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Due to intrinsic aggressiveness and lack of effective therapies,
prognosis of pancreatic cancer remains dismal. Because the only
molecular targeted drug approved for pancreatic ductal adenocar-
cinoma is a kinase inhibitor specific to the epidermal growth fac-
tor receptor (EGFR), and this receptor collaborates with another
kinase, called HER2 (human EGF-receptor 2), we assumed that
agents targeting EGFR and/or HER2 would effectively retard
pancreatic ductal adenocarcinoma. Accordingly, two immunologi-
cal strategies were tested in animal models: (i) two antibodies able
to engage distinct epitopes of either EGFR or HER2 were separately
combined, and (ii) pairs of one antibody to EGFR and another to
HER2. Unlike the respective single monoclonal antibodies, which
induced weak effects, both types of antibody combinations syner-
gized in animals in terms of tumor inhibition. Immunological coop-
eration may not depend on receptor density, antigenic sites, or the
presence of a mutant RAS protein. Nevertheless, both types of an-
tibody combinations enhanced receptor degradation. Future efforts
will examine the feasibility of each strategy and the potential of
combining them to achieve sustained tumor inhibition.

combination therapy | signal transduction

Pancreatic cancer is the fourth leading cause of cancer death
in western countries, with a 5-y survival of less than 10% (1).

Genomic characterization of pancreatic ductal adenocarcinoma
(PDAC), which accounts for over 90% of pancreatic cancer,
identified multiple significantly mutated genes, including KRAS,
TP53, CDKN2A, and SMAD4, and uncovered novel mutated
genes (2). Advances in neoadjuvant and adjuvant chemothera-
peutic regimens have resulted in some improvement in PDAC
treatment outcome, but pancreatectomy remains the single most
effective treatment modality for pancreatic cancer. A distin-
guishing molecular feature of PDAC is the presence of activating
KRASmutations in over 90% of tumors (3). Along with an ability
to overcome inflammation-induced senescence (4), mutants of
the RAS gene inevitably up-regulate a plethora of growth factors
(e.g., TGF-alpha) and cytokines (e.g., interleukin-8), which likely
contribute to disease progression. In line with this possibility, ge-
netically engineered mouse models indicate that development of
PDACs driven by KRAS is dependent on EGFR signaling (5). In
the same vein, a small-molecule inhibitor of the epidermal growth
factor receptor (EGFR) has been approved for the treatment of
PDAC (6). Several studies reported high expression of EGFR,
ranging from 7.7% to 100% of PDACs, but the abundance of
ErbB-2/HER2, the oncogenic kin of EGFR, is relatively low (7).
Notably, in response to ligand binding, EGFR forms hetero-
dimers with HER2, and these complexes are characterized by
enhanced signaling due to evasion of receptor endocytosis and
degradation (8). Hence, simultaneous targeting of both EGFR
and HER2 is a logical extension of the biochemistry of ErbB/
HER signaling.
Along with low molecular weight kinase inhibitors specific

to EGFR and HER2, monoclonal antibodies (mAbs) against
these receptors are routinely used in oncology wards to treat
breast, gastric, colorectal, and head and neck carcinomas (9).

Therapeutic antibodies may recruit the effector arm of the host
cellular immune defense mechanism (10, 11). In addition, they
might inhibit tumor cell proliferation by interfering with ligand
binding, or by blocking receptor dimerization (12–14). An im-
portant feature of therapeutic anti-EGFR and anti-HER2 mAbs
is their ability to collaborate with chemotherapeutic drugs (15,
16). However, another way to improve the efficacy of mAbs to
surface receptors comprises combinations of two or more mAbs,
each targeting a distinct receptor’s epitope. For example, it has
been reported that certain pairs of anti-EGFR antibodies can
accelerate receptor endocytosis and degradation (17), probably
through a mechanism involving inhibition of receptor recycling
(18). Consistent with these observations, a mixture of two anti-
EGFR mAbs, called Sym004, inhibited cancer cell growth (14).
Similarly, synergistic antitumor effects of mAbs directed to the
rodent form of HER2 associated the therapeutic effect with
enhanced receptor degradation (19), and synergistic effects
mediated by the human HER2 protein were later confirmed (11,
20). However, both immune mechanisms involving recruitment
of killer T cells (11) and nonimmune modes of action, involving
growth arrest and receptor degradation (21), have been impli-
cated in the mechanism underlying the antitumor effect of mAbs
specific to HER2. Importantly, a mixture of two mAbs to HER2,
trastuzumab and pertuzumab, in combination with chemother-
apy, was found to significantly prolong progression-free survival
of HER2-overexpressing breast cancer patients (22).
The present study has been motivated by the lack of effective

