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Although trastuzumab has succeeded in breast cancer treatment, acquired resistance is one of the prime obstacles
for breast cancer therapies. There is an urgent need to develop novel HER2 antibodies against trastuzumab resistance.
Here, we first rational designed avidity-imporved trastuzumab and pertuzumab variants, and explored the correlation
between the binding avidity improvement and their antitumor activities. After characterization of a pertuzumab variant
L56TY with potent antitumor activities, a bispecific immunoglobulin G-like CrossMab (Tras-Permut CrossMab) was
generated from trastuzumab and binding avidity-improved pertuzumab variant L56TY. Although, the antitumor efficacy
of trastuzumab was not enhanced by improving its binding avidity, binding avidity improvement could significantly
increase the anti-proliferative and antibody-dependent cellular cytotoxicity (ADCC) activities of pertuzumab. Further
studies showed that Tras-Permut CrossMab exhibited exceptional high efficiency to inhibit the progression of
trastuzumab-resistant breast cancer. Notably, we found that calreticulin (CRT) exposure induced by Tras-Permut
CrossMab was essential for induction of tumor-specific T cell immunity against tumor recurrence. These data indicated
that simultaneous blockade of HER2 protein by Tras-Permut CrossMab could trigger CRT exposure and subsequently
induce potent tumor-specific T cell immunity, suggesting it could be a promising therapeutic strategy against
trastuzumab resistance.

Introduction

Approximately 20%–25% of invasive breast cancers have
overexpression of the human epidermal growth factor receptor
(HER) 2 tyrosine kinase receptor.1,2 Vast number of studies have
demonstrated that elevation of HER2 expression levels are associ-
ated with reduced disease-free and overall survival in metastatic
breast cancer,2,3 and therapeutic strategies are being developed to
target this oncoprotein.4,5 Trastuzumab, a recombinant human-
ized monoclonal antibody (mAb) directed against an extracellular
region of HER2,6 was the first HER2-targeted therapy approved
for the treatment of HER2-overexpressing breast cancer. It has
revolutionized the approach to treat patients with HER2-positive

breast cancer and the prognosis of the disease.7,8 Nevertheless,
not all patients benefit from trastuzumab. Around 15% of
women relapse after trastuzumab-based therapy, indicating the
presence of trastuzumab resistance.9.

Moreover, despite widespread use of trastuzumab in breast
cancer treatment, the efficacy remains variable and often modest,
which does not benefit from the latest technologies available for
engineering more potent reagents.4,5 The pursuit of improved
reagents to replace trastuzumab is intense, with several candidates
currently under clinical evaluation.5 Pertuzumab is another
ErbB2-specific humanized antibody that binds to a distinct epi-
tope from trastuzumab.10,11 Its mechanism of action is comple-
mentary to trastuzumab, inhibiting ligand-dependent HER2-
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HER3 dimerization and reducing signaling via intracellular path-
ways such as phosphatidylinositol 3-kinase (PI3K/Akt). It has
shown antitumor activities in both the metastatic and the neoad-
juvant settings and is now being tested as adjuvant therapy.12,13

The combination therapy of trastuzumab and pertuzumab that
has complementary mechanisms of action synergistically inhibits
the in vitro and in vivo growth of ErbB2-overexpressing breast
cancer cell lines.14–16 Notably, the addition of pertuzumab after
progression to ongoing trastuzumab in xenografts synergistically
increases tumor inhibition compared with trastuzumab alone.17

In line with these observations, a phase II trial of pertuzumab
and trastuzumab combination therapy in patients with HER2-
overexpressing breast cancer indicated that the combination of
pertuzumab and trastuzumab was active and well tolerated in
patients with HER2-positive breast cancer who had experienced
progression during prior trastuzumab therapy.18 Very recently,
the combination of pertuzumab, trastuzumab, and docetaxel, as
compared with placebo, trastuzumab and docetaxel, when used
as first-line treatment for HER2-positive breast cancer, signifi-
cantly prolonged progression-free survival in clinical trials.13 All
of these experimental and clinical data revealed that HER2 still
can be considered as a valid therapeutic target even after breast
cancer have progressed on multiple HER2-directed therapies and
that simultaneous blockade of HER2 protein by trastuzumab
and pertuzumab may overcome trastuzumab resistance. Addi-
tionally, complex diseases are often multifactorial in nature, and
involve redundant or synergistic action of disease mediators,
including crosstalk between their signaling networks.19,20 Thus,
design of novel antibodies with the ability to bind more than one
effector molecule or binding site may have the potential to pro-
vide better clinical efficacy and/ or reach a broader patient popu-
lation than inhibition of a single target site by mAbs.

To our knowledge, the classical IgG architecture as it was
selected during evolution has many advantages for the therapeu-
tic application of bispecific antibodies.21,22 The Fc part is identi-
cal to that of a conventional IgG antibody, resulting in IgG-like
pharmacokinetic properties and retained effector functions such
as the mediation of ADCC through FcgRIIIa binding. IgG-like
size and molecular weight are expected to result in IgG-like diffu-
sion, tumor penetration, and accumulation in comparison with
bispecific tetravalent antibodies of higher molecular weight. Con-
sidering these benefits, we first converted the HER2 antibody
trastuzumab and pertuzumab into an IgG-like bispecific antibody
(Tras-Per CrossMab) by using CrossMab technology23 and eval-
uated its antitumor activities. Then, we rational designed trastu-
zumab and pertuzumab variants with different binding avidities
by using the computational method we have previously devel-
oped24 and investigated the correlation between the binding
avidity of anti-HER2 antibodies and their antitumor activities.
Based on these avidity-improved HER2 antibodies, Tras-Permut
CrossMab was characterized with potent antitumor protections
against breast cancer. Further studies showed that CRT exposure
triggered by Tras-Permut CrossMab was important for induction
of tumor-specific T cell immunity against tumor recurrence, sug-
gesting that it would be a promising therapeutic agent for com-
bating trastuzumab resistance in breast cancer.

