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Abstract Dimerization is essential for activity of human
epidermal growth factor receptors (HER1/EGFR,
HER2/ErbB2, HER3/ErbB3, and ErbB4) and mediates
intracellular signaling events leading to cancer cell pro-
liferation, survival, and resistance to therapy.HER2 is the
preferred dimerization partner. Activation of HER sig-
naling pathways may be blocked by inhibition of dimer
formation using a monoclonal antibody (MAb) directed
against the dimerization domain of HER2. The murine
MAb 2C4 that specifically binds the HER2 dimerization
domain was cloned as a chimeric antibody, humanized
using a computer-generated model to guide framework
substitutions, and variants were tested as Fabs. Pharma-
cokinetics and toxicology were evaluated in rodents and
cynomolgus monkeys. Cloning the variable domains of
MAb 2C4 into a vector containing human kappa and
CH1 domains allowed construction of a mouse-human
chimeric Fab. DNA sequencing of the chimeric clone
permitted identification of CDR residues. The full-length
IgG1 of variant F-10 was equivalent in binding to chi-
meric IgG1 and was designated pertuzumab (rhuMAb
2C4; Omnitarg). Pertuzumab pharmacokinetics was best
described by a two-compartment model with a distribu-
tion phase of<1 day, terminal half-life of�10 days, and
volume of distribution of �40 mL/kg that approximates
serum volume. With the exception of diarrhea, pert-
uzumab was generally well tolerated in cynomolgus
monkeys. Pertuzumab, a recombinant humanized IgG1
MAb, is the first of a new class of agents known as HER

dimerization inhibitors. Inhibition of HER dimerization
may be an effective anticancer strategy in tumors with
either normal or elevated expression of HER2.
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Introduction

Dimerization is essential for the activity of the trans-
membrane human epidermal growth factor receptors
(HER1/EGFR, HER2/ErbB2, HER3/ErbB3, and
ErbB4) (reviewed in Ref. [54]). Interactions between
HER receptors and specific stromal ligands, the forma-
tion of different homodimers or heterodimers, and
receptor cross talk, both within the HER family and with
other growth factor receptors, govern the activation of
specific intracellular signaling pathways, such as mito-
gen-activated protein kinase (MAPK) and phosphati-
dylinositol 3-kinase (PI3 K)/Akt [21, 39, 47]. Multiple
HER ligands with different binding affinities for specific
receptors have been identified, and include transforming
growth factor alpha (ligand for EGFR), epidermal
growth factor (EGFR), epiregulin (EGFR and HER4),
beta-cellulin (EGFR), heparin-binding-EGF (EGFR
and HER4), amphiregulin (EGFR), heregulin/neuregu-
lin 1 (HER3 and HER4), and neuregulins 2,3,4 (HER4)
(reviewed in Ref. [54]). Dysregulation of the complex
HER signaling network is known to be associated with
malignant transformation and cancer progression (re-
viewed in Ref. [23]). Studies have demonstrated that
HER receptor dimerization mediates intracellular sig-
naling events that lead to cancer cell proliferation, sur-
vival, and resistance to anticancer therapy in tumor cells
associated with HER dysregulation [1, 2, 4, 7, 49].

The mechanisms of HER dimerization have now been
elucidated through a series of elegant crystallography
studies [5, 8, 17]. EGFR, HER3, and HER4 are inactive
until ligand binding stabilizes the dimer-competent
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formation. In the inactive form, the dimerization domain
(domain II) is tethered to domain IV preventing the
formation of dimers with other HER receptors. Sub-
stantial domain rearrangement is triggered when ligand
binds to the receptor at extracellular domains I and III.
This rearrangement exposes the dimerization domain for
interactions with the dimerization domain of other HER
receptors that are in the active conformation. In contrast,
HER2, which lacks any known ligand, is constitutively in
the active conformation and structurally resembles acti-
vated ligand-bound EGFR. As a result, the dimerization
domain is permanently exposed and ready to form di-
mers with ligand-activated HER receptors. This explains
why HER2 is the preferred binding partner for other
HER receptors [21]. It has also been shown that HER2-
containing heterodimers are the most prevalent and the
most active of all dimer combinations [21]. For example,
treatment with the HER3 ligand heregulin was able to
induce transformation of cells expressing HER2-HER3,
but not cells that express HER3 alone [49]. Other
experiments have shown that the HER2-EGFR hetero-
dimer may be associated with greater and more pro-
longed proliferative signals than EGFR homodimers [21,
25, 37]. Interestingly, HER2-HER3 and HER2-EGFR
heterodimers were also more effective inducers of vas-
cular endothelial growth factor than other HER hete-
rodimer combinations [55].

