developed and is
routinely used only in Her2 over-expressing and/or
amplified breast tumours and the implementation of
the recent American Society of Clinical Oncology/
College of American Pathologists guidelines on Her2
testing is contributing to improve patient selection
for this targeted treatment.'* A retrospective analysis
of Slamon’s pivotal phase III trial of trastuzumab in
advanced patients confirmed that the benefit was lim-
ited to patients with Her2-amplified tumours.*'* A
recent exploratory analysis from the NSABP group
suggested that the advantage of adjuvant trastuzumab
may not be limited to Her2-positive cases,'™ but it
must be highlighted that these results emerge from
a central re-testing of samples that were considered
Her2-positive in peripheral laboratories. Many ran-
domized trials have been retrospectively evaluated
for the potential role of estrogen receptor (ER) and
progesterone receptor (PR) expression in trastu-
zumab efficacy. All reports consistently show that the
benefit derived from use of trastuzumab is similar in
hormone-receptor positive and in hormone-receptor
negative patients, in advanced,'” adjuvant®”** and
neo-adjuvant setting. '’ Likewise, the co-expression
of EGFR and Her2, evaluated in a limited series of
advanced patients, does not seem to predict any addi-
tional effect.!”” Other biologic markers potentially
implicated in response to therapy will be discussed in
the context of trastuzumab resistance.

Safety

Trastuzumab is generally well tolerated and the most
frequent acute adverse event is a hypersensitivity-like
infusion reaction.!”®® However, the occurrence of car-
diac dysfunction can be a major concern in a minority
of patients and definitive trastuzumab discontinuation
following cardiotoxicity might favour recurrence or
progression of the disease.

The potential mechanisms of this significant side
effect have been studied recently. There is abundant
laboratory evidence that Her2 has an important role
in cardiomyocyte development and function. Her2 in
fact functions as a co-receptor for Her3 and Her4 and
their peptide ligands, the neuregulins, all of which
are expressed in cardiac tissue. According to one of
the most accepted models, the inhibition of Her2 sig-
nalling leads to mitochondrial dysfunction and ATP

depletion and, in turn, to reduced contractility of the
cardiomyocyte.'%%!1°

Clinically, trastuzumab-related cardiotoxicity can
span arange of various clinical situations, from asymp-
tomatic variations in the heart contractility (measured
as Left Ventricular Ejection Fraction—LVEF) to
severe and sometimes fatal cardiac failure, and has
some peculiar features such as the absence of ultra-
structural changes in the heart muscle and a general
tendency to reversibility.

In the pivotal registration trial,** congestive heart
failure (CHF) was reported in an unexpectedly high
proportion of patient: its incidence in the paclitaxel
plus trastuzumab and the anthracycline plus trastu-
zumab arms was respectively 13% and 27%. In the
four large adjuvant trials,**?9*!"! where cardiac eli-
gibility criteria were stringent and trastuzumab was
interrupted or discontinued in response to the devel-
opment of cardiac dysfunction, the incidence of grade
II-I'V CHF ranged from 0.4 to 3.8% (Table 1). Exhaus-
tive analyses of clinical data in both the advanced and
early settings have shown that older age, pre-existing
cardiac diseases or risk factors and use of anthracy-
clines can all contribute to an increased likelihood of
developing trastuzumab-related cardiotoxicity.'"?

In clinical practice, a widely accepted approach
to minimize this potentially life-threatening side-
effect includes a baseline assessment of LVEF fol-
lowed by regular on-treatment monitoring, possible
interruption/discontinuation of trastuzumab and the
introduction of appropriate cardiac medication (e.g.
Angiotensin-Converting Enzyme Inhibitors).!!?

Controversial Clinical Issues

Monotherapy or combination

Trastuzumab has been shown to be effective both
as a single agent and in combination with chemo-
therapy. In order to define the best treatment strat-
egy, two similar randomized studies have recently
compared a ‘sequential’ therapy with the combi-
nation of trastuzumab plus docetaxel as first-line
treatment in two series of patients with advanced
breast cancer.'"*'" In the first trial the sequential
arm consisted of trastuzumab three-weekly, fol-
lowed by docetaxel alone (100 mg/m?) at progres-
sion, whereas in the latter trastuzumab monotherapy
was given weekly and docetaxel (60 mg/m?) was
introduced at progression without suspending the
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antibody. It should be noted that in the first paper
the vast majority of patients had visceral metastases
and in the second trial patients with only bony dis-
ease were excluded from the trial. In terms of safety,
no substantial difference emerged between the
sequence and the combination, whereas ORR and
progression-free survival (PFS) were substantially
higher in the combination arm compared to the
monotherapy stage of the sequential arm in both
studies. The subsequent introduction of docetaxel
did not seem to completely fill the gap in terms of
efficacy, since the hazard ratio for overall survival
(OS) was 2.72 (P = 0.04) in favour of the combina-
tion in Inoue’s work'"® and median OS were 20.2
months in the sequential arm and 30.5 months for
the combination in Bontenbal’s trial,'"* although
this difference did not achieve statistical signifi-
cance. Taken together, these results seem to favour
the combination regimen, at least in this subset of
advanced patients with mostly visceral disease.

Combination with hormone treatments

A recent study has shown that the addition of tras-
tuzumab to anastrozole in the treatment of meta-
static patients with both Her2-positive and Hormone
Receptor-positive tumours confers a significant
benefit in terms of ORR (6.8% vs. 20.3%) and PFS
(2.4 months vs. 4.8 months), without an evident
impact on safety.!'® As a result, the European Medi-
cines Agency approved the use of the combination of
trastuzumab with an aromatase inhibitor in this set-
ting. Although many oncologists argue that a tradi-
tional combination of trastuzumab and chemotherapy
would better control this subset of tumours, the hor-
monal/trastuzumab approach could be useful where
chemotherapy is not feasible or in patients with mini-
mal bony metastatic disease, in order to delay the
introduction of traditional cytotoxic drugs.

