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Novel strategy for a bispecific antibody: induction of dual
target internalization and degradation
JM Lee1,8, SH Lee2,8, J-W Hwang3,8, SJ Oh1, B Kim1, S Jung1, S-h Shim2, PW Lin4, SB Lee4, M-Y Cho5, YJ Koh5, SY Kim6, S Ahn7, J Lee6,
K-m Kim6, KH Cheong5, J Choi2 and K-A Kim1

Activation of the extensive cross-talk among the receptor tyrosine kinases (RTKs), particularly ErbB family-Met cross-talk, has
emerged as a likely source of drug resistance. Notwithstanding brilliant successes were attained while using small-molecule
inhibitors or antibody therapeutics against specific RTKs in multiple cancers over recent decades, a high recurrence rate remains
unsolved in patients treated with these targeted inhibitors. It is well aligned with multifaceted properties of cancer and cross-talk
and convergence of signaling pathways of RTKs. Thereby many therapeutic interventions have been actively developed to
overcome inherent or acquired resistance. To date, no bispecific antibody (BsAb) showed complete depletion of dual RTKs from the
plasma membrane and efficient dual degradation. In this manuscript, we report the first findings of a target-specific dual
internalization and degradation of membrane RTKs induced by designed BsAbs based on the internalizing monoclonal antibodies
and the therapeutic values of these BsAbs. Leveraging the anti-Met mAb able to internalize and degrade by a unique mechanism,
we generated the BsAbs for Met/epidermal growth factor receptor (EGFR) and Met/HER2 to induce an efficient EGFR or HER2
internalization and degradation in the presence of Met that is frequently overexpressed in the invasive tumors and involved in the
resistance against EGFR- or HER2-targeted therapies. We found that Met/EGFR BsAb ME22S induces dissociation of the Met–EGFR
complex from Hsp90, followed by significant degradation of Met and EGFR. By employing patient-derived tumor models we
demonstrate therapeutic potential of the BsAb-mediated dual degradation in various cancers.
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INTRODUCTION
Receptor tyrosine kinases (RTKs) function as key regulators
of cell proliferation and survival by transducing signals
to downstream signaling pathways and deregulation of RTK
plays a significant role in tumorigenesis and progression of
tumor. In most cancer cells, copy number changes or mutations
of RTKs often lead to constitutive activation of RTK-related
downstream signalings, resulting in tumorigenesis and malig-
nant transformation.1,2

Among RTKs, epidermal growth factor receptor (EGFR) is one of
the validated therapeutic targets against various cancers. Over-
expression or mutation of EGFR has critical roles in tumor
progression and predicts poor patient prognosis in various
cancers.3 Therefore, blocking EGFR function has been the most
promising targeted strategy to develop anticancer drugs.
However, despite the improvement of the survival and quality of
life of patients who received EGFR-targeted treatment against
non-small-cell lung cancer or colorectal cancer,4 most responders
eventually obtained resistance.5–7 The amplification and activation
of Met oncogene have been reported to be involved in acquired
resistance to EGFR inhibitors.8

Along the same line, high levels of Met and hepatocyte growth
factor (HGF) are associated with drug resistance in many human
cancers9–11 and demonstrate correlations with poor prognosis as

well.12,13 These bypass mechanisms abolishing the effect of EGFR
inhibition may be induced by uncontrolled Met phosphorylation,
resulting in activation of prosurvival downstream signaling
cascade, such as MAPK and PI3K/Akt pathways.14 Several small-
molecule inhibitors or monoclonal antibodies with inhibitory
activity against the Met pathway are currently under development
in the preclinical and clinical studies.15–17 Recently, our group has
successfully developed a bivalent monoclonal anti-Met antibody,
SAIT301.18–20 SAIT301 has a unique mechanism of actions that
induces a rapid internalization and degradation of Met through
noncanonical Cbl-independent pathways, whereby circumventing
the agonistic activity that limits the efficacies of anti-Met
antibodies.21,22 The following studies on the molecular mechan-
ism revealed that SAIT301 employs ubiquitination of LRIG1 for its
highly effective Met degradation.18