molecular targeted drugs to treat PDAC. We applied on xeno-
grafts of PDAC two immunological strategies: the first combined
two antibodies to the same receptor, either EGFR or HER2, in
similarity to our recent study that applied pairs of anti-EGFR
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antibodies on triple negative breast cancer (23). The other
strategy combined two antibodies, one to EGFR and the other to
HER2, in similarity to reports by Azria, Pelegrin, and coworkers,
who combined two antibodies (24) and also added a third agent,
namely a tyrosine kinase inhibitor (25). Here, we compare the
two types of antibody combinations and also highlight potential
mechanisms of the synergy observed in animals bearing human
PDAC xenografts.

Results
Synergistic Inhibition of Pancreatic Carcinoma BXPC3 Xenografts by
Homocombinations of Antibodies to Either EGFR or HER2. In simi-
larity to their effects on xenografts of triple-negative breast
cancer (23), when singly applied on the PDAC-derived BXPC3
human cell line, anti-EGFR mAbs 111 and 565 weakly inhibited
tumorigenic growth in animals, although still better than an anti-
HER2 (mAb-12) (Fig. 1A). This experiment used mice bearing

A
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Fig. 1. Pairs of epitope-distinct antibodies to EGFR, more than the respective
single mAbs, inhibit tumorigenic growth of human pancreatic cancer cells in
animals. (A) Human BXPC3 pancreatic cancer cells (5 × 106) were injected into the
flank of female CD1 athymic mice. Once tumors became palpable, mice were
randomized into groups of 7–8 and intraperitoneally injected seven times (once
weekly), with either anti-EGFR mAbs (111 and 565; 160 μg per mouse per injec-
tion; total: 1,120 μg per mouse), or with mAb-12, an anti-HER2 antibody (160 μg
per mouse per injection). The control group received saline injections. Tumor
growth was monitored and the results (average volume ± SEM) are presented.
The arrowmarks the last injection. (B) Micewere treated as inA, except that only
anti-EGFR antibodies were used and five injections were performed on days 8,
14, 18, 22, and 36 after randomization of tumor-bearing animals. Note that one
group received a combination of two anti-EGFR mAbs at 1:1 ratio, but the total
antibody dose per injection was kept unchanged (160 μg per injection; total:
800 μg per mouse). The P value refers to the effect of the combination compared
with the control group. (C) Mice were treated as in B, except that three antibody
injections were performed (on days 8, 14, and 18) and the numbers of tumor-
free mice were determined on day 56 from the first injection.

A

B

Fig. 2. Pairs of epitope-distinct antibodies to HER2, more than the re-
spective single mAbs, inhibit tumorigenic growth of human pancreatic
cancer cells in animals. (A) Human BXPC3 pancreatic cancer cells (5 × 106)
were injected into the flank of female athymic mice, and later randomized
into groups of 7–8, as described in the legend to Fig. 1. Mice were weekly
injected, three times, into the peritoneum with the indicated anti-HER2
mAbs (160 μg per mouse per injection, total: 480 μg per mouse), or their
combination (80 μg of each mAb per mouse per injection; total: 480 μg per
mouse). Tumor volumes were monitored and the averages (±SEM) are pre-
sented, along with the P value of the comparison between single mAbs and
their combination. The arrow marks the last injection. (B) Mice were treated
as in A, except that seven injections of single antibodies (160 μg per mouse
per injection, total: 1,120 μg per mouse ) or the combination (80 μg of each
mAb per mouse per injection: total: 1,120 μg per mouse) were performed.
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palpable tumors and seven injections of mAbs (0.16 mg per
animal, per injection). As expected, the combination of mAbs
111 and 565 was more effective than each mAb alone (note that
the combination of mAbs used the same total amount of anti-
body as the single mAb treatments). The superiority of the
combination reached statistical significance already after five
weekly injections of the antibody mixture (P = 0.001; Fig. 1B).
Another parameter that reflected the advantage of the combined
treatment was the fraction of tumor-free animals: Whereas
100% of control animals and ∼75% of single mAb-treated mice
developed large tumors, the majority of doubly treated mice
remained tumor-free after three weekly injections (P = 0.035;
Fig. 1C).
We previously tested the antitumorigenic effects of single anti-