Combination with anthracyclines

The combination of trastuzumab with doxorubicin was
initially found to cause an unacceptable rate of heart
failure® and was never introduced in clinical practice,
although its synergism was proved in ‘in vitro’ and
clinical studies. In order to overcome this drawback,
many authors have evaluated the use of alternative,
less cardiotoxic anthracyclines. In particular, lipo-
somal doxorubicin, both in the pegylated and in the

non-pegylated form, has been shown to be active and
relatively safe in association with trastuzumab in sev-
eral phase II studies.!"”'"* On the other hand, conflict-
ing results have been reported with regard to cardiac
safety of trastuzumab plus epirubicin.'?!?! Although
promising early evaluations have been reported, the
simultaneous use of anthracyclines and trastuzumab
is currently limited to clinical trials.

Trastuzumab and CNS metastases
Her2-positive breast cancer patients have a higher
risk of developing metastases to the central nervous
system (CNS) and treatment with trastuzumab does
not seem to alter this risk.'**!?* Trastuzumab has been
shown to penetrate the blood-brain barrier (BBB)
to a very limited extent, with cerebrospinal fluid
(CSF) concentrations approximately two orders of
magnitude lower than serum concentration, despite
a possibly impaired BBB.!**! Nonetheless, several
retrospective studies have shown that trastuzumab
is able to prolong survival in patients who develop
CNS metastases,'**!'*” compared with control groups
of Her-2 negative patients and Her2-positive patients
who did not receive trastuzumab.'>* Whole brain radi-
ation treatment (WBRT) is generally considered to
be the standard of care for this subset of patients and
is able to improve the CSF:serum trastuzumab con-
centration ratio by approximately five-fold.'** Since
differentagents can achieve objective remissions in the
CNS, both alone and in combination with WBRT (i.e.
temozolomide, capecitabine, lapatinib, topotecan),'?®
many oncologists believe that a reasonable strategy
could be to continue trastuzumab in order to control
metastases outside the brain and to administer active
therapies to control CNS disease. New approaches in
order to deliver trastuzumab directly to the CNS are
under investigation.

Use in Imaging

Trastuzumab has been evaluated as an imaging
tool in the context of nuclear medicine techniques.
In particular, the development of indium-111
(""In)—Ilabelled trastuzumab and its use in Single
Photon Emission Computed Tomography (SPECT)
have shown potential value for clinical staging of
Her2-positive breast cancers in terms of identifica-
tion of new tumour lesions, but when the myocardial
distribution of the drug was evaluated, the authors
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where not able to demonstrate any predicting ability
with regard to trastuzumab-related cardiotoxicity.'”
In order to overcome the limited spatial resolution
of ""In-DTPA-trastuzumab SPECT imaging, tras-
tuzumab has been successfully radiolabelled with
Zirconium-89 (¥Zr) and its uptake has been detected
by Positron Emission Tomography (PET), achiev-
ing a higher spatial resolution and a better signal-to-
noise ratio.'*

In another approach the Fragment antigen-binding
F(ab’)2 of trastuzumab was labelled with Gallium-68
(8Ga), and detected with PET."*! Both the whole
antibodies and the antibody fragments, which are
characterized by a faster clearance, have allowed
non-invasive imaging of the pharmacodynamics of
anti-cancer agents as part of pre-clinical studies in
animal models'**!** but they are not currently used in
clinical practice.

Resistance

Only 15 to 30% of Her2-positive metastatic breast
cancers respond to trastuzumab administered as a
single agent, whereas the response rate when used
in combination with taxanes is approximately 60 to
70%. This suggests that a proportion of patients are
primarily resistant to trastuzumab. Moreover, virtu-
ally all patients with advanced disease treated with
trastuzumab will have recurrent disease, indicating an
acquired resistance. Furthermore, in the adjuvant set-
ting there are a significant proportion of patients who
suffer from recurrent disease despite having received
trastuzumab.

These clinical observations have prompted several
researchers to examine in depth the biological mecha-
nisms of trastuzumab resistance.'*

Two Her2 isoforms, the first lacking the extra-
cellular domain (p9SHER2) and the second lacking
a small portion of the juxta-membrane extracellu-
lar domain (HER2A16), were described to harbour
enhanced transforming activity'*>"*7 and recent in
vitro and clinical works show that these variants are
involved in trastuzumab resistance.'*'* Increased
signalling from members of the ErbB family of
receptors and from Insulin-like Growth Factor Type 1
Receptor (IGF-1R) has been observed by Motoyama
et al*® and Natha et al'*” in the context of trastuzumab-
resistant cells and these initial data have been con-
firmed by the recent demonstration of a heterotrimeric

(Her2/Her3/IGF-1R) complex which would disrupt
effective binding of trastuzumab to Her2 and acti-
vate unique down-stream signalling.'*! Activation of
the PI3K pathway has been shown to be important in
trastuzumab downstream effects and can be regulated
by Phosphatase and Tensin homolog (PTEN). /n vitro
and clinical studies suggest that activation of this
pathway and loss of PTEN function may contribute
to trastuzumab unresponsiveness.'** The membrane-
associated glycoprotein MUC4, which may hinder
trastuzumab binding to its epitope on Her2, has also
been proposed as an additional marker of resistance.'*
Some of these pathways and mechanisms are cur-
rently being evaluated as potential therapeutic targets
in pre-clinical and clinical studies.'*

A large trial compared the use of capecitabine
monotherapy with the combination of capecitabine
and lapatinib, a Her2 and EGFR associated tyrosine
kinase-inhibiting small molecule, in trastuzumab-
resistant patients. With this combination the authors
obtained an advantage in terms of ORR and PFS'#
and lapatinib is now approved for the treatment of
Her2-positive breast cancer.

