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a b s t r a c t 

Targeted antibodies and methoxy-PEGylated nanocarriers have gradually become a mainstream of can- 

cer therapy. To increase the anti-cancer effects of targeted antibodies combined with mPEGylated lipo- 

somes (mPEG-liposomes), we describe a bispecific antibody in which an anti-methoxy-polyethylene gly- 

col scFv ( αmPEG scFv) was fused to the C-terminus of an anti-HER2 ( αHER2) antibody to generate a 

HER2 × mPEG BsAb that retained the original efficacy of a targeted antibody while actively attracting 

mPEG-liposomes to accumulate at tumor sites. HER2 ×mPEG BsAb can simultaneously bind to HER2- 

high expressing MCF7/HER2 tumor cells and mPEG molecules on mPEG-liposomal doxorubicin (Lipo-Dox). 

Pre-incubation of HER2 × mPEG BsAb with cells increased the endocytosis of Lipo-DiD and enhanced 

the cytotoxicity of Lipo-Dox to MCF7/HER2 tumor cells. Furthermore, pre-treatment of HER2 × mPEG 

BsAb enhanced the tumor accumulation and retention of Lipo-DiR 2.2-fold in HER2-high expressing 

MCF7/HER2 tumors as compared to HER2-low expressing MCF7/neo1 tumors. Importantly, HER2 × mPEG 

BsAb plus Lipo-Dox significantly suppressed tumor growth as compared to control BsAb plus Lipo-Dox in 

MCF7/HER2 tumor-bearing mice. These results indicate that HER2 × mPEG BsAb can enhance tumor ac- 

cumulation of mPEG-liposomes to improve the therapeutic efficacy of combination treatment. Anti-mPEG 

scFv can be fused to any kind of targeted antibody to generate BsAbs to actively attract mPEG-drugs and 

improve anti-cancer efficacy. 

Statement of Significance 

Antibody targeted therapy and PEGylated drugs have gradually become the mainstream of cancer ther- 

apy. To enhance the anti-cancer effects of targeted antibodies combined with PEGylated drugs is very 

important. To this aim, we fused an anti-PEG scFv to the C-terminal of HER2 targeted antibodies to gen- 

erate a HER2 ×mPEG bispecific antibody (BsAb) to retain the original efficacy of targeted antibody whilst 

actively attract mPEG-liposomal drugs to accumulate at tumor sites. The present study demonstrates pre- 

treatment of HER2 ×mPEG BsAb can enhance tumor accumulation of mPEG-liposomal drugs to improve 

the therapeutic efficacy of combination treatment. Anti-mPEG scFv can be fused to any kind of targeted 

antibody to generate BsAbs to actively attract mPEG-drugs and improve anti-cancer efficacy. 
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Fig. 1. A BsAb for enhancing anti-cancer effects by precise targeting and accu- 

mulation of mPEGylated liposomes to tumors. Schematic representation of en- 

hanced accumulation of mPEGylated liposomes (mPEG-liposomes) at HER2 + tu- 

mors by a HER2 × mPEG bispecific antibody (BsAb). The humanized anti-methyl- 

polyethylene glycol scFv ( αmPEG scFv) was fused to the C-terminus of the HER2- 

targeted antibody ( αHER2 Ab) to form an IgG-scFv bispecific antibody. 1st attack: 

pre-treatment with HER2 × mPEG BsAb can retain the original efficacy of HER2- 

targeted antibody, and 2nd attack: the anti-mPEG portion of BsAb can actively at- 

tract mPEG-liposomes to accumulate at tumor sites thus enhancing the therapeutic 

efficiency of the combination therapy. 
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. Introduction 

Targeted antibodies and nanomedicines have gradually become

ainstreams of cancer therapy [1 , 2] . Targeted antibodies include

rugs such as trastuzumab [3] , a humanized anti-HER2 antibody

hat can specifically target human epidermal growth factor recep-

or 2 (HER2) tumor antigen to abolish tumor cell proliferation

4] and whose Fc region can activate immune-mediated tumor

ell killing mechanisms [5] (including, antibody-dependent cell-

ediated cytotoxicity (ADCC) and complement-dependent cytotox- 

city (CDC)). Trastuzumab has been approved for the treatment of

0-30% of breast cancer patients in whom HER2 is overexpressed

6] . Nanomedicines, like mPEGylated liposomal doxorubicin (PLD,

aelyx and Lipo-Dox) [7] , which encapsulates the chemother-

peutic drug doxorubicin in liposomes and attaches methoxy-

olyethylene glycol (mPEG) to the surface of the liposomes can im-

rove the pharmacokinetic profile of the drug, as measured by in-

reased drug bioavailability, decreased systemic toxicity, and pro-

onged circulation time in the blood [8–10] . In recent years, PLD

ombined with trastuzumab as a combination therapy has been

hown to prolong progression-free survival and overall survival

n HER2-overexpressed metastatic breast cancer patients [11–13] .

owever, the liposome drugs passively accumulate in the tumor

hrough the enhanced permeability and retention (EPR) effect [14] ,

hich means the combination of liposome drugs and free antibod-

es does not increase the tumor uptake of liposome drugs as com-

ared with liposome drug monotherapy [15] . Thus, using antibod-

es to confer active tumor targeting of liposome drugs can further

ncrease liposome drug uptake into tumors to improve the anti-

ancer efficacy. 

