
Abstract. Pertuzumab (Perjeta®) represents the first
monoclonal antibody in a new class of agents known as
dimerization inhibitors. Pertuzumab was recently approved for
the treatment of Human Epidermal Receptor 2 (HER2)-positive
breast cancer in the metastatic and neo-adjuvant setting. This
approval for first-line therapy for metastatic breast cancer was
based on the results of a large randomized multicenter phase
III trial showing a significant improvement in overall survival
when pertuzumab was combined with trastuzumab and
docetaxel in HER2-positive metastatic breast cancer. In the
neoadjuvant setting, dual HER2 blockade by trastuzumab and
pertuzumab improved the complete pathological response rate.
However, pertuzumab development was not confined to breast
cancer and in the present article, we focus on pertuzumab data
for solid tumors other than breast cancer, and review the
biological rationale for its use, the published pre-clinical and
clinical evidence, as well ongoing trials. 

HER Receptor Family: An Established Drug Target
In Solid Tumors

The role of human epidermal growth factor receptors (HER) in
solid tumors has been extensively studied over the past decade
(1-5). Several malignancies are associated with increased
expression and mutations of HER family members (6-8). The
HER family comprises of four members: HER2, HER1 (also
known as EGFR, epidermal growth factor receptor), HER3,

and HER4. HER2 gene amplification or overexpression occurs
in approximately 20% of breast and gastric cancer cases (9,
10). EGFR is a key target in colorectal cancer and in non-
small cell lung cancer (NSCLC). All family members share a
similar transmembrane glycoprotein structure: a glycosylated
extracellular domain (ECD) with four sub-domains allowing-
binding of different ligands and receptor dimerization; a
hydrophobic transmembrane domain for anchoring in the cell
membrane; and an intracellular domain endowed with tyrosine
kinase activity. The ligand binding to the ECD of these
receptors (except HER2) triggers a large conformational
change in the ECD, which leads to the exposure of a
dimerization arm in its domain II. The ligand binding results
in either homodimerization or heterodimerization between two
different HERs. Dimerization induces tyrosine kinase
phosphorylation and downstream signaling onto the mitogen-
activated protein (MAP) kinase, the phospholipase C (PLCγ),
and phosphoinositide-3 kinases (PI3K) cascades, leading to
cell migration and proliferation, as well as cell survival.

All HER family members play a key role in carcinogenesis in
multiple types of solid tumors, particularly of breast, colorectal
and ovarian cancer, but also prostate, gastric and NSCLC.
However, within the HER family, HER2 differs from its
homologs because no specific ligand has yet been identified and
HER2 is constitutively present at the cell surface in an active
conformation. HER2 is, therefore, considered as the preferential
heterodimerization partner for other HER proteins. In contrast,
HER3 accepts many ligands, but has only a weak intracellular
tyrosine kinase activity. Hence, the dimers vary in their signaling
potencies, with HER2 and HER3 possessing the strongest
mitogenic activity, particularly through the activation of the
PI3K/AKT pathway. HER dimerization is a key process for the
activation of different signaling pathways and was, therefore,
considered a potential target for new drug development (11, 12). 

Since the approval of trastuzumab in 1998, there have
been significant advances over our knowledge regarding the
biology of HER2-positive breast cancer, as well as of the
molecular mechanism of trastuzumab activity and the
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development of resistance to the drug. Trastuzumab was for
nearly 15 years the only available HER2 antibody. The lack
of HER2 gene amplification or overexpression was rapidly
identified as a predictive biomarker of trastuzumab inefficacy
in HER2-negative breast cancer. Trastuzumab improved
survival in many trials and was considered as the standard of
care in neoadjuvant, adjuvant as well as metastatic HER2-
positive breast cancer (13-17).

However, trastuzumab failed to lead to any significant
response or survival improvement in parents with other types
of solid tumor, except gastric cancer. A hypothesis for these
disappointing results is the lack of gene amplification or
overexpression in most of these solid tumors (18, 19). In
addition, some patients have primary resistance or will
develop secondary mechanisms of resistance to trastuzumab
(20). One of the most frequent mechanisms of resistance is
HER3 overexpression. Indeed, although trastuzumab binds
to ECD domain IV of HER2, and blocks downstream
signaling, it is not effective in inhibiting heterodimerization,
especially regarding the most potent HER2−HER3 dimer. As
a consequence, blockade of the HER2−HER3 dimerization
was considered an attractive target. These findings led to the
development of a novel class of HER2-targeted therapy.

Rationale for Pertuzumab Development

Pertuzumab is the first antibody from a novel therapeutic
class called dimerization inhibitors. Pertuzumab is a
recombinant humanized monoclonal antibody that binds to
the extracellular dimerization domain II of HER2, targeting
a different epitope from that of trastuzumab. The binding of
the drug to the dimerization domain prevents the formation
of the ligand-induced HER2 heterodimer, which is the most
potent dimer in activating mitogenic and survival signaling
pathways. Pertuzumab’s mechanism of action is
complementary to that of trastuzumab, which blocks the
signaling pathway without affecting dimerization (Figure 1).

In addition, as an antibody, the antitumor activity of
pertuzumab is partially linked to immune system activation,
in particular of natural killer cells through antibody-
dependent cellular cytotoxicity.

Taken together, these data emphasize on the properties and
unique mechanisms of action of pertuzumab and support its
potential efficacy in solid tumors even lacking HER2
overexpression or gene amplification. Indeed, whereas
pertuzumab has shown an outstanding activity in HER2-positive
breast cancer, in the neoadjuvant and the metastatic setting, it
may also be a promising drug for other solid tumors (21).