Accumulating data indicate the significant benefits of
combinatorial treatment strategies for targeting key signaling
networks of RTK, particularly including Met inhibitors plus HER
family inhibitors.23–25 In this study, we generated novel
tetravalent bispecific antibodies (BsAbs) dual-targeting Met
and EGFR or Met and HER2, constructed with an anti-EGFR or
HER2 single-chain variable fragment (scFv) attached to the
carboxyl terminus of an anti-Met antibody SAIT301.18 These
BsAbs exhibited an excellent stability and a unique degradation
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mechanism for dual targets. We confirmed that BsAb-induced
concomitant degradation results in blockade of the prosurvival
downstream signaling pathway, leading to the suppression of
growth of various tumors in vitro and in vivo. Furthermore
we demonstrated ME22S BsAb utilizes a unique Met degradation
mechanism in conjunction with the dissociation of Hsp90
chaperone from the Met/EGFR complex to facilitate concerted
downregulation of these two RTKs overcoming the drug
resistance from cooperative cross-talk of signaling receptors.
The in vivo properties, such as pharmacokinetics and stability
of this type of BsAbs, were observed to be similar to those of
standard mAb, which are crucial for clinical use. The biological
impacts of ME22S described in the current study suggest that the
dual degradation approach by the BsAb leveraging Met and

EGFR cross-talk could offer a novel method for treating multi-
factorial causes of cancer.

RESULTS
Generation of BsAbs targeting Met and ErbB/HER family
Given that the levels of Met and ErbB/HER family are abnormally
increased in most tumors, we hypothesized that concomitant
inhibition of Met and other RTK might have a higher therapeutic
potential in cancer treatment. To test this hypothesis, we
generated BsAbs targeting Met and EGFR or HER2, denoted
αMet/EGFR (ME22S) or αMet/HER2 (MH02), respectively. These
BsAbs were constructed by the fusion of a novel anti-EGFR or
HER2 scFv at the carboxyl terminus of an anti-Met antibody

Figure 1. Simultaneous internalization of dual targets by anti-Met antibody-derived BsAbs. (a, b) Left shows schematic of anti-Met
antibody-derived BsAbs. In the right panel, MKN45 cells were incubated with indicated antibodies (15 nM) for 4 h, followed by incubation
with anti-Met, anti-EGFR or anti-HER2. (c) EBC1, MKN45 and OE33 cells were treated with SAIT301, ME22S or cetuximab (16 nM).
Met and EGFR levels on the cell surface were measured by fluorescence-activated cell sorting (FACS) analysis. (d) SNU638
cells were treated with SAIT301, MH02 and trastuzumab (2 μg/ml). Met and HER2 levels on the cell surface were measured by FACS
analysis.
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SAIT301 (Figures 1a and b).18 The binding affinities of ME22S
against Met and EGFR were measured as 0.05 and 0.49 nM,
respectively (Supplementary Figure 1a). Likewise, the binding
affinities of MH02 to Met and HER2 were observed as 0.04 and
1.16 nM, respectively (Supplementary Figure 1b). The monomeric
purity of ME22S was 499% (Supplementary Figure 2a), which
was stable over 4 months at 4 °C (data not shown). ME22S
can simultaneously bind to both Met and EGFR (Supplementary
Figure 2b), and competitively inhibits the binding of EGF and HGF
(data not shown). The pharmacokinetic profile of ME22S was
assessed in rats and ME22S demonstrated a serum half-life of
13.5 days (Supplementary Figure 2c).

ME22S and MH02 both induces combined internalization of dual
targets
For functional characterization of ME22S and MH02, we examined
whether these BsAbs conserve the basic characteristics of parental
anti-Met antibody SAIT301 in terms of internalization and
degradation of Met, and additionally exhibit similar mechanisms
against EGFR and HER2. As shown in Figures 1a and b, most of
EGFR and HER2 remained on the plasma membrane upon
treatment with cetuximab and trastuzumab, respectively, indicat-
ing very marginal effects of these antibodies on the subcellular
localization of EGFR or HER2 in MKN45 cells, in particular. Both
SAIT301 alone and the combination treatment with cetuximab or
trastuzumab induced dramatic Met internalization while EGFR and
HER2 mainly remained on the cell surface. In contrast, ME22S or
MH02 induced internalization and co-localization of EGFR/Met and
HER2/Met, respectively (Figures 1a and b and Supplementary
Figure 3a).
To further confirm co-internalization of Met and EGFR or HER2

by BsAbs, fluorescence-activated cell sorting (FACS)-based assay
was conducted. The levels of internalized receptor were measured
following the treatment with SAIT301, ME22S or MH02 for 30,
60, 120 or 240 min, compared with the 0 min control (Figures 1c
and d). Cetuximab and trastuzumab decreased the surface
expression of EGFR and HER2, respectively. On the other hand,
ME22S or MH02 decreased simultaneously the surface expression
of Met with EGFR or HER2. These data suggest that the BsAbs
bring Met and EGFR or HER2 together and drag EGFR or HER2 as
their Met binding units lead the internalization of Met
(Supplementary Figure 3b).
Next, we investigated the relationship between the expression