Using a stably transfected NIH 3T3 cell line
expressing the HER2 gene, several IgG1j monoclonal
antibodies (MAbs) targeting HER2 were developed and
shown to bind different epitopes on the extracellular
domain of the receptor [14]. One of these, the MAb
2C4, was subsequently shown to bind to the putative
dimerization domain (domain II) [16]. Agents specifi-
cally targeting domain II could inhibit HER dimer-
ization, thus preventing activation of HER signaling
pathways that mediate cancer cell proliferation and
survival [5]. Moreover, it is logical to target the
dimerization domain of HER2 because it is the most
common receptor in HER dimer combinations [21].
Since the clinical utility of murine MAbs is limited by a
human antimouse antibody (HAMA) response [42],
2C4 was humanized. This paper describes the human-
ization of 2C4 and the evaluation of pharmacokinetics
and safety in preclinical models. The principal objective
of this study was to create a humanized MAb that
specifically binds to the extracellular dimerization do-
main on the HER2 receptor, therefore inhibiting HER
dimerization and the resultant activation of intracellu-
lar signaling pathways associated with cancer cell pro-
liferation and survival.

Materials and methods

Construction of chimeric and humanized 2C4 Fabs

The murine MAb 2C4 that specifically binds the extra-
cellular domain of HER2 (ErbB2) has been described

previously [14]. To construct a mouse-human chimeric
Fab, total RNA was isolated from 2C4 hybridoma cells
using a Stratagene RNA extraction kit and manufac-
turer’s protocols (Stratagene, La Jolla, CA, USA). The
variable domains were amplified by reverse transcriptase
polymerase chain reaction (RT-PCR), gel purified, and
inserted into a pUC119-based plasmid containing a
human kappa constant domain and human CH1 do-
main as previously described [6, 40]. Plasmids were
transformed into Escherichia coli strain XL1-Blue
(Stratagene, La Jolla, CA, USA) for preparation of
double-stranded DNA.

For the chimera and each subsequent variant both
light (L) and heavy (H) chains were completely se-
quenced using an automated ABI Stretch 3700 se-
quencer and Big Dye reagents [Applera Corp., Applied
Biosystems (ABI)]. Sequences of the murine variable
light (VL) and variable heavy (VH) domains (Fig. 1) [26]
were used to construct a computer graphics model to
determine which framework residues should be incor-
porated into the humanized antibody. Construction of
models was performed as previously described by Carter
and co-workers [6, 13].

The vector template for humanized Fab contained a
consensus human kappa subgroup I L chain, a consen-
sus human subgroup III heavy chain (VH-CH1), an
alkaline phosphatase promoter, and an f1 phage origin
for production of single-stranded DNA [6, 40]. To
construct the first humanized variant, the complemen-
tarity-determining region (CDR)-swap Fab-1, site-di-
rected mutagenesis [29] was performed on a
deoxyuridine-containing single-stranded DNA template
prepared from E. coli strain CJ236 (BioRad, Hercules,
CA, USA). Thus all six CDRs were changed to the 2C4
sequence. Plasmids for other Fab variants were con-
structed using Fab-1 as the template.

Chimeric 2C4 Fab and humanized Fab variants
were transformed into E. coli strain 16C9, a derivative
of MM294, for protein expression and cultured using
AP5 modified medium for protein induction. Fabs
were purified using protein G-Sepharose CL-4B
(Pharmacia Biotech, Amersham Biosciences Corp.,
Piscataway, NJ, USA) [40], buffer exchanged into
10 mM sodium succinate, 140 mM NaCl, pH 6.0, and
concentrated to a volume of 0.5 mL using a Centr-
icon-10 (Ambicon, Millipore, Billerica, MA, USA). A
500 mL culture yielded 0.1–0.3 mg protein. Protein
concentrations were determined by quantitative amino
acid analysis.

Construction of chimeric and humanized 2C4 IgG1

Full-length chimeric IgG1 (chIgG1) or humanized 2C4
IgG1 (rhuMAb 2C4; pertuzumab) were generated by
subcloning the murine or humanized (Fab-10, Table 1)
variable domains of the L and H chains from the
respective Fabs into separate pRK vectors [19]. The L
and H chain plasmids were co-transfected into an ade-
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novirus-transformed human embryonic kidney cell line
293 [20] using a high-efficiency procedure [19]. Media
were changed to serum-free and harvested after 4 days.
Antibodies were purified from the supernatants using
protein A-Sepharose CL-4B with the buffer exchanged
and concentrated, using the same buffer as for the Fab.
Chinese hamster ovary (CHO) cells were transfected
with di-cistronic vectors to achieve stable expression of
pertuzumab (rhuMAb 2C4).