Conjugation of intact targeted antibodies at the surface of lipo-

omes can increase liposome uptake into tumors through receptor-

ediated endocytosis, which can exhibit better therapeutic efficacy

han a combination of non-targeted liposomes and free antibod-

es [16] . For instance, Allen et al. reported that intact anti-CD19

ntibody-conjugated liposome drugs (mAb-liposomes) were more

ffective in prolonging survival times than a combination of non-

argeted liposome drugs plus free antibodies in a model of hu-

an CD19 + B lymphoma [17] . However, they also found the effi-

acy of mAb-liposomes was lower than anti-CD19 Fab-conjugated

iposomes (Fab-liposomes), because mAb-liposomes were cleared

apidly from the circulation due to a high Fc receptor-mediated

ptake in the liver and spleen [18] . Short circulation time of mAb-

iposomes resulted in insufficient concentration and residence time

or accumulation in tumors, thus reducing the anti-tumor efficacy

19] . To prevent the clearance problem, use of Fab or scFv frag-

ents instead of intact antibodies helped immunoliposomes evade

he clearance via Fc receptor uptake on macrophages [16 , 18 , 20] .

or example, the liposomal drug MM302 used an anti-HER2 scFv

ovalent conjugated-liposomal doxorubicin to potentially improve

he anti-cancer efficacy demonstrated by liposomal doxorubicin

or HER2-positive cancers and possessed indistinguishable pharma-

okinetics (terminal t 1/2 : 13.4 and 13.6 h, respectively) [21 , 22] . We

lso previously described mPEG × HER2 BsAb (Fab × scFv format)

ne-step non-covalent modification of mPEGylated liposomal dox-

rubicin (Lipo-Dox) for enhancement of the therapeutic efficacy of

ipo-Dox for HER2-positive tumors [23 , 24] . Likewise, Caruso and

olleagues also developed PEG × EGFR BsAb (scFv × scFv format)

or modulating targeting of PEGylated particles to EGFR-positive

umors [25 , 26] . However, loss of the Fc fragment led to loss-of-

unction of ADCC and CDC of antibodies. Maintaining the immune-

ediated activity of antibodies and actively attracting the mPEGy-

ated liposomal drugs to accumulate in tumors may further en-

ance the therapeutic efficacy of combination therapy. 

Here, we describe a bispecific antibody made by fusion of

n anti-mPEG scFv ( αmPEG scFv) to the C-terminus of an in-
act anti-HER2 ( αHER2) antibody (clone C6ML3-9 [27] ) named

ER2 × mPEG BsAb (IgG-scFv format). Pre-treatment of tumors

ith HER2 × mPEG BsAb not only retained the original efficacy

f the targeted antibodies but also actively attracted mPEGylated

iposomes to accumulate at the tumor sites ( Fig. 1 ) to generate

n active attraction-based combination therapy. We determined

he bi-functional binding activity of HER2 × mPEG BsAb to HER2-

xpressing cells and mPEGylated-liposomes. The endocytosis and

ytotoxicity of HER2 × mPEG BsAb plus mPEGylated liposomes

ere investigated and compared with control groups (mPEGylated

iposomes alone or HER2 × DNS BsAb plus mPEGylated liposomes)

n HER2-expressing cells. We also examined the tumor specific

argeting of HER2 × mPEG BsAb plus mPEGylated liposomes to

ER2 high-expressing tumors. Finally, the anti-cancer efficacy of

ER2 × mPEG BsAb plus mPEGylated liposomes was determined in

 HER2-expressing xenograft model. Using this double-attack strat-

gy, we expect that mPEG-binding BsAb may retain the original

nti-cancer efficacy (first attack) and actively attract mPEGylated

iposomes to tumors (second attack) to generate a more efficacious

umor-killing effect. 

. Materials And Methods 

.1. Cell lines and animals 

Human breast cancer cells MCF7/HER2 (HER2 high; stable

ER2-transfected MCF7 human breast cancer cells) and MCF7/neo1

HER2 low; control plasmid-transfected MCF7 human breast can-

er cells) were kindly provided by Dr. M. C. Hung (Department of

olecular and Cellular Oncology, University of Texas, M. D. Ander-

on Cancer Center, Houston, TX), and were cultured in Dulbecco’s

odified Eagle medium/nutrient mixture F-12 (DMEM/F12, Gibco,

rand Island, NY, USA) medium supplemented with 10% heat-

nactivated fetal bovine serum (FBS, Biological Industries, USA), 100

nits/mL penicillin, and 100 μg/mL streptomycin (Gibco Laborato-

ies, Grand Island, NY, USA) in a humidified atmosphere of 5% CO 2 

t 37 °C. MDA-MB-468 human breast cancer cells were cultured in

MEM (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10%

eat-inactivated bovine calf serum (BCS, Thermo, Waltham, MA,
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USA), 100 units/mL penicillin, and 100 μg/mL streptomycin (Gibco

Laboratories, Grand Island, NY, USA) at 37 °C in a humidified at-

mosphere of 5% CO 2 . Chinese hamster ovary (CHO)/DG44 cells (In-

vitrogen), in which the dihydrofolate reductase ( dhfr ) gene locus

was deleted were cultured in CD DG44 medium (Invitrogen, Carls-

bad, CA, USA) supplemented with 8 mM L-glutamine (Invitrogen,

Carlsbad, CA, USA), 1.8% Pluronic F-68 (Invitrogen, Carlsbad, CA,

USA), 100 units/mL penicillin and 100 μg/mL streptomycin (Gibco

Laboratories, Grand Island, NY, USA) at 37 °C in an incubator with

8% CO 2 . Healthy 6- to 8-week-old female BALB/c and BALB/c nude

mice were purchased from the National Laboratory Animal Cen-

ter, Taipei, Taiwan. Animal experiments were performed according

to the guidelines of the Kaohsiung Medical University Institutional

Animal Care and Use Committee. 

2.2. Bispecific antibody plasmid construction 

To construct the expression vectors encoding the full-length

anti-HER2 antibody ( αHER2 Ab, clone C6ML3-9 [27] ), a variable

fragment of human αHER2 Ab was cloned from the pBub-YCMC

plasmid (kindly provided by Prof. Louis M. Weiner of Fox Chase

Cancer Center, Philadelphia, PA, USA) [28] , then the VH-CH1 and

VL-C κ domains of the αHER2 Ab were constructed via assembly

PCR. The VH-CH1 domain of αHER2 Ab was assembled with the

human IgG1 Fc domain via PCR to generate the heavy chain of

αHER2 Ab. The αHER2 light and heavy chain sequences, joined by

a furin-2A (F2A)-based bicistronic sequence [29] , was inserted into

the lentiviral vector with a DHFR selectable marker (pLKO_AS2-

ires-dhfr), by use of NheI and AscI restriction sites to generate

pLKO_AS2- αHER2 Ab-ires-dhfr. The VL and VH domains of the

anti-mPEG antibody ( αmPEG Ab) were amplified from the cDNA

isolated from the 15-2b hybridoma and were humanized as de-

scribed previously [30 , 31] , then the VL and VH domain of the

αmPEG Ab were connected with a GGGGS linker to generate

αmPEG scFv. The anti-dansyl ( αDNS) scFv was cloned from pLNCX-

DNS-B7 [32] . The amino acid GGGSGGG flexible linker was placed

between the αHER2 Ab and scFv genes to generate two BsAb

plasmids, the pLKO_AS2- αHER2 × mPEG-ires-dhfr and pLKO_AS2-

αHER2 × DNS-ires-dhfr. 