levels of Met and EGFR and the efficiency of ME22S for the dual
internalization of two receptors. EBC1 lung cancer cells have been
previously shown to harbor focal MET gene amplification and
EGFR overexpression26 and exhibit a collaborative signaling cross-
talk of these two receptors. When EBC1 cells were treated with
ME22S, ME22S caused a significant dual internalization of Met and
EGFR. In contrast, such effect was not observed in cancer cells with
a low level of Met or EGFR such as SNU638 and SW48 cells
(Supplementary Figure 3c). Therefore it appears that the dual
target internalization activity of ME22S depends on concomitant
high expression and cross-talk of cell surface Met and EGFR.

Simultaneous degradation of dual targets by SAIT301-derived BsAbs
Based on the capability of its parental Ab, SAIT301, to induce very
efficient degradation of Met after internalization, we postulated that
ME22S and MH02 could also induce degradation of EGFR and HER2
along with Met following internalization. MKN45 cells are known
to be Met-addicted and express high levels of EGFR and HER2.
As expected, total Met levels in MKN45 cells were significantly
reduced by treatment with SAIT301, ME22S and MH02 (Figure 2a).
In addition, EGFR levels were also substantially decreased by
treatment with ME22S in MKN45 as well as in OE33 cells (Figures 2b
and c). On the other hand, a well-known EGFR-targeted antibody,
cetuximab, demonstrated very marginal reduction of EGFR in these

cell lines although it induced significant EGFR degradation in other
cell lines such as H1975 lung cancer cells (Supplementary Figure 4a).
We further examined the kinetics of ME22S-mediated degradation
of Met and EGFR. As shown in Figure 2d, ME22S induced detectable
degradations of two targets as early as 30 min and the effect
continued up to 24 h. To examine the implication of transcriptional
effects on the levels of expression, mRNA levels were measured by
PCR in OE33 cells. The results suggest the mRNA levels of Met and
EGFR were not significantly affected by ME22S treatment. Although
there is a slight decrease in EGFR mRNA by ME22S following 24 h
treatment, it is plausible to conclude that the decreased levels of
Met and EGFR are attributed to the ME22S-mediated degradation
of these receptors (Figure 2e). It was further confirmed in
cetuximab-sensitive cells in which EGFR protein levels were
significantly decreased by both cetuximab and ME22S, without
any changes in mRNA levels (Supplementary Figure 4b). Taken
together, these data strongly support that ME22S induces efficient
degradation of both Met and EGFR following internalization. To
examine whether the lysosomal degradation pathway is respon-
sible for the regulation of Met and EGFR by ME22S, we monitored
Met and EGFR levels in the presence of a lysosome inhibitor,
concanamycin. As shown in Figure 2f, ME22S-mediated reductions
of both Met and EGFR were almost completed reversed by
concanamycin treatment. These results suggest that ME22S
induces concomitant internalization of dual targets and subse-
quent degradation by the lysosome. Met and HER2 were also
specifically degraded by MH02 treatment (Figure 2g). In conclu-
sion, present data suggest that ME22S and MH02 not only
conserve properties of the parental anti-Met antibody SAIT301 but
also induce the degradation of their second targets through Met-
driven internalization from the plasma membrane.

ME22S treatment promotes integration of Met and EGFR
To determine whether ME22S treatment influences cross-talk
between Met and EGFR, we tested ME22S-induced changes
between Met and EGFR interaction. ME22S dramatically induced
Met/EGFR heterodimerization in EBC1 and H1993 lung cancer cells
and OE33 esophageal cancer cells as compared with SAIT301
(Figures 3a and b). This effect was further tested using SAIT301-
resistant clones of EBC1 cells that originally were sensitive to
SAIT301. In the resistant clones, combined inhibition of Met and
EGFR by ME22S led to a reduction of cell viability probably
through induced interaction and concerted degradation of both
receptors (Supplementary Figures 5a and b and data not shown).