Pertuzumab from Preclinical Data to Phase I Trials 

Pre-clinical experiments have shown synergistic antitumor
activity using pertuzumab as a single agent or in combination

with trastuzumab in xenograft models of lung, prostate,
ovarian, colorectal, gastric or breast cancer (22-24). Based on
these results, pertuzumab was developed in phase I trials (with
trastuzumab), as well as a single agent, and in combination
with cytotoxic drugs (docetaxel and capecitabine) and targeted
therapies (Trastuzumab-DM1, EGFR inhibitors) (Table I).
Encouraging results have been reported, with some partial
responses and long-term responders (stabilization >2.5 months
in prostate, ovarian, colorectal and lung cancer). Overall,
pertuzumab was well- tolerated, with grade 1-2 rash, vomiting,
diarrhea and asthenia as the most common adverse events. No
maximum tolerated dose was reached in any of the trials and
the recommended dose for future studies was based on
pharmacokinetic results. These encouraging results from the
pre-clinical data, along with the safety results obtained in the
phase I trials led to pertuzumab development in many types
of solid tumors, including gastric colorectal cancer, NSCLC,
ovarian and prostate cancer, as a single agent or in
combination. Development for therapy of other tumor types
was, however, prematurely stopped regarding pre-clinical and
phase I results.

Pertuzumab in Phase II and III Trials

Gastric cancer. The prognosis for advanced or metastatic
gastric cancer remains poor, with a median overall survival
not exceeding 6 to 11 months and with few efficacious
therapeutic options (25). In this setting, many trials have
been conducted to identify new ‘druggable’ targets in order
to improve patients’ outcome. HER2 gene amplification or
overexpression has been known since 1986 and occurs in 16-
22% of intestinal gastric cancer subtypes and 6-7% of diffuse
subtypes (9, 26). Pre-clinical data, as well as results from
phase I trials assessing trastuzumab in HER2-positive gastric
cancer, very early suggested the potential efficacy of
trastuzumab in gastric cancer (27, 28). 

These data led to a randomized phase III trial in HER2-
positive gastric and gastroesophageal junction cancer. This
study randomized 584 patients in two arms: an arm with
standard chemotherapy (cisplatin plus 5-fluorouracil/
capecitabine) and an experimental arm combining trastuzumab
with chemotherapy. Overall survival was significantly
improved in the experimental arm: 13.8 versus 11.1 months
[hazard ratio (HR)=0.74, 95% confidence interval (CI)=0.60 to
0.90, p=0.0046) with no increase in toxicity (29). These results
led to trastuzumab approval for patients with first-line, HER2-
positive metastatic gastric and gastroesophageal junction cancer
in combination with a cisplatin-based chemotherapy.

Pre-clinical studies in gastric cancer xenograft models
have demonstrated the synergistic effect of combining
pertuzumab with trastuzumab (23). These data, along with
encouraging results from pertuzumab/trastuzumab
association in metastatic HER2-positive breast cancer,
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supported the development of a randomized open-label
multi-center phase IIa study. The primary end-point was to
investigate the pharmacokinetics and safety of two different
doses (840 mg and 420 mg) of pertuzumab in combination
with trastuzumab and a standard cisplatin/capecitabine
chemotherapy in the first-line treatment of HER2-positive
gastric cancer. Based on the safety profile and pharmakinetic
data, the recommended dose of pertuzumab for a further
phase III trial was 840 mg every three weeks. At the interim
safety assessment that was recently reported by Yoon-Koo et
al., no unexpected toxicity was found (30). The most
frequent adverse events of grade 3 or more were diarrhea,
neutropenia, hyponatremia and stomatitis. In gastric cancer,
pertuzumab development is on-going with a multi-center,

international randomized phase III trial (clinicaltrials.gov
identifier NCT01774786) that is currently recruiting patients,
whose primary end-point is overall survival. The trial
investigates the standard cisplatin/fluoropyrimidine (either 5-
fluorouracil or capecitabine) and trastuzumab, compared to
the same regimen plus pertuzumab. Secondary end-points
include progression-free survival, objective response rate,
duration of response, clinical benefit rate, safety and
pharmacokinetics. The first results are expected in 2014.

Colorectal cancer. EGFR is a key element of colorectal
carcinogenesis by regulating signaling pathways involved in
proliferation, cell survival and tumor invasion. The
effectiveness of therapeutic monoclonal antibodies to EGFR
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Figure 1. Mechanism of action of trastuzumab and pertuzumab. Trastuzumab binds to the extracellular domain IV of HER2, and blocks downstream
signaling pathways (RAS/RAF/MAPK and PI3K/Akt/mTOR), without affecting dimerization. Pertuzumab, targets the dimerization domain (domain
II) and prevents the formation of the ligand-induced HER2 heterodimer, which is the most potent dimer in activating mitogenic and survival signaling
pathways. In addition, as an antibody, the antitumor activity of pertuzumab and trastuzumab is partially linked to immune system activation, in
particular with natural killer cells through antibody-dependent cellular cytotoxicity. NK: natural killer ; Fcγ R III: Fcγ receptor III.
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Table I. Main clinical trials with pertuzumab in solid tumors (other than breast cancer).

Phase Indication Dose/regimens Patients treated NCI ID 
(where available)

Single-agent studies

Phase I, dose escalation
TOC2297g Ia Advanced solid tumors 0.5, 2.0, 5.0, 10.0, and 15.0 mg/kg q3wk 21 NCT00027027
Agus et al. (40)

JO17076 I Advanced solid tumors 5.0, 10.0, 15.0, 20.0 and 25.0 mg/kg q3wk 18 –
Yamamoto et al. (58)

Phase II
TOC2689g II Advanced ovarian cancer Cohort 1: 420 mg q3wk 61 –
Gordon et al. (54) Cohort 2: 1050 mg q3wk 62

BO17004 II CRPC, chemotherapy naive Cohort 1: 420 mg q3wk 35 –
De Bono et al. (48) Cohort 2: 1050 mg q3wk 33

TOC2682g II CRPC pretreated with docetaxel 420 mg q3wk 41 NCT00066755
Agus et al. (49) 

TOC2572g II Advanced, recurrent NSCLC 420 mg q3wk 43 NCT00063154
Herbst et al. (42) 