2.3. Stable expression and purification of bispecific antibodies 

Pseudotyped lentiviruses were generated by cotransfecting

pLKO_AS2- αHER2 Ab-ires-dhfr or pLKO_AS2- αHER2 × mPEG-

ires-dhfr or pLKO_AS2- αHER2 × DNS-ires-dhfr with pMD.G and

pCMVDR8.91 (Academia Sinica, Taipei, Taiwan), respectively, in

phoenix cells by TransIT-LT1 transfection reagent (Mirus Bio Cor-

poration, Madison, WI, USA). Two days after transfection, the

lentivirus-containing culture medium was filtered, mixed with

2 μg/mL Polybrene (Sigma-Aldrich, St. Louis, MO, USA), and

added to CHO DG44 cells. Following lentiviral transduction, the

cells were selected in CD OptiCHO medium (Invitrogen, Carls-

bad, CA, USA) supplemented with 8 mM L-glutamine (Invitro-

gen, Carlsbad, CA, USA) to obtain the CHO DG44/ αHER2 Ab,

CHO DG44/ αHER2 × mPEG or CHO DG44/ αHER2 × DNS sta-

bly expressed cell lines. The producer cells were cultured under

methotrexate (MTX, Sigma-Aldrich, St. Louis, MO, USA) selection

conditions in which a stepwise increase in the MTX concentra-

tion was employed to obtain Ab or BsAb high productivity cell

lines. The high productivity cells were then cultured in a CELLine

(INTEGRA Biosciences AG, Zizers, Switzerland) in MTX-containing

OptiCHO medium for collecting Ab- or BsAb-containing culture

medium. The αHER2 Ab, αHER2 × mPEG BsAb and αHER2 × DNS

BsAb were purified by protein A Sepharose 4 Fast Flow chromatog-
aphy (GE Healthcare, Little Chalfont, UK). The purity of purified

HER2 Ab, αHER2 × mPEG BsAb and αHER2 × DNS BsAb was

nalyzed by SDS-PAGE in reducing conditions and stained with

oomassie brilliant blue (Sigma-Aldrich, St. Louis, MO, USA). 

.4. Bi-functional binding activities of bispecific antibodies by 

ell-based ELISA 

HER2-overexpressing MCF7/HER2 cells (10 5 cells/well) were

rown overnight in 96-well microtiter plates pre-coated with 40

g/mL of poly- D -lysine (Corning, New York, USA). After removing

he original culture medium from the 96-well plates, the cells were

ashed with serum-free DMEM three times, and graded concen-

rations of αHER2 Ab or αHER2 × mPEG or αHER2 × DNS BsAbs

ere added to the cells (50 μL/well) at room temperature (RT)

or 1 hour. After the cells were washed with serum-free DMEM

hree times to remove unbound antibodies, 1 μg/mL of Lipo-Dox

TTY Biopharm Co., Ltd., Taipei, Taiwan; particle size of Lipo-Dox,

8.8 ± 0.6 nm; polydispersity index value, around 0.2; zeta po-

ential, -43.4 ± 0.6 mA, as described in our previous study [23] )

as added to the wells at RT for 30 minutes.. After washing, the

ells were sequentially incubated with 5 μg/mL of biotinylated-

GP4 anti-PEG backbone antibody [30] (0.25 μg/well) and 1

g/mL of horseradish peroxidase (HRP)-conjugated streptavidin (50

g/well) at RT for 1 hour, respectively. Finally, after washing

ith serum-free DMEM three times and PBS once, 0.4 mg/mL of

BTS solution (150 μL/well, 2,2 ′ -azino-bis(3-ethylbenzothiazoline-

-sulphonic acid) (Sigma-Aldrich, St. Louis, MO, USA), 0.01% (v/v)

 2 O 2 , and 100 mM phosphate citrate, pH 4.0) were added for

0 minutes before optical absorbance values at 405 nm were

easured using an ELISA reader (Molecular Devices, Menlo Park,

A, USA). Data are presented as the mean of three independent

xperiments. 

.5. Confocal microscopy of bispecific antibodies plus PEGylated 

iposomal DiD 

HER2-overexpressing MCF7/HER2 cells (2 × 10 5 cells) and HER2

egative MDA-MB-468 cells (2 × 10 5 cells) were seeded on a 35

m glass bottom μ-dish (Ibidi, Martinsried, Germany) pre-coated

ith 40 μg/mL of poly- L -lysine overnight. The cells were incubated

ith 1 μg/mL Hoechst 33342 (Sigma-Aldrich) to stain nuclei and

.2 nM Lysotracker green DND-26 (Invitrogen) to stain lysosomes

n 1 mL phenol red-free DMEM (Gibco Laboratories) supplemented

ith 10% FBS for 40 minutes at 37 °C in a humidified atmosphere

f 5% CO 2 . After removing the medium, the cells were stained with

6.7 nM of HER2 × mPEG in 1 mL phenol red-free DMEM growth

edium for 30 minutes at RT. For competition experiments, we

sed anti-HER2 antibody ( αHER2 Ab) as competitor and anti-CD20

ntibody ( αCD20 Ab) as an isotype control. The cells were pre-

ncubated with 66.7 nM of αHER2 Ab or αCD20 Ab in 1 mL phe-

ol red-free DMEM growth medium at RT for 30 minutes, then

ells were incubated with 66.7 nM of HER2 × mPEG BsAbs in 1

L phenol red-free DMEM growth medium at RT for 30 minutes.

nbound BsAbs were removed by washing with phenol red-free

MEM, and then 5 nM of Lipo-DiD (DiD-labeled mPEGylated lipo-

ome, FormuMax, CA, USA) was added to the cells in 1 mL phe-

ol red-free DMEM growth medium. The fluorescence signal was

xamined by real-time imaging on an Olympus FluoView FV10 0 0

onfocal microscope (Olympus Imaging America, Center Valley, PA).