Results

Design and characterization of Tras-Per CrossMab
Based on CrossMab technology recently reported,23,25 we

designed an IgG-like bispecific CrossMab (Tras-Per CrossMab)
that deviates only minimally from the naturally occurring HER2
antibody trastuzumab and pertuzumab. As shown in Fig. 1A, the
constant heavy chain 1 (CH1) of pertuzumab was replaced with
the constant light chain (CL) of antibody, generating a polypep-
tide chain made of pertuzumab HV-CL-Hinge-CH2 and CH3.
To generate Tras-Per CrossMab, exchange of CH1 and CL
domains of pertuzumab could be essential for correct association
of the light chain and the cognate heavy chain of the half IgG of
pertuzumab in Tras-Per CrossMab. Hetero-dimerization of the
heavy chain of trastuzumab and pertuzumab was achieved by
using the KiH method.26,27 The resulting highly purified Tras-
Per CrossMab was assessed on SDS/PAGE (Fig. 1B). Then,
competitive binding assays were conducted to examine the rela-
tive binding affinity of Tras-Per CrossMab for the trastuzumab
and pertuzumab epitope on HER2 protein. The results showed
that Tras-Per CrossMab retained the full binding activities of
both parental antibodies (Fig. 1C). The relative binding affinity
of CrossMab for the trastuzumab or pertuzumab binding epitope
was similar to that of trastuzumab or pertuzumab, respectively.
Furthermore, the avidity constant (Kd) of CrossMab for the
extracellular domain of HER2 (HER2-ECD) was determined by
an ELISA (Table 1). The data showed that the binding avidity of
CrossMab was much higher than that of pertuzumab.

Potent antitumor activities of Tras-Per CrossMab against
breast cancer

We first evaluated the ability of trastuzumab, pertuzumab,
trastuzumab plus pertuzumab, and Tras-Per CrossMab to inhibit
the in vitro proliferation of breast cancer cells. As shown in
Fig. 1D, the trastuzumab was much more effective than pertuzu-
mab in suppressing breast cancer cell proliferation in the absence
of ErbB ligand (Fig. 1D). In contrast, after HRG- and EGF-
stimulation, pertuzumab exhibited a greater anti-proliferative
activity than trastuzumab in breast cancer (Fig. 1D). Interest-
ingly, Tras-Per CrossMab exhibited greater anti-proliferative
activity than trastuzumab or pertuzumab in the absence or pres-
ence of ErbB ligand (Fig. 1D). Then, the cell death induced by
Tras-Per CrossMab was studied. In the absence of ligands, cells
were treated with anti-HER2 antibodies or a control IgG for 5 d
and were stained with SYTOX� Red to further assess cell death.
After treatment with Tras-Per CrossMab, the percentages of cells
staining positive for SYTOX� Red increased more than 3-fold
compared with that of trastuzumab (Fig. 1E). Moreover, in the
presence or absence of HER2 ligands, the similar results can be
observed, suggesting that HER2 ligands could not play an impor-
tant role in induction of cell death by these HER2 antibodies
(Data not shown). To evaluate the ADCC activities of Tras-Per
CrossMab, a standard lactate dehydrogenase (LDH) assay was
performed. Purified human peripheral blood mononuclear cells
(PBMCs) from healthy donors were used as effector cells and
breast cancer cells were used as target. Assays were conducted at
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effector/target (E/T) ratios
of 25:1 using antibody con-
centrations ranging from 1
to 25 ng/mL (Fig. 1F). To
facilitate comparative analy-
sis of the data, we plotted the
concentrations of antibody
vs. the present of specific dye
release at E/T ratios of 25:1.
Our data showed a clear
antibody concentration-
dependent susceptibility to
ADCC in trastuzumab, per-
tuzumab or Tras-Per Cross-
Mab treatment group.
Furthermore, Tras-Per
CrossMab exhibited similar
high level of ADCC activi-
ties compared with trastuzu-
mab, pertuzumab, and
trastuzumab plus pertuzu-
mab. These data suggested
that Tras-Per CrossMab
with the advantages of both
trastuzumab and pertuzu-
mab has the ability to initiate
potent cell death, ADCC
and anti-proliferation activi-
ties against breast cancer,
showing superior antitumor
efficacy than the parental
intact IgG architecture ther-
apeutic antibody trastuzu-
mab or pertuzumab.

The therapeutic efficacy
of Tras-Per CrossMab was
determined in nude mice
bearing established BT-474
xenograft tumors. In agree-
ment with previous report,
we found that trastuzumab
suppressed tumor growth
better than pertuzumab in
the BT-474 xenograft
model (Fig. 1G). Although
treatment with trastuzumab
or pertuzumab could not
inhibit the BT-474 tumor
growth, both of these two
anti-HER2 mAbs signifi-
cantly delayed the BT-474
tumor progression
(Fig. 1G). Further study
showed that trastuzumab
plus pertuzumab was more
efficient in inhibition of the

Figure 1. Characterization of Tras-Per CrossMab. (A), schematic diagram of the Fab domain exchange resulting in
the generation of Tras-Per bispecific antibody when combined with the KiH technology. (B), sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS/PAGE) analysis of CD20-Flex BiFP. Samples of trastuzumab, pertuzu-
mab, and Tras-Per CrossMab were assessed by SDS/PAGE analysis under non-reducing conditions. (C), competitive
binding assay. Trastuzumab, pertuzumab, and Tras-Per CrossMab were evaluated for their ability to compete with
Alexa Fluor 488-labeled trastuzumab or Alexa Fluor 488-labeled pertuzumab for binding to BT-474 cells. (D), MTS
assay examining the proliferation effects of 100 nmol/L of control IgG, trastuzumab, pertuzumab, trastuzumab com-
bined with pertuzumab, or Tras-Per CrossMab on breast cancer cell BT-474 or in the absence or presence of ErbB
ligand (EGF or HRG). Results are shown as percentage of control cell proliferation. Error bars, SD. *p < 0.05. (E), in
the absence of ligands, cell death induced by HER2 antibodies (10 mg/mL) were assessed by staining with SYTOX�

Red and FCM. *p < 0.05. (F), in vitro ADCC analysis of trastuzumab, pertuzumab, trastuzumab in combination with
pertuzumab, or Tras-Per CrossMab. PBMCs (effector cells) were added with BT-474 cells (target cells) into 96-well
plates containing anti-HER2 antibodies at different concentrations. All experiments were performed in triplicate. (G),
mice with BT-474 xenograft tumors were treated for the duration of the study with control IgG, pertuzumab, trastu-
zumab, trastuzumab C pertuzumab or Tras-Per CrossMab (2 mg/kg). Points, mean tumor volume (mm3) (n D 10
mice/group); bars, SD. *p < 0.05, Mann–Whitney test.

www.tandfonline.com e994391-3OncoImmunology



BT-474 tumors progression than either of these mAbs alone. In
accordance with these observations, Tras-Per CrossMab had the
capacity to inhibit tumor growth in vivo much more effectively
than each of these mAbs alone. Moreover, Tras-Per CrossMab
exhibited more prominent effects in inhibition of in vivo tumor
growth than combination treatment of trastuzumab and pertuzu-
mab, suggesting that the IgG-like bispecific antibody Tras-Per
CrossMab converted from trastuzumab and pertuzumab may
have the potential to be developed as a therapeutic antibody with
potent antitumor activities against breast cancer.

The correlation between binding avidity improvement
of HER2 antibodies and their antitumor activities

To further investigate the relationship between the binding
avidity of HER2 antibodies and their antitumor activities, we

first used the computational method previously described24,28 to
design the trastuzumab and pertuzumab variants with different
binding avidities. The binding of these trastuzumab or pertuzu-
mab variants to the HER2-overexpressing human breast cancer
cell line SK-BR-3 were determined by flow cytometry (Fig. 2A).
Next, the results of binding avidity analysis by ELISA were
shown in Table 2, which was consistent with the data obtained
by flow cytometry assays. The anti-proliferation effects of these
avidity-improved variants were subsequently analyzed (Fig. 2B).
Our data clearly showed that, in the absence of ErbB ligand,
binding avidity improvement of both trastuzumab and pertuzu-
mab could not enhance their anti-proliferative activities. How-
ever, the increase in binding avidity of pertuzumab significantly
improved its anti-proliferative activities in the presence of ErbB
ligand. Furthermore, the important role of pertuzumab binding
avidity in enhancement of its anti-proliferation effects was subse-
quently confirmed by using these pertuzumab variants with dif-
ferent avidity-improved levels. We found that, although the anti-
proliferative activities of trastuzumab exhibited a avidity-inde-
pendent pattern in the absence or presence of ErbB ligand, the
increase of pertuzumab anti-proliferative activities was in an avid-
ity-dependent manner (Fig. 2B). Then, the cell death induced by

these avidity-improved var-
iants in the absence of
ligands was evaluated. As
shown in Fig. 2C, the
increase of cell death
induced by trastuzumab
variants or pertuzumab var-
iants was not observed
(Fig. 2C). Moreover, our
data showed that improve-
ment of pertuzumab bind-
ing avidity could
significantly increase its
ADCC activities, although
the enhancement of
ADCC was not observed
in these avidity-improved
trastuzumab variants
(Fig. 2D).

Optimization of Tras-
Per CrossMab by
introducing a single point
mutation L56TY

To further investigate
whether introduction of a
single point mutation
L56TY in the complemen-
tarity determining region
(CDR) of pertuzumab
light chain in Tras-Per
CrossMab could markedly
improve the antitumor
activities as the parental

Table 1. Binding avidities of CrossMab for HER2-ECD

Antibodies Kd (nM) SD

Tras-Per CrossMab 2.57 0.68
Tras-Permut CrossMab 0.53 0.08

Experimental error is the SD from three independent trials.

Figure 2. The correlation of trastuzumab and pertuzumab binding avidity-improvement and their antitumor activi-
ties. (A), antigen binding activities of trastuzumab and pertuzumab variants on SK-BR-3 cells were determined by
FCM. (B), MTS assay examining the proliferation effects of 100 nmol/L of trastuzumab variants or pertuzumab variants
in breast cancer cell BT-474 with the absence or presence of ErbB ligand (EGF or HRG). Results are shown as percent-
age of control cell proliferation. Error bars, SD. (C), in the absence of ligands, cell death induced by trastuzumab var-
iants or pertuzumab variants were assessed by staining with SYTOX� Red and FCM. (D), In vitro ADCC analysis of
trastuzumab and pertuzumab variants with binding avidity improvement. In the absence of ligands, PBMCs were
added with BT-474 cells into 96-well plates containing trastuzumab or pertuzumab variants. Data are mean § SD of
at least three experiments.
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antibody pertuzumab, we first evaluated the anti-proliferation
effects of these antibodies. As shown in Fig. 3A, introducing
the single point mutation L56TY (Tras-Permut CrossMab)
could not significantly increase the anti-proliferative activities as
compared with Tras-Per CrossMab in the absence of ErbB
ligand. In line with our expectation, after stimulation of ErbB
ligand, Tras-Permut CrossMab showed more potent prolifera-
tion inhibition against breast cancer than Tras-Per CrossMab
(Fig. 3A). Compared with Tras-Per CrossMab, the cell death
induced by Tras-Permut CrossMab was slightly increased
(Fig. 3B). Further studies showed that cell death induced by
Tras-Permut CrossMab was caspase-dependent cell death, which
could be inhibited by the caspase inhibitor in a dose-dependent
manner (Fig. S2). Then, the ADCC activity of Tras-Permut
CrossMab was evaluated.
In line with the experi-
ments we have mentioned
above, introduction of the
single point mutation
L56TY in Tras-Permut
CrossMab could signifi-
cantly improve the ADCC
activities as the same
increased level of pertuzu-
mab L56TY, which showed
more significant ADCC
activities than that of Tras-
Per CrossMab (Fig. 3C).
To further evaluate the
inhibition of HER2 signal-
ing by Tras-Permut Cross-
Mab, we determined the
disruption of HER2/HER3
heterodimerization by Tras-
Permut CrossMab and sub-
sequently examined the Src
phosphorylation on Y416
and Akt phosphorylation
on S473. Our data indi-
cated that Tras-Permut
CrossMab was more effec-
tive than trastuzumab or
pertuzumab in disrupting
ligand-dependent HER2/
HER3 association, which
consequently inhibited
downstream signaling

cascades including Src and PI3K/Akt with more efficiency
(Fig. S1).