Combined inhibition of Met and EGFR signaling pathway by
ME22S results in inhibition of cell proliferation
We tested the effects of ME22S on the proliferation of lung
and esophageal cancer cells with high Met and EGFR expression.
As shown in Figure 3c, cetuximab showed no or little growth
inhibition, whereas combination treatment with SAIT301
increased growth inhibitory effects. Interestingly, ME22S treat-
ment demonstrated further enhanced efficacy in all tested cancer
cell lines compared with mono-treatment with SAIT301 or
cetuximab as well as their combination (Figure 3c and
Supplementary Figures 6a and b). In certain cancer cells that are
more sensitive to cetuximab such as H1975, A431 and H820,
ME22S demonstrated similar growth inhibitory effects compared
with those of cetuximab (Supplementary Figures 7a–c).
Next, we investigated the effects of ME22S on downstream

signaling pathways of Met and EGFR. Treatment with cetuximab
significantly blocked phosphorylation of EGFR, without affecting
the total protein levels of EGFR. ME22S treatment, however,
markedly reduced the levels of both EGFR and Met, and inhibited
phosphorylation of two receptors as well as Akt and Erk.
Combination treatment with SAIT301 and cetuximab demonstrated
similar effects except it induced degradation of target receptors to a
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lesser extent (Figure 3d and Supplementary Figure 6c). These results
suggest that ME22S induces concurrent blockade of the Met and
EGFR pathway, leading to in vitro antitumor efficacy in various
cancer cells.

ME22S induces dissociation of the Met–EGFR complex from Hsp90,
followed by degradation of Met and EGFR
Hsp90 is a component of a chaperone machinery and its
interactions with numerous RTKs are known to increase their

stability.27–29 Met and EGFR interactions with Hsp90 have been
reported to be fundamental for regulating their activity by
preventing degradation of these receptors. Along the same line,
disruption of protein interaction with Hsp90 by Hsp90 inhibitors
has been proposed as a valuable therapeutic strategy to target
Hsp90-dependent tumorigenesis.30 To test whether ME22S activity
modulates the interaction between Hsp90 and Met–EGFR com-
plex, we conducted co-immunoprecipitation assays (Figure 4a).
Intriguingly, binding between Hsp90 and Met–EGFR complex was

Figure 2. Combined degradation of dual targets by SAIT301-derived BsAbs. (a) MKN45 cells were treated with indicated antibodies (5 μg/ml).
After 24 h, total Met levels were measured by ELISA. (b, c) MKN45 and OE33 cells were treated with indicated antibodies (5 μg/ml). After 24 h,
cell lysates were subjected to immunoblot to detect the expression levels of indicated proteins. (d) OE33 cells were treated with ME22S
antibody (5 μg/ml) as indicated times and cell lysates were subjected to immunoblot to detect the Met and EGFR protein levels. (e) OE33 cells
were treated with indicated antibodies (5 μg/ml) for 30 min or 24 h. The transcript levels of MET and EGFR were measured by semiquantitative
reverse transcriptase–PCR. Values are expressed as the mean± s.d. (f) OE33 cells were treated with 5 μg/ml of SAIT301, cetuximab, ME22S and
concanamycin (1 μg/ml). After 4 h incubation, the protein levels of Met and EGFR were measured by immunoblot assay. (g) MKN45 cells were
treated with indicated antibodies (5 μg/ml). After 24 h, cell lysates were subjected to immunoblot to detect the expression levels of Met, HER2
and EGFR.
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markedly decreased by ME22S treatment both in OE33 and H1993
cells (Figure 4a).
We hypothesized that dissociation of Hsp90 from the Met–EGFR

complex might be attributed to ME22S’s inhibitory function on
OE33 cell proliferation. To explore the relationship between Hsp90
dissociation and ME22S efficacy, cell proliferation was measured in
the condition of Hsp90 knockdown. A Smartpool siRNA was used
to knockdown Hsp90 and decreased Hsp90 protein was confirmed
by immunoblot (Figure 4b). Although SAIT301 alone was not able
to induce detectable growth inhibitory effect, Hsp90 knockdown
sensitized cells to SAIT301 (Figure 4c). It implicates that Hsp90
might play a role in the innate resistance of OE33 to SAIT301
treatment probably by stabilizing Met. Supporting this hypothesis,
ME22S demonstrated higher antiproliferative effective than
SAIT301 alone or combination with cetuximab (Figure 3c). To
further investigate whether EGFR degradation by ME22S mediates

enhanced antitumor efficacy of ME22S, we conducted cell
proliferation assay with EGFR knockdown. As shown in
Figures 4d and e, SAIT301 was able to induce growth inhibition
of OE33 cells in the condition of EGFR knockdown, which is similar
to the result with Hsp90 knockdown. In contrast, proliferation
inhibitory function of ME22S was not further improved by
knockdown of EGFR (Figure 4e), indicating that ME22S has a
similar effect to SAIT301 with Hsp90 knockdown. Taken together,
efficacy of ME22S in cancer cells might be mediated by
dissociation of Hsp90 from the Met–EGFR complex and subse-
quent dual degradation of Met and EGFR.