HER2-extracellular domain (HER2-ECD)
binding assay

To measure the binding activity of Fab and immuno-
globulin Gs (IgGs), NUNC maxisorp plates were coated
with 1 lg/mL of HER2-ECD (Genentech Inc., South
San Francisco, CA, USA) in 50 mM carbonate buffer,
pH 9.6, overnight at 4�C, and then blocked with en-
zyme-linked immunosorbent assay (ELISA) diluent

Fig. 1 Amino acid sequences of
murine 2C4, humanized 2C4
(Fab-10) (pertuzumab), and
human consensus sequences of
L chain subgroup kappa I
(humjI) and H chain subgroup
III (hum III). CDR loops are
enclosed in brackets, and
differences between sequences
are denoted by an asterisk (*).
Residue numbering is according
to Kabat et al. [26]. a VL
domain. b VH domain
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(0.5% BSA, 0.05% Polysorbate 20, PBS) at room tem-
perature for 1 h. Serial dilutions of samples in ELISA
diluent were incubated on the plates for 2 h. After
washing, bound Fab or IgG molecules were detected
with biotinylated murine anti-human kappa antibody
(ICN 634771) followed by streptavidin-conjugated
horseradish peroxidase (Sigma, St. Louis, MO, USA)
using 3,3¢,5,5¢-tetramethyl benzidine (Kirkegaard and
Perry Laboratories, Gaithersburg, MD, USA) as sub-
strate. Absorbance was read at 450 nm. Chimera bind-
ing served as the standard. Titration curves were fit with
a four-parameter nonlinear regression curve-fitting
program (KaleidaGraph; Synergy Software, Reading,
PA, USA). Concentrations of Fab variants corre-
sponding to the midpoint absorbance of the titration
curve of the standard were calculated and then divided
by the concentration of the standard at that point.

Pharmacokinetics and toxicology in animals

All animal studies were conducted in accordance with
institutional guidelines. Pertuzumab (26.7 mg/mL rhu-
MAb 2C4, Genentech Inc., South San Francisco, CA,
USA) and vehicle (10 mM L-histidine at pH 6.0,
240 mM sucrose, 0.02% polysorbate 20) were stored at
2–8�C. All blood samples were collected without anti-
coagulant and allowed to clot at room temperature, and
were stored frozen prior to thawing for analysis of
pertuzumab serum concentrations. Mouse, rat, and
cynomolgus monkey serum samples for pertuzumab
concentrations were assayed using a receptor-binding
ELISA. The assay uses immobilized antigen HER2-
ECD (Genentech Inc., South San Francisco, CA, USA)

to capture pertuzumab (rhuMAb 2C4) from serum
samples [43]. Bound pertuzumab was detected with
mouse anti-human Fc-horseradish peroxidase with te-
tramethyl benzidine used as the substrate for color
development to quantify serum pertuzumab against a
known standard curve. The assay has a minimum
quantifiable concentration of 0.25–0.40 lg/mL of pert-
uzumab in mouse, rat, and cynomolgus monkey serum.

Single-dose pharmacokinetics in mice and rats

Male CD-1 mice (Charles River, Raleigh, NC, USA)
weighing 0.022–0.028 kg were randomized into three
groups (36 per group) that received 3, 30, or 90 mg/kg of
pertuzumab by intravenous (IV) bolus. Male Sprague
Dawley rats (Charles River) weighing 0.25–0.30 kg were
randomized into three groups (six per group) that re-
ceived 3, 30, or 90 mg/kg per animal of pertuzumab by
IV bolus. For both species, blood was collected for
pharmacokinetic analyses predose and at various times
from 5 min to 36 days postdose.

Single-dose pharmacokinetics in monkeys

Six male and six female cynomolgus monkeys (SNBL,
Everett, WA, USA), aged approximately 2–3 years and
weighing 1.94–2.24 kg, were randomized into three
groups (two animals per sex group) that received 15, 50,
or 150 mg/kg per animal of pertuzumab by IV bolus.
Blood was collected for pharmacokinetic analyses of
pertuzumab at predose, and from 30 min to 28 days
postdose.