he excitation and emission wavelengths were 346 and 460 nm for

oechst 33342, 504 and 511 nm for Lysotracker green DND-26, and

44 and 665 nm for Lipo-DiD. 
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.6. Examination of the expression level of HER2 on the cell surface 

y flow cytometry 

Surface expression of HER2 in human breast cancer cells

CF7/HER2, MCF7/neo1 and MDA-MB-468 was examined by stain-

ng the cells with 1 μg/mL of αHER2 Ab in PBS containing 0.05%

v/v) bovine serum albumin (BSA) for 50 minutes at 4 °C, followed

y 1 μg/mL of FITC-conjugated goat anti-human IgG Fc (Jackson

mmunoResearch Laboratories, West Grove, PA) for 50 minutes at

 °C. After extensive washing in ice-cold PBS containing 0.05% BSA,

he surface immunofluorescence of viable cells was measured with

 FACScan flow cytometer (Beckman Coulter FC500 Cytometer) and

uorescence intensities were analyzed with CXP software (Beck-

an Coulter). 

.7. In vitro cytotoxicity of bispecific antibodies plus PEGylated 

iposomal doxorubicin 

MCF7/HER2, MCF7/neo1 or MDA-MB-468 cells (3 × 10 3 

ells/well) were grown overnight in 96-well microtiter plates pre-

oated with 40 μg/mL of poly- D -lysine (Corning, New York, USA).

6.7 nM of αHER2 Ab, HER2 × mPEG BsAb, HER2 × DNS BsAb, or

edium only were added to the wells at RT for 30 minutes, then

raded concentrations of Lipo-Dox were added at 37 °C for 6 hours.

he culture medium was replaced with fresh medium and the cells

ere incubated until the untreated cells reached 90% cell conflu-

nce. The cell viability was measured with ATPlite Luminescence

ssay System (Perkin-Elmer, Waltham, MA, USA). Results are ex-

ressed as percentage cell viability of luminescence as compared

ith untreated cells according to the following formula: Percent-

ge (%) cell viability = 100 × (treated luminescence / untreated

uminescence). Data are presented as the mean of three indepen-

ent experiments. The half maximal inhibitory concentration (IC 50 )

alues were calculated by fitting the data to a log (inhibitor) versus

esponse (variable slope model) with GraphPad Prism 6.0 (Graph-

ad Software, San Diego, CA, USA). 

.8. Serum half-life of bispecific antibodies 

BALB/c mice were intravenously injected with 2.5 mg/kg (333

M in 100 μl PBS per mouse) of αHER2 Ab, HER2 × mPEG BsAb, or

ER2 × DNS BsAb and blood samples were periodically collected

rom the tail veins of the mice. The preparation of plasma was

rom whole blood by centrifugation (3 minutes, 30 0 0 rpm). The

sAb levels in the plasma were determined by quantitative sand-

ich ELISA. Ninety-six-well ELISA microplates (Maxisorp, Nunc,

oskilde, Denmark) were coated with 0.5 μg/ml of goat anti-human

gG Fab antibodies (Jackson ImmunoResearch Laboratories, West

rove, PA, USA) in 0.1 M NaHCO 3 (pH 8.3) coating solution at 37 °C
or 2 hours and then blocked with 200 μL PBS containing 5% (v/v)

kim milk for 2 hours at 37 °C. Graded concentrations of αHER2

bs or plasma samples in PBS containing 2% (v/v) skim milk dilu-

ion buffer were added to the wells (50 μL/well) at RT for 1 hour.

fter washing with PBST three times and PBS one time, the wells

ere stained with 1 μg/mL of HRP-conjugated goat anti-human

gG Fc γ antibody (Jackson ImmunoResearch Laboratories) at RT for

 hour. Finally, after washing, 0.4 mg/mL of ABTS solution (150

L/well) was added for 30 minutes before optical absorbance val-

es at 405 nm were measured using an ELISA reader (Molecular

evices, Menlo Park, CA, USA). Data are presented as the mean of

our independent experiments. The initial and terminal half-lives

f the BsAbs were estimated by fitting the data to a one-phase ex-

onential decay model with GraphPad Prism 6.0 software. 
.9. Imaging of bispecific antibodies plus PEGylated liposomal DiR 

BALB/c nude mice bearing MCF7/HER2 (HER2 high) and

CF7/neo1 (HER2 low) subcutaneous tumors (~100 mm 

3 ) in their

ammary fat pad were intravenously injected with HER2 × mPEG

sAb or HER2 × DNS BsAb (2.5 mg/kg) or PBS, respectively. Forty-

ight hours after BsAb injection, the mice were intravenously in-

ected with 25 μL of 0.5 mM of DiR-labeled mPEGylated liposomes

Lipo-DiR). Isoflurane anesthetized mice were imaged with an IVIS

pectrum optical imaging system (excitation, 745 nm; emission,

00 nm; PerkineElmer, Waltham, MA, USA) at 24, 72 and 96 hours

fter injection. 

.10. In vivo therapy with bispecific antibodies plus PEGylated 

iposomal doxorubicin 

BALB/c nude mice were inoculated subcutaneously with 3 × 10 6 

CF7/HER2 cells in 100μL of 1:1 PBS/Matrigel (BD Biosciences,

an Jose, CA, USA) in the mammary fat pad. After tumors reached

 volume of 50-70 mm 

3 , mice were intravenously injected with

BS, HER2 × mPEG BsAb or HER2 × DNS BsAb (2.5 mg/kg). Af-

er 48 hours, the mice were intravenously administrated Lipo-

ox (4 mg/kg). Treatment was repeated once after 12 days for

 total of two rounds. Tumor sizes were measured every 7

ays, and tumor volumes were calculated according the formula:

length × width × high)/2. Mice were weighed every 7 days to ex-

mine treatment toxicity. 

.11. Statistical analysis 

The results of pharmacokinetics and cytotoxicity assays are pre-

ented as mean values ± SD. The results of tumor sizes and body

eights are shown as mean values ± SEM. All experiments were

epeated at least two times with representative data shown. Differ-

nces in tumor volumes between groups were examined for statis-

ical significance using two-way analysis of variance (ANOVA) fol-

owed by Tukey’s multiple comparisons; P values < 0.05 were con-

idered statistically significant. No statistical method was used to

redetermine sample sizes. 