ME22S inhibits growth of patient-derived tumor cells
To evaluate potential antitumor efficacy of ME22S, we employed
various patient-derived tumor cells (PDCs) that were established at
Samsung Medical Center.31 Proliferation assay was performed

Figure 3. Combined inhibition of Met and EGFR signaling by ME22S results in inhibition of cell proliferation. (a, b) Co-immunoprecipitation of Met
and EGFR was assessed after treatment with SAIT301 or ME22S in EBC1, H1993 and OE33 cells. (c) EBC1, H1993 and OE33 cancer cells were treated
with indicated antibodies (2 μg/ml for EBC1 and H1993, 5 μg/ml for OE33) for 3 days. Cell proliferation of indicated cell line was examined by
CellTiter-Glo (CTG) assay. Data are shown as means± s.d. (n=3–4 per group). (d) EBC1, H1993 and OE33 cells were treated with indicated
antibodies for 30–40min (1 μg/ml for EBC1 and H1993, 5 μg/ml for OE33). Cell lysates were subjected to immunoblot.
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using three PDCs (melanoma, esophageal and colorectal
cancers) in the presence of ME22S or SAIT301. As illustrated in
Supplementary Figure 8a, ME22S treatment demonstrated sig-
nificant growth inhibition in melanoma and esophageal PDCs
whereas SAIT301 exhibited no such effects. Furthermore, ME22S
demonstrated a strong cell proliferation inhibition in colorectal
PDC, while SAIT301 or cetuximab treatments resulted in much less
inhibitory effects (Supplementary Figure 8b). As observed in
cancer cell lines, Met and EGFR protein levels were substantially
reduced in PDCs upon ME22S treatment (Figure 5a). Accordingly,
treatment of ME22S in an esophageal PDC triggered dissociation
of Hsp90 from the Met–EGFR complex (Figure 5b). We confirmed
high levels of Met and EGFR in tumor tissue blocks from the
patient by immunohistochemistry assay (Figure 5c). These findings
further support the idea that ME22S inhibits the tumor growth
through the induction of Hsp90 dissociation from Met and EGFR,
and followed by dual degradation of those two receptors.

ME22S overcomes HGF-mediated EGFR drug resistance
Similar to Met overexpression, HGF was known to activate Met
signaling and thereby induce resistance to EGFR-targeted
drugs.9,10 Although SAIT301 and cetuximab had no effect in
HGF-treated H596 lung cancer cells, ME22S treatment inhibited
cell growth and downstream prosurvival signals such as p-Akt and
p-Erk (Figures 5d and e). In addition, ME22S inhibited HGF-induced
proliferation of breast cancer cells (Supplementary Figure 9a). We
further confirmed the efficacy of ME22S in HGF-dependent tumor
model by using HGF KI mice, in which HGF promotes in vivo tumor
growth of HCC1954 and H596. ME22S demonstrated dramatic
growth inhibition of HCC1954 and H596 tumors in a dose-
dependent manner and consequent ablation of both Met and
EGFR in tumor lysates (Supplementary Figure 9b).
We next tested efficacy of ME22S using an esophageal PDC

which showed Met and EGFR 3+ by immunohistochemistry.

Figure 4. ME22S induced dissociation of Hsp90 from the Met–EGFR complex. (a) Co-immunoprecipitation assay and immunoblots evaluating
the effects of ME22S compared with SAIT301 on dissociation of Hsp90 in OE33 and H1993 cells. (b) Reduced Hsp90 protein expression levels
were detected after siHsp90 transfection compared to siCTL transfection. (c) The viability of OE33 cells was measured by CTG assay after
reverse transfection of siCTL or siHsp90 for 24 h and treating with medium or various concentrations (7.5, 15, 30 and 60 nM) of SAIT301, ME22S
or control IgG for 72 h. Cell proliferation (%) represents percent growth compared with the control group (no antibody treatment in each
siRNA transfected group). (d) Forty-eight hours after transfection of siCTL or siEGFR, OE33 cells were treated with medium or 5 μg/ml of ME22S
or SAIT301. After 30 min, cell lysates were subjected to immunoblot to detect the expression levels of indicated proteins. (e) The viability of
OE33 cells was measured by CTG assay after reverse transfection of siCTL or siEGFR for 24 h and treating with medium or 60 nM of SAIT301 or
ME22S for 72 h. Cell proliferation (%) represents percent growth compared with the control group (no antibody treatment in each siRNA
transfected group).
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As shown in Figure 5f, HGF treatment induced cetuximab
resistance and ME22S inhibited the proliferation by overcoming
the HGF-mediated resistance (Figure 5g). These data suggest that
ME22S overcomes HGF-triggered resistance to EGFR inhibitors by
dual degradation of Met and EGFR.