Use of trastuzumab beyond

progression of disease
Since limited second-line options are -currently
available in the clinic for patients who experience
disease progression after first-line trastuzumab-
containing therapies, many oncologists have been
using trastuzumab following disease progression
for several years, mostly in combination with vari-
ous chemotherapeutic agents. This choice was based
on trastuzumab’s known chemo-sensitizing property
and supported by data from a number of retrospec-
tive series.!*!*® Recently, a randomized study has
assessed the efficacy of continuation of trastuzumab
in association with capecitabine'® and has confirmed
the clinical benefit of this option, at least in terms
of PFS. A second controlled study, which assessed
the efficacy of continued trastuzumab in association
with lapatinib versus lapatinib alone, demonstrated
an advantage for the combined anti-Her2 therapy.'>
These observations, along with several in vitro
experiments,'’! seem to suggest that in patients who
lose clinical responsiveness, the anti-tumour effect of
trastuzumab is in part retained and can be exploited in
the context of different combination regimens.
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Place in Therapy

Trastuzumab has a widely-established role in the rou-
tine treatment of early and advanced Her2-positive
breast cancer patients. In the adjuvant setting, trastu-
zumab is commonly administered for a total duration
of one year, with variations regarding the timing and
schedule of administration (Table 1). In metastatic
patients, a combination therapy with chemothera-
peutic agents is usually preferred: in particular, tax-
anes are the most extensively-studied partner drugs
in this context. However, combination with different
agents, including aromatase inhibitors, is feasible
and effective. The pharmacodynamic and pharma-
cokinetic equivalence of the weekly and 3-weekly
regimen allows clinicians to choose the most conve-
nient schedule, taking into account patients’ prefer-
ence, associated chemotherapy regimen and hospital
facilities. Furthermore, the safety and tolerability of
this treatment allow a prolonged treatment in the vast
majority of cases. Besides the introduction of lapatinib
in trastuzumab-resistant patients, the development of
new drugs and combinations which can potentially
refine the treatment of Her2-positive cancers is a wide
and exciting field of investigation.

Acknowledgements

The authors would like to thank Professor Alan V.
Boddy for reading through and commenting on the
manuscript and Cancer Research UK for funding.

Disclosures

This manuscript has been read and approved by all
authors. This paper is unique and is not under con-
sideration by any other publication and has not been
published elsewhere. The authors and peer review-
ers of this paper report no conflicts of interest. The
authors confirm that they have permission to repro-
duce any copyrighted material.

References

1. Waldmann TA. Immunotherapy: past, present and future. Nature Medicine.
2003;9(3):269-717.

2. Kohler G, Milstein C. Continuous cultures of fused cells secreting anti-
body of predefined specificity. Nature. 1975;256(5517):495-7.

3. Miller RA, et al. Monoclonal-Antibody therapeutic trials in 7 patients with
T-Cell lymphoma. Blood. 1983;62(5):988-95.

4. Boulianne GL, Hozumi N, Shulman MJ. production of functional chima-
eric mouse human-antibody. Nature. 1984;312(5995):643—6.

5. Jones PT, et al. Replacing the complementarity-determining regions in
a human-antibody with those from a mouse. Nature. 1986;321(6069):
522-5.

20.

21.

22.

23.

24.

25.

26.

217.

28.

. Riechmann L, et al. Reshaping human-antibodies for therapy. Nature.

1988;332(6162):323-7.

. FDA. Drugs@FDA, FDA Aproved Drug Products 2010 [cited 2010 22nd

January 2010]; Searchable Online Database]. Available from: http://www.
accessdata.fda.gov/scripts/cder/drugsatfda/index.cfm.

. Karim-Kos HE, et al. Recent trends of cancer in Europe: A combined

approach of incidence, survival and mortality for 17 cancer sites since the
1990S. European Journal of Cancer. 2008;44(10):1345-89.

. Jemal A, et al. Cancer Statistics, 2009. Ca-a Cancer Journal for Clinicians.

2009;59(4):225-49.

. EBCTCG. Tamoxifen for early breast cancer: An overview of the

randomised trials. Lancet. 1998;351(9114):1451-67.

. Slamon DJ, et al. Human-breast cancer—correlation of relapse and

survival with amplification of the Her-2 neu oncogene. Science.
1987;235(4785):177-82.

. Bargmann CI, Hung MC, Weinberg RA. The neu oncogene encodes an

epidermal growth-factor receptor-related protein. Nature. 1986;319
(6050):226-30.

. Yamamoto T, et al. Similarity of protein encoded by the human C-Erb-B-2

gene to epidermal growth-factor receptor. Nature. 1986;319(6050):
230-4.

. Tzahar E, et al. A hierarchical network of interreceptor interactions

determines signal transduction by Neu differentiation factor/neuregulin
and epidermal growth factor. Mol Cell Biol. 1996;16(10):5276-87.

. GrausPorta D, et al. ErbB-2, the preferred heterodimerization partner

of all ErbB receptors, is a mediator of lateral signaling. Embo Journal.
1997;16(7):1647-55.

. Guy PM, et al. Insect cell-expressed pl180erbB3 possesses an impaired

tyrosine Kinase activity. Proceedings of the National Academy of Sciences
of the United States of America. 1994;91(17):8132-6.

. Sierke SL, et al. Biochemical characterization of the protein tyrosine kinase

homology domain of the ErbBB (HER3) receptor protein. Biochemical
Journal. 1997;322:757-63.

. Holbro T, et al. The ErbB2/ErbB3 heterodimer functions as an onco-

genic unit: ErbB2 requires ErbB3 to drive breast tumor cell proliferation.
Proceedings of the National Academy of Sciences of the United States of
America. 2003;100(15):8933-8.

. Muthuswamy SK, Gilman M, Brugge JS. Controlled dimerization of

ErbB receptors provides evidence for differential signaling by homo- and
heterodimers. Molecular and Cellular Biology. 1999;19(10):6845-57.
Coulthard SA, Boddy AV. Metabolism (Non-CYP Enzymes), in Hand-
book of anticancer pharmacokinetics and pharmacodynamics. Figg WD,
McLeod HL. editors. Human Press: Totowa. New Jersey; 2004, 189-213.
Wang W, Wang EQ, Balthasar JP. Monoclonal antibody pharmacokinet-
ics and pharmacodynamics. Clinical Pharmacology and Therapeutics.
2008;84(5):548-58.