The in vivo antitumor activities of Tras-Permut CrossMab
The therapeutic efficacy of Tras-Permut CrossMab was fur-

ther evaluated in nude mice bearing established BT-474 xeno-
graft tumors. In line with our in vitro experiments, pertuzumab
variant with binding avidity improvement (pertuzumab L56TY)
suppressed tumor growth better than the parental antibody per-
tuzumab in the BT-474 xenograft model (Fig. 4A). Although,
combination of trastuzumab with pertuzumab L56TY exhibited
more prominent effects in inhibition of the BT-474 tumor
growth than either of these mAbs alone, both of these two Cross-
Mab showed more significant inhibition in the in vivo tumor
progression than the combination therapy (Fig. 4A). To further
evaluate the in vivo antitumor activities of Tras-Permut Cross-
Mab, we decreased the dose of HER2 antibodies in nude mice
bearing established BT-474 xenograft tumors. Our data clearly
showed that Tras-Permut CrossMab treatment resulted in com-
plete regression of BT-474 tumors, whereas no tumor eradication
was observed in tumor-bearing mice treated with trastuzumab,
pertuzumab or trastuzumab plus pertuzumab L56TY. Remark-
ably, although both of these two CrossMab exhibited similar in

Table 2. Binding avidities of Her2 antibody variants for HER2-ECD

Antibody Kd
WT/Kd

mutant Antibody Kd
WT/Kd

mutant

Trastuzumab Kd
WT D 0.16 § 0.02 nM Pertuzumab Kd

WT D 8.62 § 0.43 nM
L28DR 1.86 § 0.09 H56GY 3.21 § 0.12
L92YE 9.75 § 1.64 L56TY 8.43 § 1.12

Experimental error is the SD from three independent trials.

Figure 3. The in vitro antitumor effects of Tras-Permut CrossMab. (A), the anti-proliferation effect of Tras-Permut
CrossMab (100 nmol/L) was evaluated by MTS assay. Mean § SD (n D 3). *p < 0.05. (B), induction of cell death by
Tras-Permut CrossMab (10 mg/mL) in the absence of ligands was assessed by staining with SYTOX� Red and FCM.
The graphs are representative of at least three experiments, each of which showed similar results. *p < 0.05. (C),
ADCC activity against BT-474 cells using human PBMCs as effector cells at E/T ratio of 25:1. The ADCC activity of
Tras-Permut CrossMab was measured using a standard LDH assay as described in “ADCC assays.” Data are mean §
SD (n D 3). *p< 0.05.
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vivo antitumor activities in the high dosage, Tras-Permut Cross-
Mab could still provide the protection to eradicate breast cancer
in the low dose (Fig. 4B).

Recent studies indicated that induction of FcR-mediated cyto-
toxicity played an important role in mediating tumor regression in
trastuzumab therapy.29,30 To further determine the role of FcR-
mediated cytotoxicity in triggering the in vivo antitumor protec-
tions of the CrossMab, the Fc part of antibody was introduced the
following mutations (E236P/L237V/L238A/DG239 C A329G/
A332S/P333S) as previously described to decrease the ADCC
activity of antibody.31,32 In line with our expectation, introducing
mutations in the Fc part of trastuzumab could decrease its ADCC
activities and the in vivo antitumor activities when compared with
the parental antibody trastuzumab (Fig. 4C and D). Decrease of
ADCC activities in pertuzumab L56TY by introducing Fc part
mutations could also reduce its antitumor protections. Moreover,
introduction of these mutations in the Fc part of Tras-Permut
CrossMab could markedly decrease the inhibition of the BT-474
tumor growth in vivo, suggesting that FcR-mediated cytotoxicity
plays an essential role in anti-HER2 antibody therapy.

The important role of calreticulin exposure induced
by Tras-Permut CrossMab in induction of antitumor
T cell immunity against breast cancer

Induction of immunogenic cancer cell death should be one of
the aims of antitumor therapy, because it would allow the

immune system to contrib-
ute through a “bystander
effect” to the eradication of
therapy-resistant cancer cells
and cancer stem cells.33–36

Previous studies have
revealed that CRT exposure
during cell death induced
by anthracyclines could trig-
ger the immune response,
and the surface exposure of
CRT can be considered as
an event that occurs only in
immunogenic cancer cell
death.33 Thus, we first eval-
uated the cell death induced
by these HER2 antibodies
(Fig. 5A). Although trastu-
zumab, pertuzumab, and
pertuzumab L56TY could
not induce potent cell death
as described above, the
increase of cell death was
observed after treatment
with trastuzmab plus pertu-
zumab L56TY. Notably,
both Tras-Per CrossMab
and Tras-Permut CrossMab
could induce potent cell
death (Fig. 5A). To further

investigate whether the caspase was involved in the CrossMab-
induced cell death, the cell-permeable caspase inhibitor ZVAD-
FMK was used, and our experimental results revealed that
ZVAD-FMK over a range of concentrations from 50 to 0.4 mM
was able to prevent the CrossMab-induced cell death (Fig. 5A).
These results indicated that the Tras-Per CrossMab could effi-
ciently activate caspase-dependent pathways in breast cancer.
Then, the CRT exposure after treatment with these HER2 anti-
bodies was detected by flow cytometry. As shown in Fig. 5B,
CRT exposure can be detected after treatment with both Tras-
Per CrossMab and Tras-Permut CrossMab. To further explore
the role of CRT exposure in the therapeutic efficacy of Tras-Per-
mut CrossMab, we used a specific siRNA to downregulate CRT
expression of 4T1-Her2 cells. As shown in Fig. 5C, CRT siRNA
could significantly reduce the expression of CRT and markedly
decrease the capacity of Tras-Permut CrossMab to protect these
mice from tumor recurrence. More importantly, addition of
recombinant CRT protein (rCRT), which has been reported to
bind to the surface of the tumor cells,33 could restore the tumor
suppression ability of Tras-Permut CrossMab.