ME22S induces regression of patient-derived HNSCC tumor in vivo
To evaluate in vivo antitumor efficacy of ME22S in a more clinically
relevant model, patient-derived HNSCC tumor fragments were

treated with SAIT301, cetuximab or ME22S. ME22S was dosed on a
weekly schedule based on their half-life (more than 7 days) in
rodents. ME22S significantly inhibited the growth of HNXF1859
tumor when compared with cetuximab and SAIT301 (Figure 6a
and Supplementary Figure 11a). In order to confirm whether the
antitumor efficacy results from inhibition of Met and EGFR, lysates
from tumor tissues were subjected to immunoblot assay. ME22S
significantly induced combined degradation of Met and EGFR
compared with SAIT301 and cetuximab (Figure 6b). These data
suggest that ME22S may have superior therapeutic efficacy due to

Figure 5. The antitumor efficacy of ME22S in PDCs. (a) The protein levels of Met, EGFR and p-Akt were measured by immunoblot assay in
esophageal PDCs after 24 h treatment with SAIT301 and ME22S. (b) Co-immunoprecipitation and immunoblot assays evaluating the effects of
ME22S compared with SAIT301 on dissociation of Hsp90 in an esophageal PDC cell lines. (c) Met and EGFR immunohistochemistry in an
esophageal tumor tissue. (d) H596 cells were treated with indicated antibodies (30 nM) and HGF (100 ng/ml) for 3 days. Cell proliferation of
indicated cell line was examined by CTG assay. Data are shown as means± s.d. (n= 3 per group). The P-value was determined using t-test
analysis (*Po0.05). (e) H596 lung cancer cells were treated with indicated antibodies (30 nM) and 100 ng/ml of HGF for 30 min. Cell lysates
were subjected to immunoblot assay to detect the expression levels of indicated proteins. (f) The viability of esophageal PDCs by CTG after
the treatment with indicated concentrations of cetuximab and HGF. (g) The viability of esophageal PDCs by CTG assay after the treatment with
indicated concentrations of SAIT301, cetuximab and ME22S in the presence of HGF. The P-value was determined using t-test analysis
(*Po0.05).
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its dual receptor degradation capability. Furthermore, in this HNXF
tumor, we also observed the ME22S-induced Met–EGFR interac-
tion and Hsp90 dissociation from the Met–EGFR complex
(Figure 6c). Together, these results support that superior antitumor
efficacy of ME22S is attributed to its activity by inducing the
dissociation of Hsp90 from Met/EGFR, and consequent dual
degradation of Met and EGFR.

DISCUSSION
Overexpression of RTKs, especially Met and EGFR, plays pivotal
roles in tumor growth and metastasis, and their cross-talk has
significant implications for acquisition of drug resistance.25,32 As
reported by Castoldi et al.,33 a suppression of a single RTK, such as
Met or EGFR on cells in which Met and EGFR efficiently cross-talk
each other, may lead to the unexpected activation of prosurvival

downstream molecules, such as Akt and Erk, mediated by the
activation of the other RTK. Given these multifaceted character-
istics of cancer biology, targeting more than one culprit of cancer
is expected to be a better therapeutic intervention. We therefore
generated BsAbs targeting Met and EGFR family members by
leveraging a Met targeting antibody, SAIT301, that has the
capability of extremely efficient internalization and degradation of
Met.18–20 In the current study, we demonstrated efficient dual
degradation of Met and EGFR or Met and HER2 by ME22S and
MH02, respectively, in which Met plays a driving force. It is notable
that ME22S inhibited tumor growth in vitro and in vivo through
combined degradation of Met and EGFR, followed by blockade of
prosurvival Akt and Erk signaling pathways. The efficacy of
ME22S was further confirmed in patient-derived cancer models
(Figures 5 and 6).34,35 This is the first study, to our knowledge, to
show a dual degradation of Met and EGFR by a BsAb resulting in
concomitant blockade of downstream functions. Furthermore, our
study discovered the functional implication of Hsp90 in the
simultaneous degradation of Met and EGFR induced by a
therapeutic antibody. More detailed mechanism for the dissocia-
tion of Hsp90 from the Met/EGFR complex and the dual
degradation process should be further elucidated.
It has been reported that most initial responders to EGFR