Combination therapy studies
BO17003 Ib Advanced solid tumors Cohort 1: pertuzumab:1050 mg  18 –
Albanell et al. (59) q3wk capecitabine: 825, 

1000 mg/m2, 1250 mg/m2

BO17021 Ib Advanced solid tumors Pertuzumab: 1050 mg 19 –
Attard et al. (60) Docetaxel: 60, 75 mg/m2

or
Pertuzumab: 420 mg (840 mg loading 

dose) Docetaxel 75, 100 mg/m2

WO20024 Ib Advanced NSCLC Pertuzumab:420 mg q3wk 15 NCT00855894
Felip et al. (43) Cohort 1: erlotinib: 100 mg/day

Cohort 2: erlotinib 150 mg/day
- I Advanced Cetuximab- Pertuzumab:420 mg q3wk 13 NCI-2009-00241

refractory Colorectal cancer Cetuximab: Day 2, 8, 15

Phase II/III randomized studies
TOC3258g II Platinum-resistant ovarian, Gemcitabine: 800 mg/m2± 65/65 NCT00096993
Makhija et al. (55) peritoneal, or fallopian tube cancer Pertuzumab: 420 mg q3wk

BP27836 II Gastric cancer CDDP: 80 mg/m2 q3wk 30 NCT01461057
Yoon-Koo et al. (30) Trastuzumab: 8 mg/kg followed 

by 6 mg/kg q3wk
capecitabine: 2000 mg/m2

day1-15 q3wk
± pertuzumab: 840 mg followed 

by 420 mg q3wk

BO25114 III Gastric cancer CDDP: 80 mg/m2 q3wk 780 NCT01774786
NCT01774786 Trastuzumab: 8 mg/kg followed 

by 6 mg/kg q3wk
5FU/capecitabine: 800 mg/m2/

24 h day1-5 q3wk
± pertuzumab: 840 mg q3wk±

CRPC: Castration-resistant prostate cancer; NSCLC: non-small cell lung cancer.



has been demonstrated by numerous phase III trials in
patients with metastatic colorectal cancer, not harbouring
RAS mutations (31, 32). However, all patients will eventually
cease to respond to anti-EGFR treatment by the development
of different resistance mechanisms, among which is HER3
overexpression, as EGFR inhibition induces HER3 and
HER2−HER3 heterodimers (33). As HER2−HER3 activates
the MAPK signaling pathway despite blockade of EGFR,
pertuzumab might be a promising drug to overcome
heterodimer-mediated anti-EGFR resistance. A phase I/II
trial has been conducted to assess the efficacy and safety of
cetuximab anti-EGFR antibody approved in colorectal cancer
and other solid tumors) and pertuzumab combination in
patients with cetuximab-resistant metastatic colorectal cancer
(34). The study was prematurely stopped due to severe
toxicity, including grade 3 skin rash, mucositis and diarrhea.
Despite an encouraging response rate of 14% in this setting,
the development of the cetuximab/pertuzumab combination
was stopped in the light of overlapping toxicity profiles of
the two drugs.

NSCLC. Over the past decade, the management of NSCLC
has dramatically changed thanks to a better knowledge of
molecular biology and the identification of new therapeutic
targets including EGFR mutations. Indeed, the EGFR
signaling pathway plays a key role in NSCLC
carcinogenesis. EGFR overexpression takes place in
around 60% of all NSCLC and is associated with a poor
prognosis (35). Activating EGFR mutations have been
identified in 10 to 20% of lung adenocarcinomas and
tyrosine kinase inhibitors targeting EGFR (EGFR-TKI) led
to objective response rate, progression-free survival and
overall survival improvements in several large randomized
trials (36-38). HER2 is expressed in nearly 40% of NSCLC
but is overexpressed in only 2 to 5% of cases, jeopardizing
the development anti-HER2 therapies in NSCLC. However,
pertuzumab might be of interest since it has some
antitumor activity even in tumors expressing low HER2
levels (score 1+ or 2+).

Very few clinical studies have evaluated the antitumor
activity of pertuzumab in NSCLC. Pre-clinical studies
confirmed its antitumor activity in two models of lung cancer
xenografts with different HER2 expression levels (39). These
pre-clinical data, along with the crucial role of the EGFR
signaling pathway, especially HER1−HER2 heterodimer, led
to the further clinical development of pertuzumab in NSCLC.
The phase I results confirmed the preclinical findings,
obtaining prolonged stabilization (4.1 months) in one heavily
pretreated patient with NSCLC (40).

A first phase II study was therefore undertaken in 33
patients with metastatic NSCLC previously treated with
chemotherapy (41). All patients were treated with
pertuzumab monotherapy. The results were disappointing,

without any objective response whatever the EGFR or HER2
status. Similar results were reported in another study by
Herbst et al. in 43 patients treated with single-agent
pertuzumab. Of the 43 patients (all previously treated with
at least one prior chemotherapy regimen) no objective
response and only a few cases of stable disease were
observed (progression-free survival=6.1 weeks) (42).

In the light of these data with single-agent pertuzumab,
the drug was further developed in combination with erlotinib
in second- and third-line treatment. Indeed, pre-clinical data
suggested the involvement of HER1−HER2 dimerization in
the mechanisms of resistance to EGFR-TKI (41). Hence the
addition of pertuzumab to EGFR inhibitor can possibly
circumvent EGFR-TKI resistance by blocking HER1−HER2
dimerization and inhibiting the downstream signaling
pathway. A phase I study was conducted in 15 patients to
determine the optimal dose of erlotinib and pertuzumab (43).
The authors report encouraging results, with a partial
response rate of 20% and a stability of more than six months
was achieved in one patient. No dose-limiting toxicity was
reported. Overall, the combination of pertuzumab with
erlotinib was well-tolerated, with most common adverse
events being grade 2 or 3 skin rash and grade 1 or 2 diarrhea.
The phase II trial (clinicaltrials.gov identifier NCT00855894)
combining erlotinib (150 mg/d, secondarily reduced to 
100 mg/d) and pertuzumab (420 mg/ every three weeks) was
recently closed to recruitment and the results are pending.