Arnould L, et al. Trastuzumab-based treatment of HER2-positive breast
cancer: an antibody-dependent cellular cytotoxicity mechanism? British
Journal of Cancer. 2006;94(2):259-67.

Brambell FW, Hemmings WA, Morris IG. A theoretical model of
gamma-globulin catabolism. Nature. 1964;203:1352—4.

Simister NE, Mostov KE. An Fc receptor structurally related to MHC
class I antigens. Nature. 1989;337(6203):184—7.

Story CM, Mikulska JE, Simister NE. A major histocompatibility com-
plex class I-like Fc receptor cloned from human placenta: possible role
in transfer of immunoglobulin G from mother to fetus. J Exp Med.
1994;180(6):2377-81.

Ghetie V, et al. Abnormally short serum half-lives of IgG in beta
2-microglobulin-deficient mice. European Journal of Immunology. 1996;
26(3):690-6.

Israel EJ, et al. Increased clearance of IgG in mice that lack beta(2)-
microglobulin: Possible protective role of FcRn. Immunology. 1996;89(4):
573-8.

Junghans RP, Anderson CL. The protection receptor for IgG catabolism is
the beta(2)-microglobulin-containing neonatal intestinal transport recep-
tor. Proceedings of the National Academy of Sciences of the United States
of America. 1996;93(11):5512—6.

Clinical Medicine Reviews in Oncology 2010:2

161


http://www.la-press.com

Cresti and Jamieson

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Kim J, et al. Beta 2-microglobulin deficient mice catabolize 1gG more
rapidly than FcRn-alpha-chain deficient mice. Experimental Biology and
Medicine. 2008;233(5):603-9.

Montoyo HP, et al. Conditional deletion of the MHC class I-related
receptor FcRn reveals the sites of IgG homeostasis in mice. Proceedings
of the National Academy of Sciences of the United States of America.
2009;106(8):2788-93.

Haymann JP, et al. Characterization and localization of the neonatal
Fc receptor in adult human kidney. Journal of the American Society of
Nephrology. 2000;11(4):632-9.

Zhu XP, et al. MHC class I-related neonatal Fc receptor for IgG is func-
tionally expressed in monocytes, intestinal macrophages, and dendritic
cells. Journal of Immunology. 2001;166(5):3266-76.

Cianga P, et al. The MHC class I related Fc receptor, FcRn, is expressed
in the epithelial cells of the human mammary gland. Human Immunology.
2003;64(12):1152-9.

Telleman P, Junghans RP. The role of the Brambell receptor (FcRB) in
liver: protection of endocytosed immunoglobulin G (IgG) from catabo-
lism in hepatocytes rather than transport of IgG to bile. Immunology.
2000;100(2):245-51.

Morell A, Terry WD, Waldmann TA. Metabolic properties of IgG sub-
classes in man. J Clin Invest. 1970;49(4):673-80.

Baselga J, et al. Phase II study of efficacy, safety, and pharmacokinetics of
trastuzumab monotherapy administered on a 3-weekly schedule. Journal
of Clinical Oncology. 2005;23(10):2162-71.

Levy AL, Waldmann TA. Effect of hydrocortisone on immunoglobulin
metabolism. Journal of Clinical Investigation. 1970;49(9):1679-&.

Butler WT, Rossen RD. Effects of corticosteroids on immunity in
Man .1. decreased serum IGG concentration caused by 3 or 5 days of
high doses of methylprednisolone. Journal of Clinical Investigation.
1973;52(10):2629-40.

Martin MG, Wu SV, Walsh JH. Hormonal-control of intestinal Fc receptor
gene-expression and immunoglobulin transport in suckling rats. Journal of
Clinical Investigation. 1993;91(6):2844-9.

Tabrizi MA, Tseng CML, Roskos LK. Elimination mechanisms of therapeu-
tic monoclonal antibodies. Drug Discovery Today. 2006;11(1-2):81-8.
Baselga J, et al. Phase II study of weekly intravenous recombinant human-
ized Anti-p185(HER2) monoclonal antibody in patients with HER2/
neu-overexpressing metastatic breast. Journal of Clinical Oncology.
1996;14(3):737-44.

Tokuda Y, et al. Dose escalation and pharmacokinetic study of a humanized
anti-HER2 monoclonal antibody in patients with HER2/neu-overexpressing
metastatic breast cancer. British Journal of Cancer. 1999;81(8):1419-25.
Bruno R, et al. Population pharmacokinetics of trastuzumab in patients
With HER2+ metastatic breast cancer. Cancer Chemotherapy and
Pharmacology. 2005;56(4):361-9.

Leyland-Jones B, et al. Pharmacokinetics, safety, and efficacy of trastu-
zumab administered every three weeks in combination with paclitaxel.
Journal of Clinical Oncology. 2003;21(21):3965-71.

Jamieson D, et al. Development and validation of cell-based ELISA for the
quantification of trastuzumab in human plasma. Journal of Immunological
Methods. 2009;345(1-2):106—11.

Shak S. Overview of the trastuzumab (Herceptin) anti-HER2 monoclonal
antibody clinical program in HER2-overexpressing metastatic breast can-
cer. Seminars in Oncology. 1999;26(4):71-17.

Pegram MD, et al. Phase II study of receptor-enhanced chemosensitiv-
ity using recombinant humanized anti-p185(HER2/neu) monoclonal anti-
body plus cisplatin in patients with HER2/neu-overexpressing metastatic
breast cancer refractory to chemotherapy treatment. Journal of Clinical
Oncology. 1998;16(8):2659-71.

Cobleigh MA, et al. Multinational study of the efficacy and safety
of humanized anti-HER2 monoclonal antibody in women who have
HER2-overexpressing metastatic breast cancer that has progressed after
chemotherapy for metastatic disease. Journal of Clinical Oncology.
1999;17(9):2639—-48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Lunardi G, et al. Influence of trastuzumab on epirubicin pharmacokinetics
in metastatic breast cancer patients. Annals of Oncology.
2003;14(8):1222-6.