Numbers of studies have identified that CRT can be regarded
as a key feature determining anticancer immune responses and
consequently inducing tumor-specific T cell immunity against
tumor recurrence.33,37 To determine whether Tras-Permut
CrossMab treatment enabled the induction of tumor-specific T
cell immunity against tumor recurrence, CD8C and CD4C

Figure 4. The therapeutic effect of of Tras-Permut CrossMab in breast cancer (BT-474) xenograft tumor models. Mice
with BT-474 xenograft tumors were treated for the duration of the study with high dosage (10 mg/kg), (A) or low
dosage (2 mg/kg), (B) of control IgG, trastuzumab, pertuzumab, pertuzumab L56TY, trastuzumab C pertuzumab
L56TY, Tras-Per CrossMab or Tras-Permut CrossMab. Points, mean tumor volume (mm3) (n D 10 mice/group); bars,
SD. *p < 0.05, Mann–Whitney test. (C), the ADCC activity of Tras-Permut CrossMab was measured using a standard
LDH assay as described in “ADCC assays.” Data are mean § SD (n D 3). *p < 0.05. (D), the role of Fc part of HER2
antibodies in their therapeutic effects. Tumor-bearing mice were treated for the duration of the study with low dos-
age (2 mg/kg) of trastuzumab, trastuzumab Fc mutation, pertuzumab L56TY, pertuzumab L56TY Fc mutation, Tras-
Permut CrossMab and Tras-Permut CrossMab Fc mutation. Points, mean tumor volume (mm3) (n D 10 mice/group).
Data are shown as means § SEM. *p< 0.05, Mann–Whitney test.
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specific antibodies were employed. After complete eradication of
4T1-Her2 cells in BALB/c mice by Tras-Permut CrossMab, the
tumor-free mice was re-challenged with 4T1-Her2 cells on the
opposite flank. In the CrossMab treamtent group, the mice
rejected the re-challenged 4T1-Her2 cells (Fig. 5D). Depletion
of either CD8C T cells or CD4C T cells abrogated the secondary
rejection, although some suppression of tumor growth was still
observed in the CD4C T cell-depleted mice (Fig. 5D). To further
explore the correlation between CRT exposure and tumor-spe-
cific T cell immunity, CRT-decreased 4T1-Her2 cells were used
(Fig. 5E). In agreement with the results mentioned above,
decrease of CRT in 4T1-Her2 cells could significantly abrogate
the inhibition of tumor progression in the opposite flank,

although addition of rCRT could recover the protection against
tumor recurrence (Fig. 5E). Furthermore, depletion of both
CD8C T cells and CD4C T cells could potently compromise the
restore of antitumor protection induced by Tras-Permut Cross-
Mab. These results indicated that CRT exposure during cell
death induced by Tras-Permut CrossMab could play an essential
role in the induction of tumor-specific T cell immunity against
tumor recurrence.

The potent antitumor activities of Tras-Permut CrossMab
against trastuzumab-resistance

Trastuzumab-resistant breast cancer cell line BT-474/TraR
was developed as previously described.14 We first evaluated the

Figure 5. The calreticulin exposure induced by
Tras-Permut CrossMab is essential for induc-
tion of antitumor T cell immunity against
breast cancer. (A), the inhibition of cell death
by caspase inhibitor Z-VAD-fmk in the range
from 50 mM to 0.4 mM were evaluated after 5
d (in the absence of ligands). Mean § SD (n D
3). *p < 0.05. (B), the surface exposure of CRT
was determined by immunofluorescence
cytometry 48 h after treatment with HER2
antibodies. The antibody-untreated group
stained with an anti-CRT antibody was used as
the negative controls. *p < 0.05. (C), in vivo
antitumor protection depends on CRT. 4T1-
HER2 cells were transfected with the indicated
siRNAs, then treated with rCRT and/or Tras-
Permut CrossMab. The antitumor response
was measured by challenging BALB/c mice
simultaneously with Tras-Permut CrossMab-
treated tumor cells in one flank and untreated,
live tumor cells in the opposite flank (n = 20).
The siRNA-transfected cells were measured by
immunoblotting. (D), BALB/c mice were inocu-
lated with Matrigel-mixed 4T1-HER2 cells and
then treated with Tras-Permut CrossMab or
control Ig (2 mg/kg). After the first inoculation,
the CrossMab-treated mice were secondarily
inoculated with Matrigel-mixed 4T1-HER2 cells
in the opposite flank (n D 25). Some mice
were treated with anti-CD4 mAb, anti-CD8
mAb, anti-CD4 and anti-CD8 mAbs or isotype
Ig. Naive mice were inoculated with Matrigel-
loaded 4T1-HER2 cells as the control. *p <

0.05, Mann–Whitney test. (E), after injection of
siCRT-treated 4T1-HER2 cells (containing
0.1mL Matrigel) into the inguinal mammary fat
pads of female BALB/c mice, the mice were
treated with Tras-Permut CrossMab (2 mg/kg).
After the first challenge, the CrossMab-treated
mice were subsequently inoculated with
Matrigel-mixed 4T1-HER2 cells in the opposite
flank (n D 25). Some mice were treated with
rCRT and/or anti-CD4 and anti-CD8 mAbs (n D
25). Naive mice were inoculated with Matrigel-
loaded 4T1-HER2 cells as the control. The pri-
mary tumor material is examined through
measurement of tumor size. *p < 0.05, Mann–
Whitney test.
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anti-proliferation effects of Tras-Permut CrossMab against tras-
tuzumab-resistant breast cancer. Our results showed that,
although trastuzumab-resistant breast cancer could significantly
resist the anti-proliferative activities of trastuzumab, pertuzumab
still exhibited potent anti-proliferative activities against trastuzu-
mab-resistant breast cancer in the presence of ErbB ligand (Data
not shown). As shown in Fig. 6A, we used percentage of inhibi-
tion to describe the anti-proliferation effects of Tras-Permut
CrossMab in both trastuzumab-sensitive and -resistant breast
cancer. These are no differences between the percentage of inhi-
bition and control cell proliferation in the presence or absence of
ligands. Notably, Tras-Permut CrossMab could more effectively
inhibit the proliferation of trastuzumab-resistant breast cancer
compared with trastuzumab in the absence or presence of ErbB
ligand (Fig. 6A). Further investigation indicated that, although
slight cell death can be observed after treatment with trastuzumab
in both BT-474 and BT-474/TraR cells, Tras-Permut CrossMab
could induce high level of cell death in trastuzumab-resistant
tumor cells, which was comparable to that in trastuzumab-sensi-
tive breast cancer (Fig. 6B). We also used the Annexin V/PI
staining assay to evaluate the induction of cell death against Tras-
tuzumab-resistant cells. The similar results can be observed