Table 1 Binding of humanized anti-HER2 Fab variants to HER2-ECD

Variant Template Changesa Purpose EC50 Fab-X/EC50 chimeric Fabb

Mean SDc n

Chimera Chimeric Fab 1.0
Fab-1 Human FR Straight CDR Swap No binding 3
Fab-2 Fab-1 Arg H71 Val CDR-H2 conformation 35.0 3.5 3
Fab-3 Fab-1 Asp H73 Arg Framework loop in VH >10,000 6
Fab-4 Fab-1 Arg H71 Val CDR-H2 conformation 4.0 0.3 4

Asp H73 Arg Framework loop in VH
Fab-5 Fab-4 Ala H49 Gly CDR-H2 conformation 1.6 0.6 3
Fab-6 Fab-4 Phe H67 Ala CDR-H2 conformation 1.7 0.9 2
Fab-7 Fab-4 Ala H49 Gly CDR-H2 conformation 1.4 0.6 2

Phe H67 Ala CDR-H2 conformation
Fab-8 Fab-4 Leu H78 Val CDR-H2 conformation 2.9 0.6 2
Fab-9 Fab-4 Asn H76 Arg Framework loop in VH 1.8 0.7 2
Fab-10 Fab-4 Ile H69 Leu CDR-H2 conformation 1.0 0.3 4

H heavy chain, Arg H71 Val indicates change in the arginine at
position 71 on the heavy chain to valine, Ala alanine, Arg arginine,
Asp aspartic acid, Asn asparagine, Gly glycine, Ile isoleucine, Leu
leucine, Phe phenylalanine, Val valine
aMurine residues are in bold type; residue numbers are according to
Kabat et al. [26]
bThe murine/human chimeric Fab was used as the standard.
Equivalent binding to that of the chimera is indicated by an EC50

(50% effective concentration) Fab-X/EC50 chimeric Fab ratio of 1,
while an increase in the ratio to greater than unity indicates relative
binding affinity is proportionately less than the chimera. EC50

values were determined from titration curves. The EC50 for chi-
meric Fab was 0.13 mg/mL
cSD is standard deviation for n>2 measurements; when n=2
numbers are average difference from the mean
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Multi-dose toxicology study in monkeys

Cynomolgus monkeys were deemed the most appropri-
ate animal model for assessing safety because of the 99%
amino acid sequence homology between cynomolgus
monkey and human HER2-ECD, similar binding affin-
ity of pertuzumab to human and cynomolgus monkey
HER2 (data not shown), and a lack of antibody binding
to the mouse homolog (c-neu). A toxicology study was
conducted in 20 males and 20 females’ cynomolgus
monkeys that were healthy and free from obvious
abnormalities, aged 2.5–3.0 years, and weighing 2.1–
3.3 kg. Animals were randomized into four groups,
vehicle or 15, 50, or 150 mg/kg per animal of pert-
uzumab. All doses were administered as a IV bolus, once
weekly for 7 weeks. Two males and two female monkeys
in the control and 150 mg/kg groups were retained after
the dosing period for evaluation during a 4-week
recovery period. Blood was collected for toxicokinetic
analyses predose, and frequently from 45 min to 7 days
following the first and seventh doses. For the second to
sixth doses, blood samples were collected at peak and
trough at alternating intervals. Additional blood sam-
ples were collected from the recovery animals from days
57 to 80.

Animals were monitored twice daily for general
health and three times on dosing days. Detailed obser-
vations were performed once weekly and on the day of
scheduled euthanasia (day 49 or 80). Body weight,
temperature, blood pressure, heart rate, electrocardio-
gram (ECG), ophthalmic parameters, clinical pathology
(including standard clinical chemistry analyses, serum
creatinine kinase isoenzyme, troponin T, hematology
parameters, and urinalysis), and anatomic pathology
parameters (including organ weights, gross pathology,
and histopathology) were assessed.

Statistical analysis of toxicology data

Toxicology data from treatment groups were compared
statistically with the data from the same gender control
group. With the exception of clinical pathology data,
only data collected on or after the first day of treatment
were analyzed statistically, using one-way analysis of
variance (ANOVA) or covariance (ANCOVA) [51, 52].
Dunnett’s t-test [11] was used for control versus treated
group comparisons if ANOVA or ANCOVA were sig-
nificant (p £ 0.05). Group comparisons were evaluated
at the 5% two-tailed probability level.

Results

Humanization of 2C4 monoclonal antibody

A mouse-human chimeric Fab was constructed by
cloning the variable domains of 2C4 murine MAb into
a vector that contains human kappa and CH1

domains and permits expression of Fab fragments in
E. coli. DNA sequencing of the chimeric clone allowed
identification of the CDR residues (Fig. 1). For the
purpose of this work, definitions of the CDRs based
on sequence hypervariability as described by Kabat
et al. [26] were used, except in the case of CDR-H1.
For this CDR, the residues in the structure-based
definition [9] were combined with the residues identi-
fied by sequence variability [26] and include residues
H26–H35.