HER2 mAbs, as well as pairs of antibodies to HER2, in mice
bearing gastric tumors of human origin (21). The results indi-
cated that combinations of mAbs engaging distinct, nonoverlapping
epitopes of HER2 cooperatively retard tumor growth in animals.
Using one such combination of epitope-distinct mAbs, namely
antibodies 12 and 26, which were injected either three times (in
intervals of 5–7 d) or seven times, we confirmed that synergy
extends to the BXPC3 pancreatic xenografts (Fig. 2 A and B).
Importantly, BXPC3 cells express ∼10-fold higher levels of
EGFR relative to HER2 (24). Nevertheless, in complete analogy
to anti-EGFR antibodies (Fig. 1), mAbs 12 and 26 induced rel-
atively small effects on BXPC3 tumors when singly used, but
their combination better inhibited BXPC3 tumors after three
(P = 0.011; Fig. 2A) or seven (P = 0.014; Fig. 2B) injections.
Likewise, we tested another pair of nonoverlapping anti-HER2
antibodies, namely 12 and 431, and observed superiority of the
mixture. In conclusion, in similarity to xenografts of other cancer
origins, BXPC3 tumors can be effectively inhibited in animals using
mixtures of mAbs to either EGFR or HER2, despite the marked
difference in surface expression displayed by these receptors.

Synergistic Inhibition of Pancreatic Adenocarcinoma Xenografts by
Mixtures of Two Antibodies, One Targeting EGFR and the Other
Targeting HER2. In light of the ability of EGFR and HER2 to
form stable heterodimers (26, 27), and the observed antitumori-
genic effects of our anti-EGFR and anti-HER2 antibodies, we
assumed that mixtures comprising one of our antibodies to
EGFR and another to HER2 would synergistically inhibit PDAC
xenografts. Notably, a mixture of the humanized mAbs matu-
zumab (anti-EGFR) and trastuzumab (anti-HER2) displayed
synergistic effects in animals (24), raising the possibility that
synergy can be obtained with several distinct antibody mixtures.
To test this prediction, we used several different mixtures: (i)
mAb 565 (to EGFR) combined with mAb 12 (to HER2), (ii)
mAb 565 and either mAb 431 or mAb 26 (both to HER2), and
(iii) the mAbs 111 (to EGFR) and 431. Each antibody was de-
livered intraperitoneally into animals pretransplanted with
BXPC3 cells. Antibody injections were performed seven times
over a period of 45 d, and antibodies were used either alone or
in combination with another mAb. Differences, in terms of the
fractions of tumor-free animals, were observed already after
three injections (for an example, see Fig. 3A): The majority of
mice treated with antibody mixtures remained tumor-free,
whereas 70–80% of mice treated with individual mAbs de-
veloped large tumors. Interestingly, when singly delivered, the
HER2-specific mAb 431 conferred no protective effect, but it
doubled the protective action of mAb 565 to EGFR.
The time course of tumor development provided further

support to the overall superiority of antibody mixtures, which

B
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Fig. 3. Heterocombinations of antibodies to EGFR and HER2 are endowed
with enhanced antitumor activities. (A) BXPC3 xenografts were implanted
and mice randomized into groups of eight animals, essentially as in the
legend to Fig. 1. The indicated antibodies to HER2 (431 and 12) and the 565
antibody to EGFR, were injected into the peritoneum either singly (160 μg
per mouse per injection, total: 480 μg per mouse) or in combinations (80 μg
of each mAb per mouse per injection; total: 480 μg per mouse). Three
injections were performed on days 7, 14, and 21, and the fractions of tumor-
free mice were determined on day 84. (B–D) Mice bearing palpable BXPC3
tumors were randomized and each group of eight animals was injected with
the indicated mAbs seven times, at 8 d intervals, into the peritoneum.