Prostate cancer. Prostate cancer is the most common
malignancy in men, with more than 200,000 new cases per
year in the US, accounting for 30,000 deaths per year. The
treatment of metastatic prostate cancer is based on androgen
deprivation until disease becomes resistant to castration.
Substantial advances have been made over the past decade
in metastatic prostate cancer treatment with the arrival of
new molecules targeting the androgen receptor axis,
especially in patients with castration-resistant prostate cancer
(CRPC) (41). However, the role of HER2 in prostate cancer,
especially its prognostic value, remains uncertain. 

Pre-clinical data showed that adding trastuzumab to
hormonal therapy could delay the development of resistance
to castration, supposedly due to a cross-talk between the
androgen receptor and HER2-induced signaling pathways
(45). Several studies have shown that HER family receptors
can activate downstream signaling pathways, such as MAPK
or AKT/mammalian target of rapamycin (mTOR) pathways,
and ligand-independent androgen receptor thereby providing
a mechanism to exhaust androgen deprivation therapy and
allowing cells to become androgen-independent (46, 47).
However, despite all these pre-clinical observations, clinical
studies have not yet demonstrated any benefit of trastuzumab
in prostate cancer regardless of stage or level of androgen
dependence until investigators focused on pertuzumab.
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Indeed, phase I results were promising, with one partial
response and three cases of stable disease (2.6, 2.7 and 5.5
months) among five heavily pretreated patients with prostate
cancer (40). Two phase II trials were undertaken to confirm
these results. The first study assessed the efficacy and safety of
pertuzumab as a single agent at two different doses 
(420 mg versus 1,050 mg) in 68 patients with CRPC before
any chemotherapy (48). Unfortunately, no objective response,
defined as prostate specific antigen (PSA) decline of >50%,
was observed in that study. A similar study was conducted in
a population of patients with CRPC previously treated with
docetaxel. The 41 patients included in the study received
pertuzumab monotherapy with a conventional dose of 420 mg
after a loading dose of 840 mg (49). Again, no objective
responses were reported. These disappointing results have
definitively condemned the development of pertuzumab for
this condition. The lack of biomarkers in order to select the
population most likely to benefit from pertuzumab is certainly
the main reason for these two failures.

Ovarian cancer. In recent years, landmark advances have
been made towards treatment of ovarian cancer with the
development of many novel therapies targeting various
signaling pathways, including HER and AKT/mTOR (50).
The HER signaling pathway is of particular interest in the
light of its involvment in ovarian cancer pathogenesis. Many
ovarian tumor samples express all members of the HER
family and HER2 activation is detectable in a subset of
tumors, including tumors with non-amplified HER2 genes
and lower levels of HER2 expression (51). Several consistent
data from the literature have stressed on the prognostic role
of HER1 and HER2 overexpression in ovarian cancer (52).
HER2 as the preferred dimerization partner (HER1−HER2,
and HER2−HER3 dimers), activates intracellular signaling
pathways, driving ovarian tumor cell proliferation even in the
absence of HER2 overexpression. Several studies have been
conducted to investigate the efficacy of trastuzumab in
ovarian cancer. The results were disappointing, probably
because of the low percentage of HER2 overexpression in
ovarian cancer, ranging from 6-12% depending on the study.
Indeed, trastuzumab efficacy requires HER2 overexpression
or gene amplification, and response rates were
approximatively 7% with trastuzumab single-agent therapy
(53). Nevertheless, through its unique mechanism of action,
pertuzumab may show some activity in tumors lacking
HER2 overexpression. The efficacy and safety of pertuzumab
was, therefore, studied in three phase II trials in ovarian
cancer at different stages.

Gordon et al. enrolled 123 heavily pre-treated (average of
five prior chemotherapy regimens) patients with platinum-
resistant ovarian cancer. Patients were randomized between
pertuzumab at a dose of 420 mg every three weeks after a
loading dose of 840 mg and pertuzumab at a fixed dose of

1,050 mg. The overall response rate was only 4.3% (3.6%
for the ’standard’ arm and 4.8% for the fixed dose of
pertuzumab) but 41% of patients achieved prolonged stable
disease and biological responses. No unexpected adverse
event was reported. Exploratory biomarker analysis suggests
that the phosphorylated HER2 status could be a predictor of
clinical benefit in pertuzumab-treated patients (54).

Another randomized, placebo-controlled, double-blind,
multi-center phase II trial enrolled 130 patients with
platinum-resistant disease given either an experimental arm
combining gemcitabine-plus-pertuzumab, or gemcitabine-
plus-placebo. The primary study end-point, which was
progression-free survival improvement, was not reached (2.0
versus 2.9 months; HR=0.66, 95% CI=0.43-1.03, p=0.07).
The objective response rate was 4.6% in the gemcitabine plus
placebo arm (three partial responses) versus 13.8% in the
gemcitabine plus pertuzumab arm (nine partial responses).
However, by analyzing the progression-free survival based on
HER3 mRNA expression rate, results became significantly
different in favor of the pertuzumab regimen (1.3 versus 5.3
months; HR=0.32, 95% CI=0.17-0.59, p=0.0002) for patients
with low versus high HER3 mRNA expression (55). In terms
of toxicity, the authors reported a higher rate of grade 3-4
neutropenia, diarrhea and back pain in the
gemcitabine−pertuzumab arm. Similar results were recently
reported by Kaye et al. in a third phase II study conducted in
a population of patients with platinum-sensitive ovarian
cancer. The 149 patients in the trial all received carboplatin
chemotherapy combined with either paclitaxel (2/3) or
gemcitabine (1/3) and were randomized to receive additional
placebo or pertuzumab. No significant response rate or
progression-free survival improvement was obtained by the
addition of pertuzumab (56). However, the low expression of
HER3 mRNA was again associated with a progression-free
survival benefit by adding pertuzumab, although the
difference was not significant. Low HER3 mRNA levels
might thus be a predictor of response to pertuzumab. The
underlying hypothesis is that low HER3 mRNA levels would
surrogate the activation of the signaling pathway and thus
HER2−HER3 dimerization activity, targeted by pertuzumab.
Recent preclinical data confirmed this hypothesis, suggesting
that the expression of HER3 mRNA, and to a lesser extent of
HER2, could be considered as a predictive factor for
pertuzumab response (57). Indeed, HER2 and HER3 mRNA
expression is down-regulated by the activation of the HER
signaling pathway via heregulin and EGF, two ligands of
HER3 and HER1, respectively. This hypothesis needs to be
confirmed prospectively and a phase III trial is currently
ongoing in ovarian cancer (clinicaltrials.gov identifier
NCT01684878), for which eligibility criteria include low
HER3 mRNA level. The primary end-point is overall survival,
to be improved by the addition of pertuzumab to a standard
chemotherapy with paclitaxel or topotecan.
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Conclusion