The consensus sequence for the human L chain sub-
group kappa I and human H chain subgroup III com-
prised the framework for humanization (Fig. 1) [26].
This framework has been successfully used in human-
ization of other murine antibodies [6, 12, 40, 41, 50].
Since Fabs can be conveniently expressed and purified
from E. coli, all humanized variants were initially con-
structed and screened for binding as Fabs. The initial
variant, Fab-1, was a straight CDR swap in which the
six murine CDRs were grafted onto the human frame-
work. This Fab showed no detectable binding to HER2-
ECD (Table 1).

As shown in Table 1, in Fab-2, H71 was changed
from the human to the murine amino acid (Arg H71
Val) since this residue had previously been shown to
affect the conformations of CDR-H1 and CDR-H2 [46,
53]. This change increased the binding from undetect-
able to 35-fold less than observed with the chimera.
Residue H73 occurs in a framework loop adjacent to
CDR-H1 and CDR-H2 and was previously shown to
affect binding of other antibodies [40, 50]. In Fab-3, the
residue at H73 was changed from the human to the
murine amino acid (Asp H73 Arg). A slight increase in
binding of Fab-3 was seen compared with Fab-1.
However, when both the H71 and H73 changes were
combined in Fab-4, binding was increased to within a
fourfold difference from the chimera.

Several buried residues were evaluated based on their
importance in previous humanizations. H49, shown to
play a role in CDR-H2 conformation [40], was changed
from the human to the murine amino acid (Ala H49
Gly). Phe H67, a large residue that might influence
packing and conformation of CDR-H2 [50], was chan-
ged from the human to the murine amino acid (Phe H67
Ala). Each of these changes resulted in a very slight in-
crease in binding compared with the template, Fab-4.
The combination of H49 and H67 changes (Fab-7) was
not improved over either mutation alone. Based on the
model used, H78, which is buried and plays a role in
supporting the conformation of CDR-H1 [40], was also
investigated. However, binding decreased when Leu
found in the human sequence at this position was
changed to the murine amino acid (Leu H78 Val). None
of these three changes were kept in the final humanized
Fab.

A second residue in the Framework-3 loop, Asn H76,
was previously observed to influence binding [12] and
was therefore changed to the murine amino acid at this
position (Asn H76 Arg) resulting in variant Fab-9. This
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change slightly increased binding affinity, but as the
residue may be solvent-exposed and could contribute to
immunogenicity, the human amino acid at this position
(Asn) was retained. Further mutations were made to
explore the importance of the L chain and other buried
residues of the H chain. None of these changes improved
binding (data not shown). Finally, the buried amino acid
residue at position H69 in the human sequence was re-
placed by the murine amino acid at this position (Ile
H69 Leu). This resulted in variant Fab-10 with binding
equal to that of the chimeric Fab. Binding kinetics of
Fab-10 and the chimeric Fab were compared using
surface plasmon resonance. The studies confirmed that
Fab-10 has binding equal to that of the starting chimeric
antibody (Table 2) [18].

Full-length MAbs of variant Fab-10 and the chimera
were constructed by fusing the respective VL and VH
domains to the constant domains of humankappaL chain
and human IgG1H chain. The full-length IgG1 of variant

F-10 was equivalent in binding to the chimeric IgG1
(Fig. 2) and was designated pertuzumab (rhuMAb 2C4).

Pharmacokinetics

Table 3 summarizes pharmacokinetic parameters for
pertuzumab. Pertuzumab serum concentration-time
data from single-dose studies in mice and rats, and sin-
gle-dose and multiple-dose studies in cynomolgus mon-
keys exhibited biphasic disposition and were fit into a
two-compartment pharmacokinetic model. The distri-
bution phase of pertuzumab was <1 day, the terminal
elimination half-life was approximately 10 days, and the
volume of distribution was 27–58 mL/kg. The volume of
distribution of the central compartment approximated
the serum volume in all models and did not change with
increasing dose in multiple-dose studies in cynomolgus
monkeys. However, clearance increased by approxi-
mately 30% when the dose was increased from 50 mg/kg
to 150 mg/kg in these multiple-dose studies. Figure 3
shows predicted clearance in humans by allometric
interspecies scaling [24].

Safety evaluation of pertuzumab
in cynomolgus monkeys

Pertuzumab (15, 50, and 150 mg/kg IV weekly for
7 weeks) was generally well tolerated and there were no
treatment-related effects on physical examination, blood
pressure, heart rate, ECG, cardiac markers (creatinine
kinase isoenzymes and troponin T), ophthalmic
parameters, clinical pathology tests, and anatomic
pathology parameters. Treatment with pertuzumab was
associated with an increased incidence and occurrence of
liquid and non-formed feces (Table 4). Although diar-
rhea was observed in all groups, including control, it was
most notable in animals given 150 mg pertuzumab per
kg. Diarrhea did not adversely affect body weight (ex-
cept in one animal), and did not result in dehydration or
changes in clinical or anatomic pathology parameters.
Moreover, diarrhea was reversible, although not com-
pletely normalized, and improved by day 80 of the 4-
week recovery period.