Antibodies were used either singly (160 μg per mouse per injection, total:
1,120 μg per mouse) or in combinations (80 μg of each mAb per mouse per
injection; total: 1,120 μg per mouse). Tumor volumes were monitored and
their average ± SEM are presented, along with the P values comparing
combined treatments with single mAb injections. The arrow in each panel
marks the last injection of antibodies.
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seems to be independent of the identity of partnering mAbs (Fig.
3B–D). Thus, the combination of mAbs 565 and 26 better
inhibited BXPC3 tumors than each antibody alone (P = 0.025;
Fig. 3B), and this was true also for the 565 plus 431 combination
(P = 0.015; Fig. 3C), as well as the 111 plus 431 mixture (P =
0.011; Fig. 3D). Because all antibody mixtures we tested con-
sistently inhibited tumor growth better than the respective single
antibodies, we propose that antitumor synergy may not rely on
specific epitopes of EGFR or HER2. In other words, simulta-
neous engagement of any site of EGFR and HER2 might fulfill
the requirement for synergy, probably due to the intrinsic pro-
pensity of EGFR and HER2 to form heterodimers (Discussion).

The KRAS-Mutated PANC-1 Xenograft of Pancreatic Adenocarcinoma
Is Sensitive to Mixture of Two Nonoverlapping Antibodies to HER2.
The BXPC3 xenograft model we used to this point is driven by
a combination of oncogenic mutations other than the most prev-
alent one affecting KRAS (3). Hence, as an initial step aimed at
examining relevance of our findings to human PDACs driven by
mutated forms of KRAS, we tested the ability of a combination of
antibodies to HER2 to inhibit tumors of PANC-1 cells, which
carry a mutant KRAS allele. The experiment randomized mice
bearing palpable lesions of PANC-1 cells into several groups,
which were treated three times with the anti-HER2 mAbs 12
and 26, either alone or in combination. The results we obtained
clearly reflected enhanced inhibitory activity of the mixture of
antibodies (P = 0.0026; Fig. 4 A and B), although each mAb,
when singly injected, elicited a partial effect. Because HER2
is weakly expressed at the surface of PANC-1 cells, we expect
that similar combinations of epitope-distinct mAbs to EGFR,
which displays higher surface expression, would similarly inhibit
tumorigenic growth in animals.

Homo- and Heterocombinations of Antibodies to EGFR and HER2
Might Share the Ability to Down-Regulate Surface Expression of
Their Targets. Previous studies attributed the synergistic effects
of combinations of two antibodies engaging nonoverlapping
epitopes on the same receptor (homocombinations) to either
enhanced ability to recruit killer lymphocytes (28), or to antibody-
mediated internalization and degradation of the target receptor
(14, 17, 21). These observations raised the possibility that an-
tibody-induced down-regulation of EGFR and/or HER2
underlies the synergistic action of mAb mixtures able to si-
multaneously target EGFR and HER2 (heterocombinations).
To examine this potential mechanism of antibody collabora-
tion, we used fluorescence-activated cell sorting (FACS) and
a labeled anti-mouse secondary antibody. The results we
obtained confirmed higher expression of EGFR relative to
HER2 (five- to eightfold; Fig. 5A, EGFR down-regulation by
mAb 565 is initiated at around 48 h and the receptor is some-
times still intact at that time point). In addition, the results
raised the possibility that both the homocombinations (mAbs
12 and 26 to HER2 and mAbs 111 and 565 to EGFR) and the
26 plus 565 heterocombination can reduce surface expression of
EGFR and/or HER2 (Fig. 5A).
To individually address each receptor, we followed the fate of