. Results 

.1. Characterization of HER2 × mPEG BsAb 

Fig. 2 A shows a schematic representation of the bispecific anti-

ody (BsAb) expression constructs. We selected a humanized anti-

ER2 antibody ( αHER2 Ab) as the tumor targeting antibody to de-

elop a HER2 × mPEG bispecific antibody (BsAb). The light chain

nd heavy chains of the αHER2 Ab were linked through a furin-2A-

ased bicistronic sequence to generate the recombinant αHER2 Ab

 Fig. 2 A). In addition, the C-terminus of the αHER2 Ab was fused

ith anti-methoxy-PEG scFv ( αmPEG scFv) via a flexible linker

GGGSGGG) to generate the HER2 × mPEG BsAb. We also replaced

he αmPEG scFv with an anti-hapten dansyl scFv ( αDNS scFv) to

enerate HER2 × DNS BsAb as a negative control. 

All of the recombinant antibodies ( αHER2 Ab, HER2 × mPEG

sAb, and HER2 × DNS BsAb) were stably expressed in CHO DG44

ells. After purification, the molecular weights of all the anti-

odies were confirmed by SDS-PAGE under reducing conditions.

ig. 2 B shows that the αHER2 Ab was composed of a 55 kDa heavy

hain fragment (HC) and a 30 kDa light chain fragment (LC), and

he BsAbs were composed of 85 kDa heavy chain-scFv fragments

HC-scFv) and a 30 kDa LC, which were the expected molecular

eights of all the antibodies. 

To further examine the bi-functional binding activity of the

ER2 × mPEG BsAb, the HER2 overexpressing MCF7 (MCF7/HER2)
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Fig. 2. Characterization of HER2 × mPEG BsAbs. (A) The recombinant anti-HER2 antibody gene encodes an Ig κ signal peptide (SP), the anti-HER2 antibody human Ig κ

light chain (LC), a furin-2A bicistronic element sequence (F2A), and the anti-HER2 antibody human IgG 1 heavy chain (HC). The bispecific antibodies contain an additional 

GGGSGGG flexible linker peptide (Linker) and anti-mPEG scFv ( αHER2 ×mPEG) or control anti-dansyl scFv ( αHER2 ×DNS). (B) Reducing SDS-PAGE of purified Abs and BsAbs. 

HC-scFv: heavy chain fused with scFv. HC: heavy chain. LC: light chain. M: PageRuler pre-stained protein ladder (Fermentas). (C) MCF7/HER2 cells were incubated with 

αHER2 Ab (white squares), HER2 ×mPEG (black circles), or HER2 ×DNS (white circles), then incubated with Lipo-Dox (mPEG-liposomes). Binding of Lipo-Dox to MCF7/HER2 

cells mediated by HER2 ×mPEG BsAbs was measured by ELISA. The mean absorbance values (405 nm) of triplicate determinations are shown. The bars indicate SD. 
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cells were incubated with different concentrations of αHER2 Ab,

HER2 × mPEG BsAb, or HER2 × DNS BsAb at room tempera-

ture (RT) for 1 hour. After washing, mPEGylated liposomal dox-

orubicin (Lipo-Dox) was incubated with these cells. The amount of

bound Lipo-Dox was detected via biotinylated-AGP4 anti-PEG back-

bone antibody [30] , HRP-conjugated streptavidin and ABTS sub-

strate, then the absorbance was measured at 405 nm. As shown in

Fig. 2 C, the absorbance could be detected in cells incubated with

HER2 × mPEG BsAb but not αHER2 Ab or HER2 × DNS BsAb. These

results indicate that HER2 × mPEG BsAb can simultaneously bind

i  
o HER2 expressed on the cell surface and mPEG molecules on mP-

Gylated liposomes. 

.2. HER2 × mPEG BsAb enhances the internalization of Lipo-DiD by 

eceptor-mediated endocytosis 

To investigate whether HER2 × mPEG BsAb can specifically

nhance internalization of mPEGylated particles into tumor cells

y HER2-mediated endocytosis, MCF7/HER2 (HER2 overexpress-

ng) cells and MDA-MB-468 (HER2 negative) cells were incubated
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Fig. 3. In vitro confocal microscope imaging of the enhanced internalization of Lipo-DiD mediated by pre-treatment with HER2 × mPEG BsAb. (A) MCF7/HER2 cells 

and (B) MDA-MB-468 cells were incubated with medium only (top row), αHER2 Ab (middle row) and αCD20 Ab (bottom row) supplemented with Hoechst 33342 and 

LysoTracker Green DND-26 for 30 min at room temperature, then incubated with HER2 × mPEG for 30 min at room temperature, followed by Lipo-DiD and observed in 

real time with a confocal microscope. Hoechst 33342 (blue), LysoTracker Green DND-26 (green) and Lipo-DiD (red) stain for the nuclei, lysosomes and Lipo-DiD, respectively. 

The red fluorescence signal (Lipo-DiD) were gradually internalized from the plasma membrane into the cytoplasm with the passage of time and co-localized with green 

fluorescence signals (lysosomes) showing co-localization color (yellow). Arrows represent co-localization yellow color. White scale bars represent 20 μm. 
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Fig. 4. HER2 × mPEG BsAb enhances the cytotoxicity of Lipo-Dox. Cell viabil- 

ity of (A) MCF7/HER2 (HER2 high), (B) MCF7/neo1 (HER2 low) and (C) MDA-MB- 

468 (HER2 negative) cells treated with culture medium (white triangles), αHER2 

Ab (white squares), HER2 × mPEG (black circles) or HER2 × DNS (white circles) for 

30 min, respectively, followed by addition of serial dilutions of Lipo-Dox in triplicate 

for 6 h. The cell viability was measured by ATPlite analysis 96 h later. Results show 

mean cell viability compared to untreated control cells ( n = 3). The bars indicate 

the SD. 