Pertuzumab has demonstrated efficacy in metastatic breast
cancer for which it recently received approval. Its
development in therapy of other types of solid tumor is
ongoing, and has shown interesting results. Indeed,
confirmation of the more promising results that will perhaps
modify our current practice is awaited in gastric and
gastroesophageal junction tumors, as well as in advanced
ovarian cancer. The identification of biomarkers, such as the
level of expression of HER3 mRNA in ovarian cancer,
appears to be essential for a better identification of patients
likely to benefit from the drug. If further data confirm the
relevance of selecting patients with low HER3 mRNA for
best efficacy of pertuzumab, selecting tumors for which
results were so far disappointing might reactivate discarded
clinical research trials.

Indeed, drug-induced and sometimes unexpected positive
feedback of tumor growth is of crucial importance in the onset
of resistance to targeted therapies. Given the existing cross-
talk between druggable membrane receptors and HER-induced
signaling, it is likely that blocking receptor dimerization be an
outstanding goal for combining pertuzumab with other
therapeutic molecules. This highlights the outstanding
importance of combining ancillary biological studies with
clinical research, especially in the field of targeted therapies.

Disclosures

The Authors have nothing to disclose regarding this article. 

Acknowledgements

None.

References

1 Witton CJ, Reeves JR, Going JJ, Cooke TG and Bartlett JM:
Expression of the HER1-4 family of receptor tyrosine kinases in
breast cancer. J Pathol 200: 290-297, 2003.

2 Meert AP, Martin B, Delmotte P, Berghmans T, Lafitte JJ,
Mascaux C, Paesmans M, Steels E, Verdebout JM and Sculier
JP: The role of EGF-R expression on patient survival in lung
cancer: a systematic review with meta-analysis. Eur Respir J 20:
975-981, 2002.

3 Agus DB, Akita RW, Fox WD, Lofgren JA, Higgins B, Maiese
K, Scher HI and Sliwkowski MX: A potential role for activated
HER-2 in prostate cancer. Semin Oncol 27: 76-83, 2000;
discussion 92-100.

4 Maurer CA, Friess H, Kretschmann B, Zimmermann A, Stauffer
A, Baer HU, Korc M and Buchler MW: Increased expression of
erbB3 in colorectal cancer is associated with concomitant
increase in the level of erbB2. Hum Pathol 29: 771-777, 1998.

5 Arteaga CL: ErbB-targeted therapeutic approaches in human
cancer. Exp Cell Res 284: 122-130, 2003.

6 Jaiswal BS, Kljavin NM, Stawiski EW, Chan E, Parikh C, Durinck
S, Chaudhuri S, Pujara K, Guillory J, Edgar KA, Janakiraman V,
Scholz RP, Bowman KK, Lorenzo M, Li H, Wu J, Yuan W, Peters
BA, Kan Z, Stinson J, Mak M, Modrusan Z, Eigenbrot C, Firestein
R, Stern HM, Rajalingam K, Schaefer G, Merchant MA, Sliwkowski
MX, de Sauvage FJ and Seshagiri S: Oncogenic ERBB3 mutations
in human cancers. Cancer Cell 23: 603-617, 2013.

7 Siegelin MD and Borczuk AC: Epidermal growth factor receptor
mutations in lung adenocarcinoma. Lab Invest 2013.

8 Bose R, Kavuri SM, Searleman AC, Shen W, Shen D, Koboldt
DC, Monsey J, Goel N, Aronson AB, Li S, Ma CX, Ding L,
Mardis ER and Ellis MJ: Activating HER2 mutations in HER2
gene amplification negative breast cancer. Cancer Discov 3: 224-
237, 2013.

9 Yano T, Doi T, Ohtsu A, Boku N, Hashizume K, Nakanishi M
and Ochiai A: Comparison of HER2 gene amplification assessed
by fluorescence in situ hybridization and HER2 protein
expression assessed by immunohistochemistry in gastric cancer.
Oncol Rep 15: 65-71, 2006.

10 Ross JS, Slodkowska EA, Symmans WF, Pusztai L, Ravdin PM
and Hortobagyi GN: The HER-2 receptor and breast cancer: ten
years of targeted anti-HER-2 therapy and personalized medicine.
Oncologist 14: 320-368, 2009.

11 Olayioye MA: Update on HER-2 as a target for cancer therapy:
intracellular signaling pathways of ErbB2/HER-2 and family
members. Breast Cancer Res 3: 385-389, 2001.

12 Yarden Y and Sliwkowski MX: Untangling the ErbB signalling
network. Nat Rev Mol Cell Biol 2: 127-137, 2001.

13 Piccart-Gebhart MJ, Procter M, Leyland-Jones B, Goldhirsch A,
Untch M, Smith I, Gianni L, Baselga J, Bell R, Jackisch C, Cameron
D, Dowsett M, Barrios CH, Steger G, Huang CS, Andersson M,
Inbar M, Lichinitser M, Lang I, Nitz U, Iwata H, Thomssen C,
Lohrisch C, Suter TM, Ruschoff J, Suto T, Greatorex V, Ward C,
Straehle C, McFadden E, Dolci MS, Gelber RD, Herceptin Adjuvant
Trial Study T: Trastuzumab after adjuvant chemotherapy in HER2-
positive breast cancer. N Engl J Med 353: 1659-1672, 2005.