between these two different
methods in the presence or
absence of ligands (Data
not shown). The ADCC
activities of HER2 antibod-
ies in trastuzumab-resistant
breast cancer were subse-
quently evaluated. As
shown in Fig. 6C, although
anti-proliferation effects of
trastuzumab were not
observed in trastuzumab-
resistant breast cancer, tras-
tuzumab could still induce
potent ADCC activities in
both trastuzumab-sensitive
and -resistant breast cancer.
In accordance with our
expectation, the marked
ADCC activities of Tras-
Permut CrossMab can be
found in both BT-474 and
BT-474/TrasR cells
(Fig. 6C).

Then, nude mice bear-
ing established BT-474/
TraR xenograft tumors
were used to investigate the
in vivo antitumor activities
of Tras-Permut CrossMab
against trastuzumab-resis-
tant breast cancer. As
shown in Fig. 6D, trastuzu-
mab treatment could delay

the trastuzumab-sensitive tumor progression as compared with
the control, but tumor growth was more rapid in the group of
mice inoculated with BT-474/TraR cells than that of inoculated
with BT-474 cells. In both trastuzumab-sensitive and -resistant
xenograft tumor models, Tras-Permut CrossMab exhibited
remarkable antitumor activities against breast cancer (p < 0.05
for compared with the control IgG treatment group), suggesting
that it could be a promising agent for next generation of target
therapy against breast cancer.

Discussions

Although anti-HER2 mAb trastuzumab has revolutionized
the treatment of breast cancer,6 the acquired resistance is one of
the prime obstacles for breast cancer treatment. As we known,
cancer is usually multifactorial in nature, involving a redundancy
of disease-mediating ligands and receptors, as well as crosstalk
between signal cascades.19,20 A targeted therapeutic agent inhibit-
ing one key pathway in a tumor may not completely shut off a
hallmark capability, allowing some cancer cells to survive with
residual function until they or their progeny eventually adapt to

Figure 6. Combating trastuzumab-resistance by Tras-Permut CrossMab. (A), MTS assay examining the proliferation
effects of Tras-Permut CrossMab (100 nmol/L) in both trastuzumab-sensitive and -resistant breast cancer cells (BT-
474 and BT-474/TrasR) in the absence or presence of ErbB ligand (HRG). Results are shown as percentage of cell pro-
liferation inhibition. Error bars, SD. Tras-Permut CrossMab was abbreviated as CrossMab. *p < 0.05. (B), Induction of
cell death against trastuzumab-resistant breast cancer was assessed by staining with SYTOX� Red and FCM (In the
absence of HER2 ligands, the concentration of antibodies is 10 mg/mL). Data are mean § SD (n D 3). *p < 0.05. (C),
ADCC activities of trastuzumab, pertuzumab L56TY, trastuzumab in combination with pertuzumab L56TY, or Tras-Per-
mut CrossMab against both trastuzumab-sensitive and -resistant breast cancer. Mean § SD values from four sepa-
rate experiments. *p < 0.05. (D), tumor volume of trastuzumab-sensitive and -resistant BT-474 breast tumor
xenografts after treatment with control IgG (10 mg/kg), trastuzumab (10 mg/kg), or Tras-Per CrossMab (10 mg/kg).
Data are shown as means § SEM. *p< 0.05, Mann–Whitney test.
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the selective pressure imposed by the therapy being applied.
Therefore, blockade of multiple target function domains or pro-
teins may result in improved therapeutic efficacy, which can be
achieved by use of the dual targeting strategies applying bispecific
antibodies that have emerged as an alternative to combination
therapy. Although, previous preclinical studies showed that inhi-
bition of HER1 enhanced the response to trastuzumab in HER1-
HER2 co-expressing cells,38,39 clinical activity of selective HER1
inhibitors in patients with breast cancer has been disappointing,
either as single agents,40,41 or in combination with chemotherapy
(in patients unselected for HER2 status),42,43 or in combination
with trastuzumab in patients with HER2-positive breast cancer.
Thus, attention has shifted to other members of the HER family,
especially HER3. Although HER3 has only weak intrinsic tyro-
sine kinase activity,44 HER2-HER3 heterodimerization is the
most potent mitogenic signaling pair in the HER family,45 and
HER3 is now recognized as having a critical role as a co-receptor
for amplified HER2.46 Although HER2 is the target protein of
trastuzumab and pertuzumab, it has been demonstrated that per-
tuzumab with different binding site on HER2 protein could effi-
ciently inhibit ligand-induced HER2/HER3 dimerization,
whereas trastuzumab has only a minor effect in the presence of a
ligand.47 Furthermore, growing clinical evidence revealed that
combination of trastuzumab and pertuzumab could significantly
increase progression-free survival.15,16 These findings indicated
that block the domain IV and domain II of HER2, which is
respectively the binding epitope of trastuzumab and pertuzumab,
could be a promising strategy for next generation of target ther-
apy against breast cancer. In the present study, we first converted
the anti-HER2 mAb trastuzumab and pertuzumab into an IgG-
like bispecific antibody (Tras-Per CrossMab) by using CrossMab
technology.23 It has been demonstrated that Tras-Per CrossMab
with the IgG architecture could bind the target protein with
intact binding affinity compared with the parental antibodies
(Fig. 1). Further studies showed that Tras-Permut CrossMab
with the advantages of both trastuzumab and pertuzumab could
not only inhibit the proliferation of breast cancer in the absence
of ligands as trastuzumab, but also disrupt HER2-HER3 hetero-
dimerization and consequently suppress the proliferation of
tumor cells in the presence of ligands (Figs. 1 and S1). To further
evaluate the in vivo antitumor effects of Tras-Permut CrossMab,
the tumor-bearing mice were treated with high dose (10 mg/kg)
or low dose (2 mg/kg) of Tras-Permut CrossMab as described
above. Our results showed that Tras-Permut CrossMab exhibited
potent antitumor activities against breast cancer in both low
and high dosages. Even in the high-dose group, we have not
observed any adverse side effects in the in vivo experiments.