6  

r  

p  

M  
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o  
with HER2 × mPEG BsAb at RT for 30 minutes. We also ex-

amined the effect of competition by adding anti-HER2 antibody

( αHER2 Ab) or anti-CD20 antibody ( αCD20 Ab) as an isotype con-

trol to MCF7/HER2 or MDA-MB-468 cancer cells at RT for 30 min-

utes before the cells were incubated with HER2 × mPEG BsAb

at RT for 30 minutes. After washing, Lipo-DiD was added to

these cells, and then the fluorescence signal of Lipo-DiD was de-

tected by real-time confocal microscopy imaging. Hoechst 33342

and Lysotracker Green were used to stain the nuclei and lyso-

somes, respectively. Fig. 3 shows that red fluorescence signals

(Lipo-DiD) were detected in MCF7/HER2 cells ( Fig. 3 A, top) but

not in MDA-MB-468 cells ( Fig. 3 B, top) when they were di-

rectly incubated with HER2 × mPEG BsAb and Lipo-DiD, indi-

cating that HER2 × mPEG BsAb could specifically attract Lipo-

DiD to the MCF7/HER2 cells and enhance the internalization of

Lipo-DiD. However, the HER2 × mPEG BsAb-enhanced internal-

ization of Lipo-DiD was not observed in MCF7/HER2 cells when

pre-incubated with competitor αHER2 Ab ( Fig. 3 A, middle), indi-

cating the function of HER2 × mPEG BsAb could be competed

with αHER2 Ab. By contrast, the HER2 × mPEG BsAb-enhanced

internalization of Lipo-DiD could be observed in MCF7/HER2 cells

when pre-incubated with isotype control αCD20 Ab ( Fig. 3 A, bot-

tom) as well as directly incubated with HER2 × mPEG BsAb

( Fig. 3 A, top). HER2 × mPEG BsAb-enhanced binding and inter-

nalization of Lipo-DiD was not observed in HER2 negative MDA-

MB-468 cells ( Fig. 3 B). These results suggested that HER2 × mPEG

BsAb can mediate selective binding and enhance the internaliza-

tion of mPEG-liposomes (Lipo-DiD) through HER2-mediated en-

docytosis, which is important to increase the cellular uptake of

nanoparticles. 

3.3. HER2 × mPEG BsAb enhances the cytotoxicity of Lipo-Dox to 

HER2-expressing cancer cells 

We next analyzed whether the HER2 × mPEG BsAb can en-

hance the cytotoxicity of Lipo-Dox to breast cancer cells. We used

three breast cancer cell lines with varying levels of HER2 (supple-

mentary Figure 1), the HER2-high expressing cells (MCF7/HER2),

HER2-low expressing cells (MCF7/neo1) or HER2 negative cells

(MDA-MB-468) were incubated with or without αHER2 Ab,

HER2 × mPEG BsAb or HER2 × DNS BsAb at RT for 30 minutes.

After removing the antibody-containing medium, all of the groups

were subsequently treated with graded concentrations of Lipo-Dox.

Cell viability were measured by ATPlite luminescence assay, and

the results are shown as percentage inhibition of luminescence

as compared with untreated groups. The half maximal inhibitory

concentration (IC 50 ) values of MCF7/HER2, MCF7/neo1 and MDA-

MB-468 cells treated with each group were analyzed ( n = 3). As

shown in Fig. 4 A, the HER2 × mPEG BsAb enhanced the cytotox-

icity of Lipo-Dox (IC 50 : 0.04 μg/mL) against HER2-high express-

ing MCF7/HER2 cancer cells as compared with HER2 × DNS BsAb

plus Lipo-Dox (IC 50 : 4.3 μg/mL), αHER2 Ab plus Lipo-Dox (IC 50 :

3.1 μg/mL) and Lipo-Dox alone (IC 50 : 3.9 μg/mL). In the HER2-low

expressing MCF7/neo1 cancer cells ( Fig. 4 B), the HER2 × mPEG

BsAb also enhanced the cytotoxicity of Lipo-Dox (IC 50 : 0.7 μg/mL)

as compared with HER2 × DNS BsAb plus Lipo-Dox (IC 50 : 4.4

μg/mL), αHER2 Ab plus Lipo-Dox (IC 50 : 4.6 μg/mL) and Lipo-Dox

alone (IC 50 : 6.7 μg/mL). The results indicate that the HER2 × mPEG

BsAb can potentially promote the anti-cancer efficacy of Lipo-Dox

to HER2 + cancer cells as compared with HER2 × DNS control

BsAb. By contrast, HER2 × mPEG, HER2 × DNS or αHER2 Ab

did not improve the cytotoxic effect of Lipo-Dox to HER2 nega-

tive MDA-MB-468 cancer cells ( Fig. 4 C) as compared with Lipo-Dox

alone, the IC 50 was 1.3 μg/mL, 1.2 μg/mL, 1.4 μg/mL and 1.4 μg/mL,

respectively. The IC 50 of HER2 × mPEG BsAb plus Lipo-Dox on

MCF7/HER2, MCF7/neo1 and MDA-MB-468 cells were 107.5-fold,
.3-fold and 0.9-fold lower than HER2 × DNS BsAb plus Lipo-Dox,

espectively. We found the cytotoxic effect of HER2 × mPEG BsAb

lus Lipo-Dox was more efficient against MCF7/HER2 cells than

CF7/neo1 cells but had no effect on MDA-MB-468 cells. Our ob-

ervations are consistent with the HER2 antigen-dependent levels

n the surfaces of these cells, indicating that the αHER2 recombi-
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ant antibodies indeed exhibit specificity to the HER2 antigen ex-

ressed on these cells. 

.4. Serum half-life and specific targeting of HER2 × mPEG BsAb 

The serum half-lives of αHER2 Ab, HER2 × mPEG BsAb and

ER2 × DNS BsAb were evaluated to determine a reasonable time

oint for administration of mPEG-liposomes after administration of

sAbs in vivo . The 333 nM recombinant antibody samples were in-

ected intravenously into BALB/c mice, then serum samples were

aken at various times and the concentration of recombinant anti-

odies were determined by sandwich ELISA. The half-lives of the

HER2 Ab, HER2 × mPEG BsAb and HER2 × DNS BsAb were 4.3,

.7 and 2.6 days, respectively ( Fig. 5 A). 