Zinner RG, et al. Trastuzumab in combination with cisplatin and gemcit-
abine in patients with Her2-overexpressing, untreated, advanced non-small
cell lung cancer: report of a phase II trial and findings regarding optimal
identification of patients with Her2-overexpressing disease. Lung Cancer.
2004;44(1):99-110.

Storniolo AM, et al. Phase I dose escalation and pharmacokinetic study
of lapatinib in combination with trastuzumab in patients with advanced
ErbB2-positive breast cancer. J Clin Oncol. 2008;26(20):3317-23.
Pegram MD, et al. Phase I combined biological therapy of breast cancer
using two humanized monoclonal antibodies directed against HER2 proto-
oncogene and vascular endothelial growth factor (VEGF). Breast Cancer
Research and Treatment. 2004;88:S124-5.

Mobhsin SK, et al. Neoadjuvant trastuzumab induces apoptosis in primary
breast cancers. Journal of Clinical Oncology. 2005;23(11):2460-8.
Junttila TT, et al. Ligand-Independent HER2/HER3/PI3 K complex is dis-
rupted by trastuzumab and is effectively inhibited by the PI3 K inhibitor
GDC-0941. Cancer Cell. 2009;15(5):429-40.

Tannello A, Ahmad A. Role of antibody-dependent cell-mediated cyto-
toxicity in the efficacy of therapeutic anti-cancer monoclonal antibodies.
Cancer and Metastasis Reviews. 2005;24(4):487-99.

Carter P, et al. Humanization of an anti-P185her2 antibody for human
cancer-therapy. Proceedings of the National Academy of Sciences of the
United States of America. 1992;89(10):4285-9.

Clynes RA, et al. Inhibitory Fc receptors modulate in vivo cytoxicity
against tumor targets. Nature Medicine. 2000;6(4):443—6.

Gennari R, et al. Pilot study of the mechanism of action of preoperative
trastuzumab in patients with primary operable breast tumors overexpress-
ing HER2. Clinical Cancer Research. 2004;10(17):5650-5.

Varchetta S, et al. Elements related to heterogeneity of antibody-de-
pendent cell cytotoxicity in patients under trastuzumab therapy for pri-
mary operable breast cancer overexpressing Her2. Cancer Research.
2007;67(24):11991-9.

Beano A, et al. Correlation between NK function and response to tras-
tuzumab in metastatic breast cancer patients. Journal of Translational
Medicine. 2008;6.

Musolino A, et al. Immunoglobulin G fragment C receptor polymorphisms
and clinical efficacy of trastuzumab-based therapy in patients with HER-2/
neu-positive metastatic breast cancer. Journal of Clinical Oncology.
2008;26(11):1789-96.

zum Buschenfelde CM, et al. Antihuman epidermal growth factor recep-
tor 2 (HER2) monoclonal antibody trastuzumab enhances cytolytic
activity of class I-restricted HER2-specific T lymphocytes against HER2-
overexpressing tumor cells. Cancer Research. 2002;62(8):2244-7.
Jurianz K, et al. Neutralization of complement regulatory proteins aug-
ments lysis of breast carcinoma cells targeted with thumAb anti-HER2.
Immunopharmacology. 1999;42(1-3):209-18.

De P, Leyland-Jones B. Whither HER2-Related therapeutics? J Clin Oncol.
2010;28(7):1091-6.

Lane HA, et al. ErbB2 Potentiates breast tumor proliferation through
modulation of p27 Kip1-Cdk2 complex formation: receptor overexpression
does not determine growth dependency. Mol Cell Biol. 2000;20(9):
3210-23.

Motoyama AB, Hynes NE, Lane HA. The efficacy of ErbB receptor-targeted
anticancer therapeutics is influenced by the availability of epidermal
growth factor-related peptides. Cancer Research. 2002;62(11):3151-8.
Yakes FM, et al. Herceptin-induced inhibition of phosphatidylinositol-3
kinase and Akt is required for antibody-mediated effects on p27, cyclin
D1, and antitumor action. Cancer Research. 2002;62(14):4132-41.

Le XF, et al. Genes affecting the cell cycle, growth, maintenance, and drug
sensitivity are preferentially regulated by anti-HER2 antibody through
phosphatidylinositol 3-kinase-AKT signaling. Journal of Biological
Chemistry. 2005;280(3):2092-04.

162

Clinical Medicine Reviews in Oncology 2010:2


http://www.la-press.com

Trastuzumab and breast cancer

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Longva KE, et al. Herceptin-induced inhibition of ErbB2 signaling involves
reduced phosphorylation of Akt but not endocytic down-regulation of
ErbB2. International Journal of Cancer. 2005;116(3):359-67.

Berns K, et al. A functional genetic approach identifies the PI3 K pathway
as a major determinant of trastuzumab resistance in breast cancer. Cancer
Cell. 2007;12(4):395-402.

Hanahan D, Weinberg RA. The hallmarks of cancer. Cell. 2000;100(1):
57-70.

Brahimi-Horn MC, Chiche J, Pouyssegur J. Hypoxia and cancer. J Mol
Med. 2007;85(12):1301-7.

Zhong H, et al. Modulation of hypoxia-inducible factor 1 alpha expres-
sion by the epidermal growth factor/phosphatidylinositol 3-kinase/
PTEN/AKT/FRAP pathway in human prostate cancer cells: Implications
for tumor angiogenesis and therapeutics. Cancer Research. 2000;60(6):
1541-5.

Klos KS, et al. ErbB2 increases vascular endothelial growth factor pro-
tein synthesis via activation of mammalian Target of Rapamycin/p70S6 K
leading to lincreased angiogenesis and spontaneous metastasis of human
breast cancer cells. Cancer Res. 2006;66(4):2028-37.

Wen S, et al. PTEN controls tumor-induced angiogenesis. Proceedings
of the National Academy of Sciences of the United States of America.
2001;98(8):4622-17.

Wen XF, et al. HER2 signaling modulates the equilibrium between pro-
and antiangiogenic factors via distinct pathways: implications for HER2-
targeted antibody therapy. Oncogene. 2006;25(52):6986-96.