tyrosine kinase inhibitors in patients with non-small-cell lung
cancer and colorectal cancer eventually develop acquired
resistance. In order to circumvent the resistance to EGFR-
targeted therapies, co-treatment with EGFR and Met inhibitors
or development of BsAb targeting both EGFR and Met has been
extensively studied as Met is critically involved in the develop-
ment of acquired resistance to EGFR-targeted therapies.8,26 For the
combi-treatment strategy, numerous combinations of EGFR and
Met tyrosine kinase inhibitors are currently being studied in
clinical trials.36 In addition, two anti-Met monoclonal antibodies,
onartuzumab (developed by Genentech, South San Francisco, CA,
USA) and emibetuzumab (developed by Eli Lilly, Indianapolis, IN,
USA), have been tested in clinical trials in combination with
erlotinib or gefitinib for the treatment of non-small-cell lung
cancer in particular. Although there were some evidences showing
therapeutic benefit of co-treatment of onartuzumab and erlotinib
for the Met-positive patients,37 the unequivocal results supporting
the approval of any Met targeting therapy in combination with
EGFR tyrosine kinase inhibitors have not been obtained yet.
One of main huddles and limitation that have prevented the

successful development of therapeutic BsAb is the stability issue.
In order to improve developability and in vivo pharmacokinetic
properties of symmetric IgG-scFv BsAb, we generated two
stability-enhanced scFvs, ICR62.1 and ICR62.2, from reported
anti-EGFR ICR62 scFv, and then fused them to heavy-chain
C-terminus of anti-Met SAIT301 IgG.38,39 BsAbs fused with an
engineered scFv showed dramatically improved in vivo rat
pharmacokinetic and soluble monomeric ratio than wild-type
(Supplementary Figures 2d and e). According to our results,
enhancement of IgG-scFv BsAb stability was correlated with the
stability of scFv fused to the heavy-chain C-terminus. Based on this
knowledge, we isolated anti-EGFR scFv using a human phage scFv
library composed of VH3-Vλ, which is known to be the most stable
single framework.40–42 E-2 anti-EGFR scFv was isolated from this
phage library, and the scFv was fused to C-terminus of anti-Met
antibody SAIT301 with a VH44-VL100 intermolecular disulfide
bond, generating ME22S.43,44 In the current study, we were able to
demonstrate favorable druggabilities of ME22S. However, it
remains to be further evaluated for its physicochemical properties
including stability in the scale-up production to develop it
as a drug.
In this study, we demonstrated superior antitumor efficacies

through novel mechanisms resulting in suppression of Met and
EGFR by rapid internalization and degradation. ME22S-induced
combined degradation of Met and EGFR could provide a better

Figure 6. ME22S shows antitumor efficacy in vivo. (a) The tumor
xenografts (Oncotest) were derived from surgical specimens from
the head and neck cancer patient. Tumor fragments were subcuta-
neously implanted into immunodeficient NMRI-Foxn1nu mice (n=10).
After the implantation of tumor fragments, animals were injected
intravenously (once a week for 7 weeks) with PBS, SAIT301, cetuximab
or ME22S. Tumor volumes were measured twice a week. For the
evaluation of the statistical significance of antitumor efficacy, one-way
analysis of variance is performed (****Po0.0001). (b) Met and EGFR
protein levels in the tumor lysates were detected by immunoblot
assay. Whole-tumor lysates from three representative mice of each
treatment group were analyzed using indicated antibodies. (c) Co-
immunoprecipitation of Hsp90 or EGFR and Met was assessed with
HNXF tumor lysates.
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therapeutic option over previously reported RNAi approach to
downregulate Met and EGFR.45–47 The exact mechanism under-
lying the superior efficacy of ME22S warrants further study, but it
is plausible that the efficient degradation of EGFR that was not
fully achieved by treatment with other anti-EGFR antibodies might
lead to the better efficacy of ME22S. However, we identified that
biological activity of ME22S is dependent on the expression levels
of Met and EGFR in the target tumor cells. More careful research is
warranted to evaluate the mass balance between expression
levels of Met and EGFR in cancer cells to define the therapeutic
window. However, we speculate that ME22S can be beneficial for
the patients who have the acquired resistance to EGFR inhibitors
as it has been well reported that either MET amplification or
secretion of HGF from stromal cells functions as one of the main
resistance mechanisms.8,48