We further examined the different time intervals between in-

ection of BsAb and mPEG-liposomes to find the optimal time point

o effectively accumulate mPEG-liposomes in tumors (Supplemen-

ary Figure 2). We chose 24 h, 48 h and 72 h post-injection of

ER2 × mPEG BsAb or HER2 × DNS BsAb for the injection of

ipo-DiR into the tumor-bearing mice. Then, we used an in vivo

maging system to image mice to detect DiR fluorescence signals.

he results show that the DiR fluorescence signals detected at

CF7/HER2 tumors (HER2 high) were highest in the mice in which

he injection time interval was 48 h between HER2 × mPEG BsAbs

nd Lipo-DiR injection, followed by the 72 h time interval and fi-

ally the 24 h time interval. On the other hand, with administra-

ion of HER2 × DNS BsAb plus Lipo-DiR at different time inter-

als, the DiR fluorescence signals detected at MCF7/HER2 tumors

ere similar to those with administration of Lipo-DiR alone. There-

ore, we chose 48 h as the optimal time interval between BsAb and

PEG-liposome administration in subsequent studies. 

To examine whether the accumulation rate and retention

ime of mPEG-liposomes were increased by pre-treating HER2-

xpressing tumors with HER2 × mPEG BsAbs, BALB/c nude mice

earing established HER2-high expressing MCF7/HER2 (right side)

nd HER2-low expressing MCF7/neo1 (left side) tumors in their

ourth pair of mammary fat pads, respectively, were intravenously

njected with HER2 × mPEG BsAb or HER2 × DNS BsAb. After 48

ours, they were intravenously injected with Lipo-DiR (DiR-labeled

PEGylated liposomes). These mice were optically imaged using

n in vivo imaging system at 24, 72 and 96 hours after Lipo-DiR

njection. After pre-treatment with HER2 × mPEG BsAb, DiR flu-

rescence signals were obviously detected in MCF7/HER2 (HER2

igh) tumors as compared with the MCF7/neo1 (HER2 low) tu-

ors from 24 to 96 hours after Lipo-DiR injection ( Fig. 5 B, bot-

om). The DiR fluorescence intensity of HER2 × mPEG BsAb plus

ipo-DiR in MCF7/HER2 (HER2 high) tumors was 2.2-fold greater

han in MCF7/neo1 (HER2 low) tumors at 96 hours. By contrast,

ith administration of Lipo-DiR alone ( Fig. 5 B, top) or HER2 × DNS

sAb plus Lipo-DiR ( Fig. 5 B, middle), the DiR fluorescence signals

n MCF7/HER2 (HER2 high) tumors and MCF7/neo1 (HER2 low) tu-

ors were 1.3-fold and 1.0-fold higher, respectively. These results

ndicate that the specific targeting of HER2 × mPEG BsAb but not

ER2 × DNS BsAb can increase the accumulation and retention

ime of Lipo-DiR to HER2-high expressing MCF7/HER2 tumors as

ompared with administration of Lipo-DiR alone. 

.5. HER2 × mPEG BsAb improves the antitumor activity of Lipo-Dox 

n HER2-high expressing tumors 

To examine whether HER2 × mPEG BsAb could enhance the

nti-cancer efficacy of Lipo-Dox in HER2-expressing tumors, BALB/c

ude mice bearing established MCF7/HER2 tumors were divided

nto five groups: phosphate-buffered saline (PBS), Lipo-Dox alone,

ER2 × mPEG BsAb alone, HER2 × mPEG BsAb plus Lipo-Dox
nd HER2 × DNS BsAb plus Lipo-Dox. The BsAbs were intra-

enously injected into mice 48 hours before Lipo-Dox treatment

n day 1 and day 13. Fig. 6 A shows that the combination treat-

ent of HER2 × DNS BsAb plus Lipo-Dox significantly inhibited

CF7/HER2 tumor growth as compared to the mice treated with

ipo-Dox alone or HER2 × mPEG BsAb alone ( P < 0.0 0 01). Impor-

antly, HER2 × mPEG BsAb plus Lipo-Dox significantly suppressed

CF7/HER2 tumor growth as compared to the mice treated with

ER2 × DNS BsAb plus Lipo-Dox ( P = 0.0025) and without obvi-

us toxicity as assessed by mouse body weight ( Fig. 6 B). Our re-

ults demonstrated that HER2 × mPEG BsAb greatly enhances the

herapeutic efficacy of Lipo-Dox to HER2-high expressing tumors,

hich is attributed to the HER2 × mPEG BsAb being able to ac-

ively attract mPEGylated liposomes to tumors, while HER2 × DNS

sAb cannot. We conclude that the active attraction-based combi-

ation therapy of HER2 × mPEG BsAb plus Lipo-Dox is more effec-

ive than combination therapy of HER2 × DNS BsAb plus Lipo-Dox

gainst HER2-expressing tumors. 

. Discussion 

We successfully used pre-treatment with HER2 × mPEG BsAb

o effectively attract mPEGylated products (Lipo-Dox) to HER2 + 

umor cells, and facilitate the internalization and cytotoxicity of

PEGylated products. Importantly, HER2 × mPEG BsAb can pro-

ong the retention time of Lipo-DiR and thereby greatly improve

he therapeutic effect of Lipo-Dox in HER2 + tumors. This ac-

ive attraction-based combination therapy is a much more effi-

ient therapy than traditional combination therapy because mPEG-

inding BsAb retains the anti-tumor activity of the targeted anti-

ody and can actively attract and accumulate any mPEGylated drug

such as liposomes, micelles, proteins, etc) in tumors. We believe

hat the mPEG-binding BsAb possesses a more powerful ability to

nhance the efficacy of mPEGylated drugs available in the clinic

han traditional antibodies, and potentially have extensive clinical

pplications. 