14 Perez EA, Romond EH, Suman VJ, Jeong JH, Davidson NE, Geyer
CE Jr., Martino S, Mamounas EP, Kaufman PA and Wolmark N:
Four-year follow-up of trastuzumab plus adjuvant chemotherapy
for operable human epidermal growth factor receptor 2-positive
breast cancer: joint analysis of data from NCCTG N9831 and
NSABP B-31. J Clin Oncol 29: 3366-3373, 2011.

15 Gianni L, Eiermann W, Semiglazov V, Manikhas A, Lluch A,
Tjulandin S, Zambetti M, Vazquez F, Byakhow M, Lichinitser
M, Climent MA, Ciruelos E, Ojeda B, Mansutti M, Bozhok A,
Baronio R, Feyereislova A, Barton C, Valagussa P and Baselga J:
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. Lancet 375: 377-384, 2010.

16 Buzdar AU, Ibrahim NK, Francis D, Booser DJ, Thomas ES,
Theriault RL, Pusztai L, Green MC, Arun BK, Giordano SH,
Cristofanilli M, Frye DK, Smith TL, Hunt KK, Singletary SE,
Sahin AA, Ewer MS, Buchholz TA, Berry D and Hortobagyi
GN: Significantly higher pathologic complete remission rate
after neoadjuvant therapy with trastuzumab, paclitaxel, and
epirubicin chemotherapy: results of a randomized trial in human
epidermal growth factor receptor 2-positive operable breast
cancer. J Clin Oncol 23: 3676-3685, 2005.

Barthélémy et al: Pertuzumab: Development Beyond Breast Cancer (Review)

1489



17 Slamon DJ, Leyland-Jones B, Shak S, Fuchs H, Paton V,
Bajamonde A, Fleming T, Eiermann W, Wolter J, Pegram M,
Baselga J and Norton L: Use of chemotherapy plus a
monoclonal antibody against HER2 for metastatic breast cancer
that overexpresses HER2. N Engl J Med 344: 783-792, 2001.

18 Landi L and Cappuzzo F: HER2 and lung cancer. Expert Rev
Anticancer Ther 13: 1219-1228, 2013.

19 Blok EJ, Kuppen PJ, van Leeuwen JE and Sier CF: Cytoplasmic
Overexpression of HER2: a Key Factor in Colorectal Cancer.
Clin Med Insights Oncol 7: 41-51, 2013.

20 Vu T and Claret FX: Trastuzumab: updated mechanisms of
action and resistance in breast cancer. Front Oncol 2: 62, 2012.

21 Swain SM, Kim SB, Cortes J, Ro J, Semiglazov V, Campone M,
Ciruelos E, Ferrero JM, Schneeweiss A, Knott A, Clark E, Ross
G, Benyunes MC and Baselga J: Pertuzumab, trastuzumab, and
docetaxel for HER2-positive metastatic breast cancer
(CLEOPATRA study): overall survival results from a
randomised, double-blind, placebo-controlled, phase 3 study.
Lancet Oncol 14: 461-471, 2013.

22 Pohl M, Stricker I, Schoeneck A, Schulmann K, Klein-Scory S,
Schwarte-Waldhoff I, Hasmann M, Tannapfel A, Schmiegel W
and Reinacher-Schick A: Antitumor activity of the HER2
dimerization inhibitor pertuzumab on human colon cancer cells
in vitro and in vivo. J Cancer Res Clin Oncol 135: 1377-1386,
2009.

23 Yamashita-Kashima Y, Iijima S, Yorozu K, Furugaki K,
Kurasawa M, Ohta M and Fujimoto-Ouchi K: Pertuzumab in
combination with trastuzumab shows significantly enhanced
antitumor activity in HER2-positive human gastric cancer
xenograft models. Clin Cancer Res 17: 5060-5070, 2011.

24 Faratian D, Zweemer AJ, Nagumo Y, Sims AH, Muir M, Dodds
M, Mullen P, Um I, Kay C, Hasmann M, Harrison DJ and
Langdon SP: Trastuzumab and pertuzumab produce changes in
morphology and estrogen receptor signaling in ovarian cancer
xenografts revealing new treatment strategies. Clin Cancer Res
17: 4451-4461, 2011.

25 Kurtz JE and Dufour P: Evolving standards of care in advanced
gastric cancer. Future Oncol 7: 1441-1450, 2011.

26 Gravalos C and Jimeno A: HER2 in gastric cancer: a new
prognostic factor and a novel therapeutic target. Ann Oncol 19:
1523-1529, 2008

27 Fujimoto-Ouchi K, Sekiguchi F, Yasuno H, Moriya Y, Mori K
and Tanaka Y: Antitumor activity of trastuzumab in combination
with chemotherapy in human gastric cancer xenograft models.
Cancer Chemother Pharmacol 59: 795-805, 2007.

28 Matsui Y, Inomata M, Tojigamori M, Sonoda K, Shiraishi N and
Kitano S: Suppression of tumor growth in human gastric cancer
with HER2 overexpression by an anti-HER2 antibody in a
murine model. Int J Oncol 27: 681-685, 2005.

29 Bang YJ, Van Cutsem E, Feyereislova A, Chung HC, Shen L,
Sawaki A, Lordick F, Ohtsu A, Omuro Y, Satoh T, Aprile G,
Kulikov E, Hill J, Lehle M, Ruschoff J and Kang YK: To GATI.
Trastuzumab in combination with chemotherapy versus
chemotherapy alone for treatment of HER2-positive advanced
gastric or gastro-oesophageal junction cancer (ToGA): a phase 3,
open-label, randomised controlled trial. Lancet 376: 687-697, 2010.