Discussion

Based on the hypothesis that inhibiting HER dimeriza-
tion may block intracellular signaling pathways associ-
ated with cancer cell proliferation and survival, this
work was undertaken to produce a novel anticancer
therapeutic by humanizing a murine MAb that targets
the dimerization domain on the HER2 receptor. The
murine MAb 2C4 was successfully humanized using
consensus framework sequences for L and H chains,
VLjI and VHIII, to produce pertuzumab (recombinant
humanized MAb 2C4), which represents the first of a

Table 2 Binding of 2C4 Fabs to HER2-ECD using surface plas-
mon resonancea

Variant Fab bound,
Rmax (RU)

koff (10�4 s�1) kon (104 M�1 s�1) Kd (nM)

Chimera 30 8.7±1.5 9.5±0.2 9.2±1.6
Fab-10 25 9.5±0.5 11.2±0.1 8.5±0.4

aBinding of Fab fragments to immobilized HER2-ECD was mea-
sured with a CM5-bionsensor chip on a BIAcore-2000 system
essentially as described [18]. Twofold serial dilutions of Fab from
125 nM to 1000 nM were injected at 25�C at a flow rate of
0.02 mL/min, and the net binding (in response units, RU) of Fab to
a flowcell with HER2-ECD was measured versus a control flowcell
with an unrelated IgG immobilized. Association (kon) and disso-
ciation (koff) rate constants were calculated using global fitting with
the BIA evaluation software, and the equilibrium dissociation
constant, Kd was calculated as koff/kon

Fig. 2 Humanized 2C4 IgG1 (pertuzumab) expressed from either
293 cells (filled square) or CHO cells (filled circle) binds HER2-
ECD equally well compared with the 2C4 chimeric full-length IgG1
antibody (filled triangle)
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new class of agents designated HER dimerization
inhibitors. Results from both the toxicology and phar-
macokinetic studies reported in this paper supported the
initiation of human clinical studies using doses of 0.5–
15 mg/kg of pertuzumab administered every 3 weeks.

Consensus frameworks have been used successfully in
several previous humanizations [6, 13, 40, 41, 50]; the
current work further illustrates the utility of this ap-
proach. Transferring CDRs from the murine antibody
to the human framework resulted in complete loss of
binding to HER2-ECD. Remarkably, altering only three
non-CDR residues in the H chain was sufficient to re-
store binding to that of the parent MAb. From the
model, it was anticipated that two of these residues, H69
and H71, are buried and on the same side of a beta
strand with their side chains directed toward CDR-H2.
Thus, it was thought that they would play an important
role in maintaining the conformation of this CDR. In
the crystal structure of the humanized 2C4 Fab now
available (Fig. 4) [48], it can be seen that this hypothesis
is correct. When Leu is substituted for Ile at position

H69, the packing is improved due to a better fit into a
pocket between CDRH2 and framework 3. At position
H71, the large human residue, Arg, would probably
impinge on the Pro at position 52a on CDR H2, thereby
changing the conformation of this loop. The substitution
of Val, a much smaller and uncharged residue, allows
CDRH2 to maintain the optimal conformation. In a
sense, the pertuzumab sequence is a hybrid with respect
to positions H69 and H71, since it has the closest
homologue (Ile) of the favored Leu found at position
H69 in subgroup III, and the favored Val from subgroup
II at position 71. In the model, it appears that H73 is
solvent exposed, thus it was postulated that this residue
might interact directly with antigen. In the crystal
structure of the pertuzumab–receptor complex [16],
H73, changed to Arg in pertuzumab, can be seen to
directly interact with the receptor, thus explaining the
preference for Arg over Asp at this position. Position
H73 is quite variable, and may play a direct role in
antigen binding of other antibodies. None of the resi-
dues in the L chain were changed to derive the human-
ized antibody.

Evidence from previously published in vitro and in
vivo studies supports the putative mechanism of action
of pertuzumab as an inhibitor of HER dimerization [2,
16]. A recent study determined the X-ray crystal struc-
ture of the soluble HER2-ECD in a complex with the
antigen-binding fragment of pertuzumab [16]. The study
showed that pertuzumab binds near the center of the
second cysteine-rich dimerization domain (extracellular
domain II), a region of the HER receptor family that is
highly conserved and previously shown to be necessary
for EGFR homodimerization. Experiments in which the
binding site was altered by mutation indicated a steric
mechanism for the ability of pertuzumab to inhibit
HER2 receptor dimerization and signaling [16]. Of note,
pertuzumab binds to a different extracellular domain of
the HER2 receptor compared with trastuzumab, which
binds at domain IV [8, 14].