mAb-bound receptors in BXPC3 cells incubated for 48 h in the
absence or presence of single mAbs or their combinations. Fol-
lowing permeabilization and fixation, cells were counterstained
with DAPI to visualize nuclei. Thereafter, cells were labeled with
mAbs to EGFR or HER2, and this was followed by a fluorescein-
tagged secondary anti-mouse Ig that tagged EGFR (green) and
HER2 (red). The resulting immunofluorescence photos are
depicted in Fig. 5B and Fig. S1. Unlike EGFR, which displayed
strong signals at cell–cell junctions, HER2 exhibited weaker
membranal and cytoplasmic signals. In accordance with their
selectivity, mAb 565 reduced the junctional EGFR signal and
increased punctate cytoplasmic staining, while not affecting
HER2, and mAb 26 specifically reduced the HER2 signal. As
expected, a marked elimination of EGFR was observed after
treatment with the homocombination of mAbs 111 and 565, as is

also evident from the HER2 (red) staining, now undisturbed by
the green signal of EGFR. Surprisingly, however, the homo-
combination of anti-HER2 mAbs 12 and 26 reduced not only the
HER2 signal but also the signal of EGFR, suggesting interre-
lationships or physical associations between EGFR and HER2.
Perhaps most important, we found that the heterocombination 26
plus 565, almost completely erased the signals of both EGFR and
HER2, consistent with the marked synergy observed in animals
(Fig. 3B). Taken together, these observations propose that both
homo- and heterocombinations of mAbs to EGFR and HER2
harness the process of receptor internalization and degradation,
a physiologically important mode of negative feedback regulation
(29), to inhibit tumorigenic growth of pancreatic adenocarcinomas.
In summary, we applied two different approaches of combi-

nation immunotherapy on PDAC animal models, and learned
that both offer benefits beyond the efficacy achieved by the re-
spective single antibodies. Because we observed synergistic inhib-
itory effects when examining several distinct antibody combina-
tions, it seems that the underlying mechanism is independent
from antibody’s and epitope’s identity, and may not require re-
ceptor overexpression. Our initial mechanistic studies imply that
these therapeutic strategies share an ability to remove the target

A

B

Fig. 4. A pair of epitope-distinct antibodies to HER2 inhibits tumorigenic
growth of Ras-mutated pancreatic cancer xenografts in animals. (A) Human
PANC-1 pancreatic cancer cells (5 × 106) expressing a mutant K-Ras were
injected into the flank of athymic mice. Once tumors became palpable, mice
were randomized into groups of 7–8 and intraperitoneally injected, once
weekly (3 times), with the indicated anti-HER2 mAbs, either singly (160 μg
per mouse per injection, total: 480 μg per mouse) or in combination (80 μg
per mouse per injection for each mAb, total: 480 μg per mouse). The control
group received saline injections. Tumor growth was monitored and the
results (average volume ± SEM) are presented. The P values for N12, L26, and
the combination vs. control are 0.03, 0.04, and 0.0026, respectively. The ar-
row marks the last injection of antibodies. (B) Average (±SEM) tumor sizes
from A were determined on day 110 and presented as a histogram.
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receptor from the surface of cancer cells, but they might differ in
terms of the underlying mechanism of forced internalization.

Discussion
Passive cancer immunotherapies targeting specific tumor anti-
gens, like EGFR and HER2, are designed to mimic the immune
system’s response to foreign invaders. However, unlike the cur-
rently used single mAbs, the antibody arm of the immune system
almost invariably employs polyclonal antibodies. In addition,
several distinct antigens are often simultaneously targeted by the
natural immune response. Conceivably, these features of the
immune system, if properly mimicked by combinations of ther-
apeutic mAbs, would increase the efficacy of cancer therapy.
Accordingly, the present study compared single mAbs with either
combinations of two antibodies to the same surface protein (i.e.,
homocombinations) or with combinations of two mAbs each
targeting a distinct antigen (heterocombinations). It is notable
that the total dose of antibody was kept equal for proper com-
parisons. We focused on ErbB/HER antigens and PDAC be-
cause of two reasons: First, new PDAC-targeting drugs are
dreadfully needed. Second, previous reports indicated that si-
multaneous targeting of EGFR and HER2 in PDAC models is
beneficial (24), and similarly combining two antibodies to either
EGFR (14, 17) or to human HER2 (11, 20, 21) increased ther-
apeutic efficacy in non-PDAC models of cancer.
The present study has shown that combining two mAbs to the