30 Yoon-Koo K: Pertuzumab pharmacokinetics and safety in
combination with Trastuzumab and chemotherapy in patients
with HER2-positive advanced gastric cancer (AGC). Ann Oncol
24: Abstract 0021, 2013.

31 Sobrero AF, Maurel J, Fehrenbacher L, Scheithauer W, Abubakr
YA, Lutz MP, Vega-Villegas ME, Eng C, Steinhauer EU,
Prausova J, Lenz HJ, Borg C, Middleton G, Kroning H, Luppi
G, Kisker O, Zubel A, Langer C, Kopit J, Burris HA, 3rd. EPIC:
phase III trial of cetuximab plus irinotecan after
fluoropyrimidine and oxaliplatin failure in patients with
metastatic colorectal cancer. J Clin Oncol 26: 2311-2319, 2008.

32 Bokemeyer C, Van Cutsem E, Rougier P, Ciardiello F, Heeger S,
Schlichting M, Celik I and Kohne CH: Addition of cetuximab to
chemotherapy as first-line treatment for KRAS wild-type
metastatic colorectal cancer: pooled analysis of the CRYSTAL
and OPUS randomised clinical trials. Eur J Cancer 48: 1466-
1475, 2012.

33 Scartozzi M, Mandolesi A, Giampieri R, Bittoni A, Pierantoni
C, Zaniboni A, Galizia E, Giustini L, Silva RR, Bisonni R,
Berardi R, Biscotti T, Biagetti S, Bearzi I and Cascinu S: The
role of HER-3 expression in the prediction of clinical outcome
for advanced colorectal cancer patients receiving irinotecan and
cetuximab. Oncologist 16: 53-60, 2011.

34 Rubinson DA, Hochster HS, Ryan DP, Wolpin BM, McCleary
NJ, Abrams TA, Chan JA, Iqbal S, Lenz HJ, Lim D, Rose J,
Bekaii-Saab T, Chen HX, Fuchs CS and Ng K: Multi-drug
inhibition of the HER pathway in metastatic colorectal cancer:
Results of a phase I study of pertuzumab plus cetuximab in
cetuximab-refractory patients. Invest New Drugs 2013.

35 Gazdar AF: Personalized medicine and inhibition of EGFR
signaling in lung cancer. N Engl J Med 361: 1018-1020, 2009.

36 Jackman DM, Miller VA, Cioffredi LA, Yeap BY, Janne PA,
Riely GJ, Ruiz MG, Giaccone G, Sequist LV and Johnson BE:
Impact of epidermal growth factor receptor and KRAS mutations
on clinical outcomes in previously untreated non-small cell lung
cancer patients: results of an online tumor registry of clinical
trials. Clin Cancer Res 15: 5267-5273, 2009.

37 Morita S, Okamoto I, Kobayashi K, Yamazaki K, Asahina H,
Inoue A, Hagiwara K, Sunaga N, Yanagitani N, Hida T, Yoshida
K, Hirashima T, Yasumoto K, Sugio K, Mitsudomi T, Fukuoka
M and Nukiwa T: Combined survival analysis of prospective
clinical trials of gefitinib for non-small cell lung cancer with
EGFR mutations. Clin Cancer Res 15: 4493-4498, 2009.

38 Rosell R, Moran T, Queralt C, Porta R, Cardenal F, Camps C,
Majem M, Lopez-Vivanco G, Isla D, Provencio M, Insa A,
Massuti B, Gonzalez-Larriba JL, Paz-Ares L, Bover I, Garcia-
Campelo R, Moreno MA, Catot S, Rolfo C, Reguart N, Palmero
R, Sanchez JM, Bastus R, Mayo C, Bertran-Alamillo J, Molina
MA, Sanchez JJ, Taron M, Spanish Lung Cancer G: Screening
for epidermal growth factor receptor mutations in lung cancer.
N Engl J Med 361: 958-967 2009.

39 Friess T, Scheuer W and Hasmann M: Combination treatment
with erlotinib and pertuzumab against human tumor xenografts
is superior to monotherapy. Clin Cancer Res 11: 5300-5309,
2005.

40 Agus DB, Gordon MS, Taylor C, Natale RB, Karlan B,
Mendelson DS, Press MF, Allison DE, Sliwkowski MX,
Lieberman G, Kelsey SM and Fyfe G: Phase I clinical study of
pertuzumab, a novel HER dimerization inhibitor, in patients with
advanced cancer. J Clin Oncol 23: 2534-2543, 2005.

41 Johnson BE and Janne PA: Rationale for a phase II trial of
pertuzumab, a HER-2 dimerization inhibitor, in patients with
non-small cell lung cancer. Clin Cancer Res 12: 4436s-4440s,
2006.

ANTICANCER RESEARCH 34: 1483-1492 (2014)

1490



42 Herbst RS, Davies AM, Natale RB, Dang TP, Schiller JH,
Garland LL, Miller VA, Mendelson D, Van den Abbeele AD,
Melenevsky Y, de Vries DJ, Eberhard DA, Lyons B, Lutzker SG
and Johnson BE: Efficacy and safety of single-agent pertuzumab,
a human epidermal receptor dimerization inhibitor, in patients
with non small cell lung cancer. Clin Cancer Res 13: 6175-6181,
2007.

43 Felip E, Ranson M, Cedres S, Dean E, Brewster M, Martinez P,
McNally V, Ross G and Galdermans D: A phase Ib, dose-finding
study of erlotinib in combination with a fixed dose of
pertuzumab in patients with advanced non-small-cell lung
cancer. Clin Lung Cancer 13: 432-441, 2012.

44 Asmane I, Ceraline J, Duclos B, Rob L, Litique V, Barthelemy P,
Bergerat JP, Dufour P and Kurtz JE: New strategies for medical
management of castration-resistant prostate cancer. Oncology
80: 1-11, 2011.