As we known, binding avidity of antibody is a very important
characteristic for antibody functions, which has close correlation
with detection limits, drug dosages and drug efficacy.48 Based on
the computational method we have previously developed,24 we
have improved the binding avidity of trastuzumab and pertuzu-
mab and subsequently investigated the relationship between the
binding avidity of these HER2 antibodies and their antitumor
activities. In agreement with the previous findings,28,49 binding
avidity improvement of HER2 antibodies could enhance their

ADCC activities. However, our results indicated that improve-
ment the binding avidity of trastuzumab could not significantly
increase its anti-proliferation effects and induction of cell death
(Fig. 2). Intriguingly, we found that enhancement of pertuzumab
binding avidity could markedly increase its anti-proliferative
activities in the presence of ErbB ligand, although the improve-
ment of its anti-proliferation effects was not observed in the
absence of ErbB ligands. In our opinions, increase of pertuzumab
binding avidity could bind the targeted site more tightly, which
endows the pertuzumab with capacity to more efficiently disrupt
ligand-induced HER2/HER3 dimerization and to more signifi-
cantly enhance its anti-proliferative activities. These expectations
have been further validated by our co-immunoprecipitation
assays. Vast number of previous studies have demonstrated that,
although trastuzumab and pertuzumab bind the same target pro-
tein, the mechanisms of action of these 2 HER2 antibodies are
different.29,50 In line with their findings, our results showed that
binding avidity improvement of these 2 antibodies exhibited dif-
ferent changes in their antitumor activities, suggesting that the
killing mechanisms of trastuzumab and pertuzumab are distinct,
and improvement of pertuzumab binding avidity can potently
enhance its antitumor activities both in vitro and in vivo.

To further evaluate the important role of immune responses
induced by Tras-Permut CrossMab, CD8C T cells and CD4C T
cells were depleted by specific antibodies. Our data clearly
showed that depletion of both CD8C T cells and CD4C T cells
markedly reduced the antitumor protection of Tras-Permut
CrossMab, indicating that antitumor specific T cell immunity
induced by Tras-Permut CrossMab is important for the promis-
ing antitumor efficacy of Tras-Permut CrossMab. Further inves-
tigation revealed that CRT is exposed on the surface of dying cell
induced by Tras-Permut CrossMab. As we known, apoptosis is
associated with a series of subtle alterations in the plasma mem-
brane that render the dying cells palatable to phagocytic cells.51

Such “eat me” signals, including the translocation of CRT from
inside the cell to the surface, could elicit the recognition and
removal of apoptotic cells by professional and nonprofessional
phagocytes, which might consequently trigger antitumor
immune responses.33 In the present study, potent caspase-depen-
dent cell death and CRT exposure can be observed after treat-
ment with Tras-Permut CrossMab, indicating that Tras-Permut
CrossMab treatment could trigger CRT translocation to the sur-
face during the cell death. The most striking findings in our pres-
ent study were that CRT downregulation by siRNA could
markedly reduce the antitumor protection of Tras-Permut Cross-
Mab, which can be recovered by addition of rCRT. Depletion of
both CD8C T cells and CD4C T cells could significantly decrease
the antitumor protection of Tras-Permut CrossMab restored by
rCRT treatment. In accordance with our findings, Obeid and his
colleagues have revealed that CRT could be a key feature deter-
mining anticancer immune responses and delineate a possible
strategy for immunogenic therapy in future.33 To further validate
whether Tras-Permut CrossMab could induce potent antitumor
activities against trastuzumab resistance, trastuzumab resistant
breast cancer cells were used. Both our in vitro and in vivo experi-
mental data showed that Tras-Permut CrossMab with marked
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ADCC, cell death and anti-proliferation effects had the potential
to be regard as a promising therapeutic agent to combat trastuzu-
mab resistance.

Materials and Methods

Cell lines, antibodies, and animals
The human breast cancer cell lines BT-474 and SK-BR-3 cells

and murine mammary carcinoma 4T1 cells were obtained from
the American Type Culture Collection. 4T1-HER2 cells were
produced by transfected 4T1 cells with human HER2 proteins.
Trastuzumab-resistant cell line (BT-474/TrasR) was generated
from BT-474 cells as described previously.14 All the cell lines
were authenticated twice by morphologic and isoenzyme analyses
during the study period. Cell lines were routinely checked for
contamination by Mycoplasma using Hoechst staining and con-
sistently found to be negative. Lenti-Concentin Virus Precipita-
tion Solution (EMB810A-1) was purchased from ExCell
Biology. Six-week-old female BALB/c mice and five-week-old
female BALB/c nude mice were obtained from the Beijing Exper-
imental Animal Center of Chinese Academy of Sciences. All ani-
mals were treated in accordance with guidelines of the
Committee on Animals of the PLA general hospital. The study
using human PBMCs from the donors was approved by the Insti-
tutional Review Board of the PLA general hospital.

Construction, expression, and purification of Tras-Per
CrossMab

Tras-Per CrossMab was constructed by using the method as
previously described.23,25 Tras-Permut CrossMab was generated
by introducing the point mutation Thr56Tyr in the pertuzumab
light-chain CDR of CrossMab. The CrossMabs were produced
by transient expression in HEK293F suspension cells from three
expression plasmids at equimolar ratios. The CrossMab was
obtained in high purity via standard protein A affinity chroma-
tography followed by size-exclusion chromatography (SEC).