same ErbB protein synergistically inhibits PDAC-derived xeno-
grafts. Previous studies established similar effects on gastric (20,
21) and breast cancer (11, 14, 30), including the aggressive triple
negative subtype (23). Importantly, synergy requires engagement
of two nonoverlapping antigenic sites (17, 18), and occupation of
the ligand-binding site of EGFR or the dimerization site of
HER2 might enhance synergy (14, 21). Unlike homocombina-
tions of mAbs, which have been extensively studied and already
reached clinical application (22), studies of antibody hetero-
combinations are relatively new. Along with the demonstration
herein and previously (24) of enhanced efficacy of anti-EGFR
and anti-HER2 heterocombinations, it has been reported that
a conventional antibody molecule with dual ErbB-3/EGFR
specificity was more broadly efficacious in multiple tumor mod-
els, compared with monospecific antibodies (31). Similarly, mix-
tures of an antibody to HER3 and either an anti-EGFR (32) or
an anti-HER2 mAb (33), prolonged and enhanced the antitumor
response. Decorating tumor cells by means of antibodies di-
rected to two rather than one receptor type might enhance the
efficacy of antibody-dependent cellular cytotoxicity (ADCC).

However, the synergy observed when combining two antibodies
often exceeds the predicted twofold enhancement. Another
reason to suspect additional, non-ADCC or complement-mediated
mechanisms derives from the observed partial effect of trastu-
zumab in mice lacking certain fragment crystalizable (Fc) re-
ceptor molecules (10). In the same vein, bivalent fragments of
anti-EGFR and anti-HER2 antibodies retained synergy, despite
absence of the Fc tails (25).
Several nonimmunological mechanisms have been proposed

as key mediators of cancer immunotherapy, including interference
with growth factor binding, interception of survival pathways
and antibody-induced endocytosis of the surface antigens (9).
The antitumor actions of homocombinations of mAbs to EGFR
and HER2 have been associated with forced internalization
and subsequent receptor degradation in lysosomes (14, 17, 21).
Furthermore, this mechanism might entail collapse of large an-
tigen-antibody lattices into endocytic vesicles, which use clathrin-
as well as caveolin-mediated trafficking and avoid a recycling
pathway that governs trafficking of EGFR bound to a single mAb
(18, 23). Interestingly, the data we present in Fig. 5 propose that
heterocombinations of mAbs to EGFR and HER2 also harness
the endocytic machinery, probably by means of receptor cross-
talk. Although single mAbs induced partial disappearance of
their direct targets, the combination of a mAb to EGFR and
another to HER2 almost completely eliminated both receptors.
Notably, a similar observation was made using a different set
of mAbs (25), and another report documented the ability of
an anti-HER2 antibody to increase EGFR endocytosis, prob-
ably by dissociating preformed EGFR-HER2 complexes (34).
Hence, it is conceivable that heterocombinations of mAbs in-
terfere with the previously reported inclination of EGFR-
HER2 heterodimers to avoid the degradative fate by enhancing
receptor recycling (35, 36). If correct, both homo- and heter-
ocombinations of therapeutic antibodies use the endocytic
machinery to remove oncogenic receptors from the cell sur-
face, and thereby retard tumor growth. Because our studies
suggest that distinct molecular mechanisms of endocytosis are
recruited by homo- and heterocombinations of antibodies, they
raise an intriguing possibility: combining homo- and hetero-
combinations of mAbs (e.g., two nonoverlapping mAbs to EGFR
and two nonoverlapping mAbs to HER2) might augment ther-
apeutic efficacy and also overcome patient resistance to a sin-
gle antibody.