45 Guyader C, Ceraline J, Gravier E, Morin A, Michel S, Erdmann
E, de Pinieux G, Cabon F, Bergerat JP, Poupon MF and Oudard
S: Risk of hormone escape in a human prostate cancer model
depends on therapy modalities and can be reduced by tyrosine
kinase inhibitors. PLoS One 7: e42252, 2012.

46 Craft N, Shostak Y, Carey M and Sawyers CL: A mechanism for
hormone-independent prostate cancer through modulation of
androgen receptor signaling by the HER-2/neu tyrosine kinase.
Nat Med 5: 280-285, 1999.

47 Reese DM, Small EJ, Magrane G, Waldman FM, Chew K and
Sudilovsky D: HER2 protein expression and gene amplification
in androgen-independent prostate cancer. Am J Clin Pathol 116:
234-239, 2001.

48 de Bono JS, Bellmunt J, Attard G, Droz JP, Miller K, Flechon
A, Sternberg C, Parker C, Zugmaier G, Hersberger-Gimenez V,
Cockey L, Mason M and Graham J: Open-label phase II study
evaluating the efficacy and safety of two doses of pertuzumab in
castrate chemotherapy-naive patients with hormone-refractory
prostate cancer. J Clin Oncol 25: 257-262, 2007.

49 Agus DB, Sweeney CJ, Morris MJ, Mendelson DS, McNeel DG,
Ahmann FR, Wang J, Derynck MK, Ng K, Lyons B, Allison DE,
Kattan MW and Scher HI: Efficacy and safety of single-agent
pertuzumab (rhuMAb 2C4), a human epidermal growth factor
receptor dimerization inhibitor, in castration-resistant prostate
cancer after progression from taxane-based therapy. J Clin Oncol
25: 675-681, 2007.

50 Kurtz JE and Ray-Coquard I: PI3 kinase inhibitors in the clinic:
an update. Anticancer Res 32: 2463-2470, 2012.

51 Tuefferd M, Couturier J, Penault-Llorca F, Vincent-Salomon A,
Broet P, Guastalla JP, Allouache D, Combe M, Weber B, Pujade-
Lauraine E and Camilleri-Broet S: HER2 status in ovarian
carcinomas: a multicenter GINECO study of 320 patients. PLoS
One 2: e1138, 2007.

52 Berchuck A, Kamel A, Whitaker R, Kerns B, Olt G, Kinney R,
Soper JT, Dodge R, Clarke-Pearson DL, Marks P et al:
Overexpression of HER-2/neu is associated with poor survival
in advanced epithelial ovarian cancer. Cancer Res 50: 4087-
4091, 1990.

53 Bookman MA, Darcy KM, Clarke-Pearson D, Boothby RA and
Horowitz IR: Evaluation of monoclonal humanized anti-HER2
antibody, trastuzumab, in patients with recurrent or refractory
ovarian or primary peritoneal carcinoma with overexpression of
HER2: a phase II trial of the Gynecologic Oncology Group. J
Clin Oncol 21: 283-290, 2003.

54 Gordon MS, Matei D, Aghajanian C, Matulonis UA, Brewer M,
Fleming GF, Hainsworth JD, Garcia AA, Pegram MD, Schilder
RJ, Cohn DE, Roman L, Derynck MK, Ng K, Lyons B, Allison
DE, Eberhard DA, Pham TQ, Dere RC and Karlan BY: Clinical
activity of pertuzumab (rhuMAb 2C4), a HER dimerization
inhibitor, in advanced ovarian cancer: potential predictive
relationship with tumor HER2 activation status. J Clin Oncol 24:
4324-4332, 2006.

55 Makhija S, Amler LC, Glenn D, Ueland FR, Gold MA, Dizon
DS, Paton V, Lin CY, Januario T, Ng K, Strauss A, Kelsey S,
Sliwkowski MX and Matulonis U: Clinical activity of
gemcitabine plus pertuzumab in platinum-resistant ovarian
cancer, fallopian tube cancer, or primary peritoneal cancer. J Clin
Oncol 28: 1215-1223, 2010.

56 Kaye SB, Poole CJ, Danska-Bidzinska A, Gianni L, Del Conte
G, Gorbunova V, Novikova E, Strauss A, Moczko M, McNally
VA, Ross G and Vergote I: A randomized phase II study
evaluating the combination of carboplatin-based chemotherapy
with pertuzumab versus carboplatin-based therapy alone in
patients with relapsed, platinum-sensitive ovarian cancer. Ann
Oncol 24: 145-152, 2013.

57 Nagumo Y, Faratian D, Mullen P, Harrison DJ, Hasmann M and
Langdon SP: Modulation of HER3 is a marker of dynamic cell
signaling in ovarian cancer: implications for pertuzumab
sensitivity. Mol Cancer Res 7: 1563-1571, 2009.

58 Yamamoto N, Yamada Y, Fujiwara Y, Yamada K, Fujisaka Y,
Shimizu T and Tamura T: Phase I and pharmacokinetic study of
HER2-targeted rhuMAb 2C4 (Pertuzumab, RO4368451) in
Japanese patients with solid tumors. Jpn J Clin Oncol 39: 260-
266, 2009.

59 Albanell J, Montagut C, Jones ET, Pronk L, Mellado B, Beech J,
Gascon P, Zugmaier G, Brewster M, Saunders MP and Valle JW:
A phase I study of the safety and pharmacokinetics of the
combination of pertuzumab (rhuMab 2C4) and capecitabine in
patients with advanced solid tumors. Clin Cancer Res 14: 2726-
2731, 2008.

60 Attard G, Kitzen J, Blagden SP, Fong PC, Pronk LC, Zhi J,
Zugmaier G, Verweij J, de Bono JS and de Jonge M: A phase Ib
study of pertuzumab, a recombinant humanised antibody to
HER2, and docetaxel in patients with advanced solid tumours.
Br J Cancer 97: 1338-1343, 2007.

Received January 14, 2014
Revised February 18, 2014

Accepted February 20, 2014

Barthélémy et al: Pertuzumab: Development Beyond Breast Cancer (Review)

1491