Tzumi Y, et al. Tumor biology—Herceptin acts as an anti-angiogenic cock-
tail. Nature. 2002;416(6878):279-80.

Christianson TA, et al. NH2-terminally truncated HER-2/neu protein:
Relationship with shedding of the extracellular domain and with prognos-
tic factors in breast cancer. Cancer Research. 1998;58(22):5123-9.

Liu PCC, et al. Identification of ADAMI10 as a major source of HER2
ectodomain sheddase activity in HER2 overexpressing breast cancer cells.
Cancer Biology and Therapy. 2006;5(6):657-64.

Saez R, et al. p95SHER-2 predicts worse outcome in patients with HER-2-
positive breast cancer. Clinical Cancer Research. 2006;12(2):424-31.
Molina MA, et al. Trastuzumab (Herceptin), a humanized anti-HER2 recep-
tor monoclonal antibody, inhibits basal and activated HER2 ectodomain
cleavage in breast cancer cells. Cancer Research. 2001;61(12):4744-9.
Vogel CL, et al. Efficacy and safety of trastuzumab as a single agent in
first-line treatment of HER2-overexpressing metastatic breast cancer.
J Clin Oncol. 2002;20(3):719-26.

Slamon DJ, et al. Use of chemotherapy plus a monoclonal antibody against
HER2 for metastatic breast cancer that overexpresses HER2. N Engl
J Med. 2001;344(11):783-92.

Marty M, et al. Randomized phase II trial of the efficacy and safety of
trastuzumab combined with docetaxel in patients with human epider-
mal growth factor receptor 2-positive metastatic breast cancer admin-
istered as first-line treatment: the M77001 study group. J Clin Oncol.
2005;23(19):4265-74.

Burstein HJ, et al. Trastuzumab plus vinorelbine or taxane chemotherapy
for HER2-overexpressing metastatic breast cancer: the trastuzumab and
vinorelbine or taxane study. Cancer. 2007;110(5):965-72.

Dawood S, et al. Prognosis of women with metastatic breast cancer by
HER2 status and trastuzumab treatment: an institutional-based review.
J Clin Oncol. 2010;28(1):92-8.

Piccart-Gebhart MJ, et al. Trastuzumab after adjuvant chemotherapy in
HER2-positive breast cancer. N Engl J Med. 2005;353(16):1659-72.
Smith I, et al. 2-year follow-up of trastuzumab after adjuvant chemotherapy
in HER2-positive breast cancer: a randomised controlled trial. Lancet.
2007;369(9555):29-36.

Gianni L, et al. S25 Update of the HERA trial and the role of 1 year Trastu-
zumab as adjuvant therapy for breast cancer. The Breast. 2009;18(Suppl 1):
S11-S11.

Romond EH, et al. Trastuzumab plus adjuvant chemotherapy for operable
HER2-positive breast cancer. N Engl J Med. 2005;353(16):1673-84.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Perez EA, et al. Updated results of the combined analysis of NCCTG
N9831 and NSABP B-31 adjuvant chemotherapy with/without trastu-
zumab in patients with HER2-positive breast cancer. J Clin Oncol (Meet-
ing Abstracts). 2007;25(18 Suppl):512—.

Slamon D, et al. Phase III randomized trial comparing doxorubicin and
cyclophosphamide followed by docetaxel (AC (R) T) with doxorubicin and
cyclophosphamide followed by docetaxel and trastuzumab (AC (R) TH) with
docetaxel, carboplatin and trastuzumab (TCH) in HER?2 positive early breast
cancer patients: BCIRG 006 study. Breast Cancer Res Treat. 2005;94:S5-S5.
Slamon D, Eiermann W, Robert N, et al; on behalf of BCIRG006
investigators, phase III randomized trial comparing doxorubicin and
cyclophosphamide followed by docetaxel (AC T) with doxorubicin and
cyclophosphamide followed by docetaxel and trastuzumab (AC TH) with
docetaxel, carboplatin and trastuzumab (TC H) in Her2neu positive early
breast cancer patients: BCIRG 006 study, in 32nd San Antonio breast can-
cer symposium. 2009: San Antonio, Texas, USA.

Joensuu H, et al. Adjuvant docetaxel or vinorelbine with or without trastu-
zumab for breast cancer. N Engl J Med. 2006;354(8):809-20.

Joensuu H, et al. Fluorouracil, epirubicin, and cyclophosphamide with
either docetaxel or vinorelbine, with or without trastuzumab, as adjuvant
treatments of breast cancer: final results of the FinHer Trial. J Clin Oncol.
2009;27(34):5685-92.

Spielmann M, et al. Trastuzumab for patients with axillary-node-positive
breast cancer: results of the FNCLCC-PACS 04 trial. J Clin Oncol.
2009;27(36):6129-34.

Burstein HJ, et al. Preoperative therapy with trastuzumab and paclitaxel
followed by sequential adjuvant doxorubicin/cyclophosphamide for HER2
overexpressing stage 11 or III breast cancer: a pilot study. J Clin Oncol.
2003;21(1):46-53.

Coudert BP, et al. Multicenter phase II trial of neoadjuvant therapy with
trastuzumab, docetaxel, and carboplatin for human epidermal growth fac-
tor receptor-2-overexpressing stage II or III breast cancer: results of the
GETN(A)-1 trial. J Clin Oncol. 2007;25(19):2678-84.

Untch M, et al. Neoadjuvant treatment of HER2 overexpressing pri-
mary breast cancer with trastuzumab given concomitantly to epirubicin/
cyclophosphamide followed by docetaxel +/— capecitabine. First analy-
sis of efficacy and safety of the GBG/AGO multicenter intergroup-study
“GeparQuattro”. Ejc Supplements. 2008;6(7):47-47.

Buzdar AU, et al. Significantly higher pathologic complete remission
rate after neoadjuvant therapy with trastuzumab, paclitaxel, and epiru-
bicin chemotherapy: results of a randomized trial in human epidermal
growth factor receptor 2-positive operable breast cancer. J Clin Oncol.
2005;23(16):3676-85.