Fig. 5. Both homo- and heterocombinations of mAbs to EGFR
and HER2 promote receptor down-regulation. (Left) BXPC3
cells were incubated for 48 h with medium alone or with me-
dium containing the indicated mAbs (either singly or in com-
binations). The average mean fluorescence index of triplicate
samples, as derived from cell sorting analyses, is presented (SEM
< 10%). (Right) BXPC3 cells growing on fibronectin-coated
coverslips were treated for 48 h with the indicated mAbs to
EGFR (mAb 565) or to HER2 (mAb 26), either singly or in com-
bination. Thereafter, cells were washed, permeabilized, and
fixed. Shown are the results of staining with antibodies to EGFR
(green) and HER2 (red), as well as counterstaining with DAPI.
Note the low abundance of HER2 relative to EGFR.
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Materials and Methods
Materials. Monoclonal antibodies to EGFR/ErbB-1 or HER2/ErbB-2 were pu-
rified on protein A/G Plus-Aagarose, purchased from Jackson ImmunoResearch
Labs. PE-conjugated affinity purified F(ab’)2 donkey anti-mouse IgG (heavy
and light chains), were used in flow cytometry analyses. For immunostain-
ing, we used a mAb anti-EGFR antibody from Alexis, and a rabbit polyclonal
anti-HER2 antibody from Santa Cruz Biotechnology. Fluorescein-tagged
secondary antibodies were purchased from Invitrogen.

Inhibition of Tumor Xenografts in Animals. In vivo experiments used 6- to 8-wk-
old athymic, female CD1 nude mice. Mice were injected intradermally with
BXPC3 (5 × 106) cells. Tumor-bearing mice, randomized into groups of 7–8
mice, were treated by three or seven weekly i.p. injections of mAbs (160 μg),
their combinations (80 + 80 μg), or PBS as control. Tumor growth was fol-
lowed by means of weekly measurements of tumor volume with a caliper,
using the equation D1 × D2 × D3 × 0.623 (D refers to dimension). Average
tumor sizes in each group ± SEM are presented. For simplicity, mAbs N12,
L26, and L431 are denoted 12, 26, and 431. Mice were killed when tumor size
reached the authorized end-point of 1.5 cm3. All animal protocols were
approved by the Institutional Animal Care and Use Committee of the
Weizmann Institute.

Cell Sorter Analyses. Cell surface levels were quantified using fluorescence-
activated cell sorting (FACS). Receptor levels in untreated cells were mea-
sured by incubating cells in medium alone for 48 h at 37 °C, followed by
gentle trypsinization, and pulse labeling with mAbs (1 μg per sample). A
parallel group of cells was similarly incubated in the presence of single
mAbs (10 μg/mL) or the combinations (each mAb at 5 μg/mL). Cell samples

(0.5 × 106 per 0.05 mL) were then incubated for 30 min at 4 °C in the dark for
staining with a fluorescein-tagged anti-mouse antibody (1 μg per sample).
Bound antibodies were detected and cells analyzed using FACSORT (BD).

Immunofluorescent Cell Staining. BXPC3 cells (40 × 103) were treated for 48 h
at 37 °C with single mAbs (10 μg/mL), or with mAb combinations (each
mAb at 5 μg/mL). Cells were washed, permeabilized (0.3% Triton X-100 for
5 min), and fixed [in 3% (vol/vol) paraformaldehyde]. Cells were stained with
mouse monoclonal anti-EGFR or rabbit polyclonal anti-HER2 antibodies,
followed by a fluorescein-tagged secondary antibody (Alexafluor, from
Invitrogen). Images were acquired using a fluorescence microscope, and
their analysis was performed using the DeltaVision System (Applied Pre-
cision) with a 60×/1.4 objective.

Statistical Analysis. Two-way ANOVAmultiple comparison, Fisher’s Exact, and
Student t test (two-tailed) were used to analyze differences between
groups. P values below 0.05 were considered significant.
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