In vitro studies showed that pertuzumab is far more
effective than trastuzumab in disrupting the formation
of HER3-heregulin-HER2 complexes in MCF-7 (low/
normal HER2 expression) and SK-BR3 (high HER2
expression) breast cancer cell lines [2]. Inhibition of
HER dimer formation by pertuzumab was also shown

Fig. 3 Interspecies scaling used to predict human clearance. The
predicted CL of pertuzumab in humans by allometric scaling is
approximately 330 mL/day, which is equivalent to 4.76 mL/day/kg
for a 70 kg individual

CL clearance, Vc volume of distribution of the central compart-
ment, Vss volume of distribution at steady state, aHL initial half-
life, bHL terminal half-life, SD Single-dose, MD Multi-dose, PK
Pharmacokinetic, Tox Toxicology, IV Intravenous
aPharmacokinetics were characterized using a two-compartment
model for the serum concentration-time data of individual animals

(WinNonlin Professional Version 3.1, Pharsight Corp., Mountain
View, CA, USA) using the Gauss–Newton algorithm and a reit-
erative weighting scheme (1/Ŷ). Serum pertuzumab concentrations
found in the less-than-reportable range of the assay (LTR;
<0.25 lg/mL) were not used for pharmacokinetic analysis, or in
the group summary calculations. Data are ranges of group means

Table 3 Pharmacokinetic parameters for pertuzumaba

Study type Species/strain No./sex Route Doses (mg/kg) CL (mL/day/kg) Vc (mL/kg) Vss (mL/kg) aHL (day) bHL (day)

SD PK Mouse/CD-1 144/M IV 3, 30, 90 5.6–9.2 45–58 102–148 0.1–0.3 11.4–15.7
SD PK Rat/SD 18/M IV 3, 30, 90 7.2–10.1 27–44 91–121 0.2–0.4 8.9–9.2
SD PK Monkey/Cyno 8/M, 8/F IV 15, 50, 150 5.0–5.2 31–37 68–73 0.3–0.9 9.9–10.4
MD Tox Monkey/Cyno 14/M, 14/F IV 15, 50, 150 5.1–7.4 36–41 64–80 0.5–0.6 8.1–10.6
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to block the heregulin-dependent phosphorylation signal
of HER2 and to inhibit downstream MAPK and Akt
signaling pathways in MCF-7 cells [2]. Activity was seen
for intact pertuzumab and the Fab fragment [2]. In
addition, pertuzumab was found to inhibit ligand-
dependent receptor activation and signaling in several
other cell lines, including ovarian cancer [45], androgen-
independent prostate cancer [35], colon cancer [34],
breast cancer [30], and lung epithelial cells [32].

In vivo experiments support the hypothesis that
inhibition of HER dimerization and downstream sig-
naling will have antiproliferative effects against a range
of different tumor types. Both pertuzumab and trast-
uzumab inhibited breast cancer xenografts with high
HER2 expression (BT474), and importantly, pert-
uzumab also inhibited xenografts with low levels of
HER2 expression (MCF-7), achieving 59% growth
inhibition compared with controls or trastuzumab
(p<0.001) [2]. In the androgen-independent prostate
cancer xenograft, CWRSA6, which is not responsive to
trastuzumab, pertuzumab produced 82% growth inhi-
bition compared with controls [2]. A dose-response
relationship was also observed in CWRR22R androgen-
independent xenografts [2]. In xenograft models of non-
small cell lung cancer (NSCLC) treated with pert-
uzumab, tumor growth inhibition of >80% was ob-
tained in NCI-H522 (NSCLC HER2 1+) and in Calu-3
(NSCLC HER2 3+) [33]. This degree of tumor growth
inhibition was seen at trough serum concentrations of 5–
25 lg/mL of pertuzumab [33].

Pertuzumab entered clinical development based on
evidence of biological activity in xenograft tumor mod-
els, using a dose regimen that was supported by the
preclinical and toxicology models reported in this paper.
The disposition of pertuzumab in humans was expected
to be similar to that of other humanized MAbs that
share the same IgG1 framework, trastuzumab and bev-
acizumab [15, 31], because preclinical pharmacokinetics
were comparable between these molecules and allomet-
ric interspecies scaling predicted similar clearance.