Gianni L, et al. Neoadjuvant chemotherapy with trastuzumab followed by
adjuvant trastuzumab versus neoadjuvant chemotherapy alone, in patients
with HER2-positive locally advanced breast cancer (the NOAH trial):
a randomised controlled superiority trial with a parallel HER2-negative
cohort. The Lancet. 2010;375(9712):377-84.

Wolff AC, et al. American society of clinical oncology/college of american
pathologists guideline recommendations for human epidermal growth
factor receptor 2 testing in breast cancer. Journal of Clinical Oncology.
2007;25(1):118-45.

Dybdal N, et al. Determination of HER2 gene amplification by fluorescence in
situ hybridization and concordance with the clinical trials immunohistochem-
ical assay in women with metastatic breast cancer evaluated for treatment
with trastuzumab. Breast Cancer Research and Treatment. 2005;93(1):3—11.
Paik S, Kim C, Wolmark N. HER2 status and benefit from adju-
vant trastuzumab in breast cancer. New England Journal of Medicine.
2008;358(13):1409-11.

Brufsky A, et al. Hormone receptor status does not affect the clinical ben-
efit of trastuzumab therapy for patients with metastatic breast cancer. Clin
Breast Cancer. 2005;6(3):247-52.

Peintinger F, et al. Hormone receptor status and pathologic response of
HER2-positive breast cancer treated with neoadjuvant chemotherapy and
trastuzumab. Annals of Oncology. 2008;19(12):2020-5.

Clinical Medicine Reviews in Oncology 2010:2

163


http://www.la-press.com

Cresti and Jamieson

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Gori S, et al. EGFR, pMAPK, pAkt and PTEN status by immunohis-
tochemistry: correlation with clinical outcome in HER2-positive meta-
static breast cancer patients treated with trastuzumab. Annals of Oncology.
2009;20(4):648-54.

Roche. Herceptin Summary of Product Characteristics. 2009 15th December
2009]; Available from: <http://emc.medicines.org.uk/document.aspx?
documentld=3567>.

Force T, Krause DS, Van Etten RA. Molecular mechanisms of car-
diotoxicity of tyrosine kinase inhibition. Nat Rev Cancer. 2007;7(5):
332-44.

Fuller SJ, Sivarajah K, Sugden PH. ErbB receptors, their ligands, and the
consequences of their activation and inhibition in the myocardium. J Mol
Cell Cardiol. 2008;44(5):831-54.

Rastogi P, et al. Five year update of cardiac dysfunction on NSABP B-31,
a randomized trial of sequential doxorubicin/cyclophosphamide (AC)->
paclitaxel (T) vs. AC->T with trastuzumab (H). J Clin Oncol (Meeting
Abstracts). 2007;25(18 Suppl):LBAS513—.

Perik PJ, et al. Cardiotoxicity associated with the use of trastuzumab in
breast cancer patients. Expert Rev Anticancer Ther. 2007;7(12):1763-71.
Jones AL, et al. Management of cardiac health in trastuzumab-treated
patients with breast cancer: updated united kingdom national cancer
research institute recommendations for monitoring. Br J Cancer. 2009;
100(5):684-92.

Bontenbal M, et al. Randomized study comparing efficacy/toxicity of
monotherapy trastuzumab followed by monotherapy docetaxel at progres-
sion, and combination trastuzumab/docetaxel as first-line chemotherapy
in HER2-neu positive, metastatic breast cancer (MBC) (HERTAX study).
J Clin Oncol (Meeting Abstracts). 2008;26(15 Suppl):1014—.

Inoue K, et al. Randomized phase III trial of trastuzumab monotherapy
followed by trastuzumab plus docetaxel versus trastuzumab plus docetaxel
as first-line therapy in patients with HER2-positive metastatic breast can-
cer: the JO17360 Trial Group. Breast Cancer Res Treat. 2010;119(1):
127-36.

Kaufman B, et al. Trastuzumab plus anastrozole versus anastrozole alone
for the treatment of postmenopausal women with human epidermal growth
factor receptor 2-positive, hormone receptor-positive metastatic breast can-
cer: results from the randomized phase 11l TAnDEM study. J Clin Oncol.
2009;27(33):5529-37.

Chia S, et al. Pegylated liposomal doxorubicin and trastuzumab in HER-2
overexpressing metastatic breast cancer: a multicenter phase 11 trial. J Clin
Oncol. 2006;24(18):2773-8.

Stickeler E, et al. Pegylated liposomal doxorubicin and trastuzumab
as Ist and 2nd line therapy in her2/neu positive metastatic breast can-
cer: a multicenter phase II trial. Breast Cancer Res Treat. 2009;117(3):
591-8.

Theodoulou M, et al. Phase I study of nonpegylated liposomal doxorubicin
plus trastuzumab in patients with HER2-positive breast cancer. Clin Breast
Cancer. 2009;9(2):101-7.

Dawood S, et al. Efficacy and safety of neoadjuvant trastuzumab com-
bined with paclitaxel and epirubicin: a retrospective review of the
Anderson MD. experience. Cancer. 2007;110(6):1195-200.

Gennari A, et al. Epirubicin plus low-dose trastuzumab in HER2 positive
metastatic breast cancer. Breast Cancer Res Treat. 2009;115(1):131-6.
Pestalozzi BC, et al. Identifying breast cancer patients at risk for Cen-
tral Nervous System (CNS) metastases in trials of the International Breast
Cancer Study Group (IBCSG). Ann Oncol. 2006;17(6):935-44.
Leyland-Jones B. Human epidermal growth factor receptor 2-positive
breast cancer and central nervous system metastases. J Clin Oncol.
2009;27(31):5278-86.

Stemmler HJ, et al. Ratio of trastuzumab levels in serum and cerebro-
spinal fluid is altered in HER2-positive breast cancer patients with brain
metastases and impairment of blood-brain barrier. Anti-Cancer Drugs.
2007;18(1):23-8.