In conclusion, we demonstrate a proof-of-concept that resis-
tance against the primary targeted drug treatment that is induced
by Met could be efficiently controlled by Met-mediated dual
degradation of other RTKs such as EGFR. We were able to further
confirm the concept by generating additional BsAb that targets
Met and HER2 (Figures 1 and 2). These results support our BsAb
platform based on the concept of ‘drag and degradation’
(Supplementary Figure 3b) by applying a Met-specific antibody
with highly efficient Met internalization/degradation capability.
Our BsAb platform may corroborate a new paradigm to
circumvent resistance to other anti-RTK therapies related to the
HGF/Met pathway.

MATERIALS AND METHODS
Generation of ME22S and MH02
Anti-EGFR and HER2 scFvs were isolated from synthetic phage scFv
libraries.40 VH44 and VL100 amino acids of isolated scFvs were changed to
cysteine for stability enhancement, and fused to C-terminal of anti-Met
SAIT301 heavy chain using ‘(G4S)2’ linker. Designed each heavy- and light-
chain genes of BsAbs cloned into pcDNA3.3 mammalian cell expression
vector (Invitrogen, Carlsbad, CA, USA), and co-transfected in HEK-293 F
(Invitrogen), then purified as previously described with a minor
modification.40

FACS internalization assay
Cells were seeded on a six-well plate. After 24 h incubation, the cells were
treated with different antibodies and incubated at 37 °C for 30, 60, 120 or
240 min. After then, the cells were detached by trypsinization and
resuspended in RPMI1640. A 4% formaldehyde (v/v) solution was added
to the cells, followed by three times of washes with RPMI1640. The cells
were then incubated with Met antibody conjugated to allophycocyanin
and EGFR antibody conjugated to fluorescein isothiocyanate (5 μg/ml
each) for 1 h at room temperature, washed three times with phosphate-
buffered saline (PBS) and analyzed on a FACS Canto II system (Becton
Dickinson, Mountainview, CA, USA).

In vivo ME22S efficacy
To evaluate the efficacy of ME22S against tumor growth, patient-derived
tumor xenograft study was performed. For the HNXF xenograft model,
female immunodeficient NMRI-Foxn1nu mice were used and patient-
derived tumor fragments were obtained from xenografts in serial passage
in nude mice. All experiments are approved by the local authorities, and
are conducted according to the guidelines of the German Animal Welfare
Act (Tierschutzgesetz) and according to the Oncotest’s (Freibrug, Germany)
standard method. Animals bearing at least one tumor of a volume of
50–100 mm3 are randomized. Each group consisted of 10 mice and treated
as follows: SAIT301 (5 mg/kg, i.v., once a week), cetuximab (5 mg/kg,
i.v., once a week), ME22S (6.6 mg/kg, i.v., once a week) and vehicle
(PBS 5 ml/kg, i.v., once a week). The tumor volume (V) was calculated as
follows: Tumor volume (mm3) = (long axis length (mm) x (short axis length
(mm))2)/2. For the evaluation of the statistical significance of antitumor
efficacy, one-way analysis of variance is performed. For H596 and HCC1954
in the HGF Knock-In (KI) mice models, a million cells in 100 μl of PBS were
injected subcutaneously into the right flank region of 4- to 5-week-old

female HGF KI mice. When the average tumor size was close to 100 mm3,
mice were randomized into the following treatment groups: H596—ME22S
(1 or 10 mg/kg, i.v., once a week and vehicle (PBS 0.2 ml, i.v., once a week)/
HCC1954—SAIT301 (5 mg/kg, i.v., once a week), cetuximab (5 mg/kg, i.v.,
once a week), ME22S (6.6 mg/kg, i.v., once a week) and vehicle (PBS 0.2 ml,
i.v., once a week). Each treatment group consisted of five mice. Tumor
volumes and body weights were measured twice a week for a total study
period about 4 weeks. At the end of the in vivo phase, the mice were killed
and the tumors were extracted.

Statistical analysis
Data were presented as mean± s.d. or s.e.m. (for in vivo efficacy test).
Statistical analysis of significance was calculated using one-way analysis of
variance followed by Tukey’s post hoc test for multigroup comparisons
using Prism 5.0 software. Po0.05 was considered as significant.
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