In a Phase Ia clinical study, patients with incurable,
locally advanced, recurrent or metastatic solid tumors
that had progressed during or after standard therapy
were administered pertuzumab intravenously every
3 weeks at doses escalating from 0.5 mg/kg to 15 mg/kg
[3]. Pharmacokinetic results of pertuzumab doses from 2
mg/kg to 15 mg/kg showed that the systemic clearance
(CL) did not change with dose (grand
mean = 3.42±1.20 mL/day/kg), the volume of distri-
bution (Vd) approximated the serum volume (grand
mean = 40.6±6.6 mL/day/kg) and the terminal elimi-
nation half-life was approximately 2–3 weeks (grand
mean = 18.9±8.0 days). There was good agreement
between pertuzumab pharmacokinetics observed in this
study and expected from preclinical studies.

In comparison, a population pharmacokinetic model
in patients with metastatic breast cancer estimated the
clearance of trastuzumab to be 225 mL/day (3.24 mL/
day/kg for a 69 kg patient) [22]. Moreover, dosingT
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trastuzumab every 3 weeks has been shown to be feasi-
ble and effective [31]. As pertuzumab and trastuzumab
appear to have comparable pharmacokinetic profiles, an
every 3-week dosing schedule was recommended for
clinical testing of pertuzumab.

Since pertuzumab was associated with minimal tox-
icity and a large safety factor in the 7-week toxicology
study in cynomolgus monkeys, a starting dose of
0.5 mg/kg every 3 weeks was recommended for clinical
testing. An upper dose of 15.0 mg/kg every 3 weeks was
recommended by estimating the dose required to exceed
serum trough concentrations of pertuzumab associated
with efficacy in xenograft models (5–25 lg/mL) [33].
Pharmacokinetic simulations predicted that doses be-
tween 5.0 mg/kg and 15.0 mg/kg administered every
3 weeks would achieve targeted serum trough concen-
trations of 20 lg/mL in most subjects. The dose range
0.5–15.0 mg/kg represents a safety factor of 300-fold to
tenfold com

pared with the highest dose of pertuzumab (150 mg/
kg) used in the multi-dose toxicology studies in cyno-
molgus monkeys. In the 7-week toxicology study, diar-
rhea was the only significant toxicity and was observed
in all dose groups treated with pertuzumab for 7 weeks.
Diarrhea improved during the recovery period and in
most cases was responsive to supportive care. Similarly,
diarrhea was also observed in a chronic dosing study in
which cynomolgus monkeys were treated with pert-
uzumab (15, 50, and 150 mg/kg IV) for 26 weeks (data
not shown). Unlike in the 7-week study, diarrhea-related

dehydration was observed in the 26-week study. Agents
targeting the EGF receptor tyrosine kinase have also
been associated with diarrhea [28, 38], although they
have a different mechanism of action from pertuzumab.
Pertuzumab does not bind to EGFR, but it does inhibit
formation of EGFR/HER2 heterodimers [2]. EGFR
may be a negative regulator of chloride secretion;
therefore, inhibition of receptor activity could lead to
increased fluid secretion into the intestinal lumen [27].

There was no evidence of cardiotoxicity in cynomol-
gus monkeys. In the clinical setting, decreased left ven-
tricular function has been observed in patients treated the
anti-HER2MAb trastuzumab, particularly when used in
combination with anthracycline therapy [44]. Evidence
from preclinical studies indicates that the HER2-signal-
ing pathway in cardiac myocytes may play an important
role in the cardiotoxicity of anti-HER2 therapy [10, 36],
therefore, monitoring of potential cardiac effects is
mandatory in ongoing clinical studies of pertuzumab.

In the Phase Ia study, pertuzumab was generally well
tolerated and no evidence of decreased left ventricular
function was observed, except in one patient who had an
intercurrent myocardial infarction [3]. Of note, the study
also provided evidence of antitumor activity. Tumor
regression was achieved in 3 of 20 patients evaluable for
response (ovarian cancer, islet cell carcinoma of the
pancreas, and prostate cancer). Two patients had con-
firmed partial responses. Stable disease lasting for more
than 2.5 months was observed in 6 of 21 patients.
Antibodies to pertuzumab were not detected.

Fig. 4 X-ray structure of
humanized 2C4 Fab
(pertuzumab) [48] (PDB
accession number 1L71). The
CDR loops of the light (L1-3)
and heavy chains (H1-3) are
indicated. Side chains of VH
residues that were investigated
or changed during
humanization are shown (refer
to Table 1 for details for
specific changes and their effect
on binding relative to the
chimera)
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In conclusion, the recombinant humanized MAb
pertuzumab is the first HER dimerization inhibitor to
enter clinical development. Inhibiting HER receptor
dimerization by targeting the dimerization domain of
HER2 prevents the activation of HER signaling path-
ways that mediate cancer cell proliferation and survival.
Preclinical and preliminary clinical evidence suggests
that inhibition of HER dimerization may be an effective
anticancer strategy in tumors expressing HER2 either at
normal or elevated levels.
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