Pestalozzi BC, Brignoli S. Trastuzumab in CSF. Journal of Clinical
Oncology. 2000;18(11):2350-1.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

Bartsch R, et al. Trastuzumab prolongs overall survival in patients
with brain metastases from Her2 positive breast cancer. J Neurooncol.
2007;85(3):311-7.

Park YH, et al. Trastuzumab treatment improves brain metastasis outcomes
through control and durable prolongation of systemic extracranial disease
in HER2-overexpressing breast cancer patients. British Journal of Cancer.
2009;100(6):894-900.

Pienkowski T, Zielinski CC. Trastuzumab treatment in patients with breast
cancer and metastatic CNS disease. Ann Oncol. 2009.

Perik PJ, et al. Indium-111-labeled trastuzumab scintigraphy in patients
with human epidermal growth factor receptor 2-positive metastatic breast
cancer. Journal of Clinical Oncology. 2006;24(15):2276-82.

Dijkers ECF, et al. Development and characterization of clinical-grade
Zr-89-trastuzumab for HER2/neu immunoPET imaging. Journal of
Nuclear Medicine. 2009;50(6):974-81.

Smith-Jones PM, et al. Imaging the pharmacodynamics of HER2 degradation
in response to Hsp90 inhibitors. Nature Biotechnology. 2004; 22(6):701-6.
Smith-Jones PM, et al. Early tumor response to Hsp90 therapy using HER2
PET: Comparison with F-18-FDG PET. Journal of Nuclear Medicine.
2006;47(5):793-6.

Holland JP, et al. Measuring the pharmacodynamic effects of a novel Hsp90
inhibitor on HER2/neu expression in mice using Zr-89-DFO-trastuzumab.
Plos One. 2010;5(1):11.

Nahta R, Esteva FJ. Herceptin: mechanisms of action and resistance.
Cancer Letters. 2006;232(2):123-38.

Siegel PM, et al. Elevated expression of activated forms of Neu/ErbB-2 and
ErbB-3 are involved in the induction of mammary tumors in transgenic mice:
implications for human breast cancer. Embo J. 1999;18(8):2149-64.
Castiglioni F, et al. Role of exon-16-deleted HER2 in breast carcinomas.
Endocrine-Related Cancer. 2006;13(1):221-32.

Anido J, et al. Biosynthesis of tumorigenic HER2 C-terminal fragments by
alternative initiation of translation. Embo J. 2006;25(13):3234—44.
Scaltriti M, et al. Expression of p9SHER2, a truncated form of the HER2
receptor, and response to anti-HER?2 therapies in breast cancer. Journal of’
the National Cancer Institute. 2007;99(8):628-38.

Mitra D, et al. An oncogenic isoform of HER2 associated with locally
disseminated breast cancer and trastuzumab resistance. Mol Cancer Ther.
2009;8(8):2152-62.

Nahta R, et al. Insulin-like growth factor-I receptor/human epidermal
growth factor receptor 2 heterodimerization contributes to trastuzumab
resistance of breast cancer cells. Cancer Res. 2005;65(23):11118-28.
Huang X, et al. Heterotrimerization of the growth factor receptors erbB2,
erbB3, and insulin-like growth factor-i receptor in breast cancer cells resis-
tant to herceptin. Cancer Res. 2010;70(3):1204—14.

Nagata Y, et al. PTEN activation contributes to tumor inhibition by tras-
tuzumab, and loss of PTEN predicts trastuzumab resistance in patients.
Cancer Cell. 2004;6(2):117-27.

Nagy P, et al. Decreased accessibility and lack of activation of ErbB2 in
JIMT-1, a herceptin-resistant, MUC4-expressing breast cancer cell line.
Cancer Res. 2005;65(2):473-82.

Hurvitz S, etal. 5021 Everolimus (RADO001) in combination with weekly pacli-
taxel and trastuzumab in patients (pts) with HER-2-overexpressing metastatic
breast cancer (MBC) with prior resistance to trastuzumab: a multicenter phase
1 clinical trial. European Journal of Cancer Supplements. 2009;7(2):267-7.
Cameron D, et al. A phase III randomized comparison of lapatinib plus
capecitabine versus capecitabine alone in women with advanced breast
cancer that has progressed on trastuzumab: updated efficacy and biomarker
analyses. Breast Cancer Res Treat. 2008;112(3):533-43.

Fountzilas G, et al. Continuation of trastuzumab beyond disease progres-
sion is feasible and safe in patients with metastatic breast cancer: a retro-
spective analysis of 80 cases by the hellenic cooperative oncology group.
Clin Breast Cancer. 2003;4(2):120-5.

Tripathy D, et al. Safety of treatment of metastatic breast cancer with
trastuzumab beyond disease progression. J Clin Oncol. 2004;22(6):
1063-70.

164

Clinical Medicine Reviews in Oncology 2010:2


http://www.la-press.com

Trastuzumab and breast cancer

148.

149.

Montemurro F, et al. Retrospective evaluation of clinical outcomes in
patients with HER2-positive advanced breast cancer progressing on
trastuzumab-based therapy in the pre-lapatinib era. Clin Breast Cancer.
2008;8(5):436-42.

von Minckwitz G, et al. Trastuzumab beyond progression in human
epidermal growth factor receptor 2-positive advanced breast cancer: a
german breast group 26/breast international group 03-05 study. J Clin
Oncol. 2009;27(12):1999-2006.

150. O’Shaughnessy J, et al. A randomized study of lapatinib alone or in

151.

combination with trastuzumab in heavily pretreated HER2+ metastatic
breast cancer progressing on trastuzumab therapy. J Clin Oncol (Meeting
Abstracts). 2008;26(15 Suppl):1015—.

Kute TE, et al. Breast tumor cells isolated from in vitro resistance to trastuzu-
mab remain sensitive to trastuzumab anti-tumor effects in vivo and to ADCC
killing. Cancer Immunology Immunotherapy. 2009;58(11):1889-98.

Clinical Medicine Reviews in Oncology 2010:2

165


http://www.la-press.com