Competitive binding assay
Cells at 1 £ 106 cells/mL were incubated with a subsaturating

concentration of the indicated Alexa Fluor 488-conjugated anti-
HER2 mAbs and increasing concentrations of purified compet-
ing antibodies for 1 h at 4�C. Then, the cells were washed and
analyzed by flow cytometry using a FACScan flow cytometer
(Becton Dickinson). The IC50 values of competitors were calcu-
lated using a 4-variable algorithm.

Binding activity assays
The affinities of anti-HER2 antibodies for HER2-ECD were

determined as described previously.24 Briefly, each mAb was
incubated with increasing concentrations of HER2-ECD for an
hour. The concentration of free antibody was then measured by
ELISA using immobilized HER2-ECD and was used to calculate
affinity (Kd).

Computational redesign of the binding avidity
of trastuzumab and pertuzumab

The crystal structure of the trastuzumab Fab-HER2 complex
(PDB code 1N8Z) and pertuzumab Fab-HER2 complex (PDB
code 1S78) were used in our present studies. Hydrogen-atom
positions were assigned using the Biopolymer module of Insight
II (Accelrys). The computational mutation was carried out on
trastuzumab or pertuzumab. Docking was performed using
Monte Carlo Simulated Annealing52,53 for random generation of
a maximum of 60 structures through the Affinity module of
Insight II (CVFF force field54). The lowest energy complexes pre-
senting lower root mean square deviation were selected for the
binding-free energy calculations. Briefly, the protein–protein
complexes generated were minimized using the CHARMM force
field (CHARMM version 34b1 program55) and the Generalized
Born with a simple Switching implicit solvent model.56 Finally,
the binding-free energy was calculated using the Molecular
Mechanics Poisson-Boltzmann surface area (MM/PBSA)
method.57 The simulation procedure was described in detail in
our previous manuscript.24,28

Cell death assay
Cells were seeded at 5 £ 104 cells/well in 12-well dishes. After

5 d, cells were treated with HER2 antibodies, trastuzumab com-
bined with pertuzumab at a fixed 1:1 ratio, Tras-Per CrossMab ,
or Tras-Permut CrossMab for 5 d After washing, cells were
treated with SYTOX� Red (Life technologies) for 15 min and
analyzed by flow cytometry (FCM). In some cases, the caspase
inhibitor Z-VAD-FMK was added with a range from 50 to
0.4 mM concentration. After 5 d, cells were treated with
SYTOX� Red (Life technologies) for 15 min and analyzed by
FCM.

Cell proliferation assay
Cells were incubated with different concentrations of recom-

binant HER2 mAbs for 2 h, followed by the addition of ErbB
ligands or not. Recombinant human EGF and HRG were added
at a final concentration of 5 and 1 nmol/L, respectively. After an
additional 4-d incubation, cell proliferation was determined by
CellTiter 96 AQueous One Solution Cell Proliferation Assay
(MTS assay) Kit (Promega).

ADCC assays
ADCC assays were performed as described previously.28

Briefly, the cells were incubated with antibodies for 1 h in
phenol red-free Dulbecco modified Eagle medium culture
medium in a 5% CO2 incubator at 37�C, followed by the
addition of human PBMCs as effector cells. After an addi-
tional incubation for 4 h at 37�C, the cell lysis was deter-
mined by measuring the amount of LDH released into the
culture supernatant. Maximum LDH release was determined
by lysis in 0.2% Triton X-100.

siRNAs and manipulation of surface CRT
siRNA heteroduplexes specific for CRT(sense strand: 50-

rCrCrGrCUrGrGrGUrCrGrArAUrCrRrAr ATT-30), and an
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unrelated control (50-rGrCrCrGrGUrAUrGrCrCrGrGUUr
ArArGUTT-30) were designed as previous described.33 4T1-
HER2 cells were transfected by siRNAs at a final concentration
of 100 nM using HiPerFect (Qiagen). Thirty-six hours after
transfection, cells were assessed for total CRT content by
immunoblotting.

Fluorescence detection of cell surface CRT
Cells were first washed with FACS buffer (1£ PBS, 5% fetus

bovine serum, and 0.1% sodium azide) and then incubated with
rabbit anti-mouse CRT antibody (1:100) in FACS buffer at 4�C
for 30 min. Cells reacted with anti-rabbit IgG (HCL) Alexa fluor
488-conjugates (1:500) in FACS buffer at 4�C for 30 min. After
washing three times with FACS buffer, surface CRT was detected
by FCM.

In vivo therapy study
For BT-474 or BT-474-TraR xenograft studies, female

BALB/c nude mice were implanted with 0.72 mg 60-d release
17b-estradiol pellets (Innovative Research of America). After 6 d,
1 £ 107 BT-474 or BT-474-TraR cells were injected into the
mammary fat pad in a 1:1 PBS:Matrigel suspension (BD Matri-
gel; BD Biosciences). When tumor volumes reached an average
of approximately 100 mm3, the mice were randomly divided
into groups of 10 mice each. Treatments consisted of twice
weekly intravenous injection of different anti-HER2 mAbs for 4
consecutive weeks. Control mice were given vehicle (IgG) alone.
Tumors were measured with digital calipers and tumor volumes
were calculated by the formula: volume 1⁄4 length (width)2/2.

Assessment of tumor-specific T-cell immunity
After being administered with Tras-Permut CrossMab, the

antibody-treated tumor-free mice were rechallenged with
4T1-HER2 cells subcutaneously in the opposite flank. Some
groups of these mice were intraperitoneally administered with
anti-CD4 and/or anti-CD8 mAb after the rechallenge. Effec-
tive depletion of CD4C and/or CD8C T cells was verified by
FCM.

Statistical analysis
Statistical analysis was conducted by Student unpaired t test to

identify significant differences unless otherwise indicated. Differ-
ences were considered significant at p < 0.05.
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