It is important to increase the tumor accumulation of hapten-

odified anti-cancer drugs for effective therapeutic efficacy of can-

er, because hapten-modified drugs generally lack tumor speci-

city. Active targeting has been one approach to enhance tumor

pecific targeting and cellular uptake of drug payloads [33] . Sev-

ral strategies have been successfully designed which use BsAb

or delivering hapten-modified payloads to target sites [23 , 34–

6] . For example, Brinkmann and colleagues developed digoxi-

enin (dig)-binding bispecific antibodies (HER2 × dig, IGF1R × dig,

D22 × dig or LeY × dig) that could effectively increase accumula-

ion of digoxigeninylated compounds (dig-siRNAs, dig-Doxorubicin, 

ig-Cy5) to tumor antigen-expressing tumors [37 , 38] ; Goldenberg

nd colleagues also described a CEA × HSG BsAb that could de-

iver histamine-succinyl-glycine (HSG) hapten-modified radiopep- 

ide ( 111 In-labeled HSG peptide) to CEA-expressing GW-39 human

olon tumors [39] . However, these methods need additional chem-

cal conjugation of hapten (dig and HSG) to the payloads, and the

apten moiety modified on the payload is not approved by the

ood and Drug Administration (FDA), thus these methods may have

imited clinical applications. Here, we generated a HER2 × mPEG

sAb that can simultaneously target HER2 + tumors and actively

ttract mPEGylated products (Lipo-Dox, Lipo-DiD, Lipo-DiR) to tar-

et sites for enhancement of tumor imaging and therapy. PEG

olecules have been approved by the FDA for drug development

40] , and many PEGylated drugs are already used in the clini-

al setting [41 , 42] , such as PEGylated liposomal drugs (e.g., Cae-

yx and Onivyde) [7 , 43] , PEGylated nanoparticles (e.g., CALLA 01)

44] , PEGylated micelles (e.g., Genexol-PM and Nanoplatin) [45 , 46] ,

EGylated proteins/enzymes (e.g., Sylatron, Oncaspar, and Pegasys)

47–49] , and PEGylated low molecular weight drugs (e.g., PEG-
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Fig. 5. Imaging of Lipo-DiR accumulation in HER2-high expressing tumors with HER2 × mPEG BsAb pre-treatment. (A) Pharmacokinetics of αHER2 Ab (white squares), 

HER2 × mPEG (black circles) or HER2 × DNS (white circles). The 333 nM Abs or BsAbs were injected intravenously into BALB/c mice and then serum samples were taken at 

various times. Mean concentration of recombinant antibodies were measured by sandwich ELISA ( n = 4). (B) In vivo imaging of Lipo-DiR in BsAb pre-treated tumor-bearing 

mice. HER2-high expressing MCF7/HER2 (right mammary fat pad) and HER2-low expressing MCF7/neo1 (left mammary fat pad) tumor-bearing nude mice were intravenously 

injected with PBS (top row), HER2 × DNS (middle row) or HER2 × mPEG (bottom row). After 48 h, each of the mice received intravenous injection of Lipo-DiR. Mice were 

sequentially imaged at 24 h, 72 h and 96 h with an IVIS spectrum optical imaging system. 
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irinotecan) [50] . The aforementioned mPEGylated drugs may be at-

tracted by HER2 × mPEG BsAb to accumulate at target sites. We

believe that the HER2 × mPEG BsAb is a promising tool for com-

bining currently available mPEGylated drugs or probes that can ac-

tively attract these clinical agents to target sites to enhance the

therapeutic or diagnostic efficacy. 
The concept of a BsAb that can simultaneously target tumors

nd directly attract therapeutic agents to tumors may greatly in-

rease the therapeutic efficacy of antibodies for cancer. For exam-

le, in recent decades, the anti-CD3 antibodies ( αCD3 Abs) has

een paired with various tumor-targeted antibodies to generate

umor marker × CD3 BsAbs to direct CD3 + T cells to eliminate
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Fig. 6. Therapeutic efficacy of active attraction-based combination therapy (HER2 × mPEG BsAb plus Lipo-Dox) against HER2-expressing tumors. BALB/c nude mice 

bearing MCF7/HER2 tumors were intravenously injected with PBS (black triangles), HER2 × mPEG BsAb alone (white squares), Lipo-Dox alone (black squares), HER2 × DNS 

BsAb plus Lipo-Dox (white circles) and HER2 × mPEG BsAb plus Lipo-Dox (black circles). The 2.5 mg/kg of BsAbs were intravenously injected into mice on day 1 and day 13 

(solid arrows). After 48 hours, the mice were intravenously administrated with 4 mg/kg of Lipo-Dox (dotted arrows). (A) Tumor volume was estimated once a week. Results 

show mean tumor sizes ± SEM; n = 4 mice per group in two independent experiments; ∗∗∗∗ , P < 0.0 0 01, ∗∗ , P = 0.0025 on day 80 analyzed by two-way ANOVA; ns, not 

significant. (B) Mean body weights of treated MCF7/HER2-bearing mice ( n = 4, in duplicates). 
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umors. Lindhofer and colleagues found that the therapeutic effi-

acy of EpCAM × CD3 BsAb (Catumaxomab) was 2.3-fold higher

han the combination of the two parental antibodies [51] ; they also

howed that after changing the αEpCAM arm of the BsAb with an

CD20 Ab, the CD20 × CD3 BsAb (Lymphomun) displayed 2-fold

igher tumor elimination than αCD20 Ab [52] . The CD3 BsAb en-

anced the anti-cancer efficacy of the parental antibody via CD3 T

ell recruitment. Similarly, in our study, the HER2 × mPEG BsAb

an simultaneously target HER2 + breast tumors and attract the

PEGylated drug Lipo-Dox to target sites to significantly enhance

he therapeutic efficacy of Lipo-Dox against HER2 + tumors as com-

ared with HER2 × DNS control BsAb or αHER2 Ab in vitro and in

ivo . These results indicate that the efficacy of antibody plus mP-

Gylated drugs can be improved by fusing a novel mPEG-specific

cFv to the Fc terminus of an αHER2 Ab. Notably, the mPEG-

pecific scFv is not limited to HER2-targeted antibodies, but may

e further expanded for other tumor-targeted antibodies [1] , such

s αEGFR Ab, αPSMA Ab and αCD20 Ab to generate various BsAb

hat can attract mPEGylated drugs to enhance anticancer activity.

hangeable tumor-targeted antibodies can be tailor-made to suit

atients’ tumor-associated antigen profiling at the tumor sites to
chieve precision medicine. Therefore, the mPEG-specific scFv is a

exible element that can be extensively fused to various disease-

argeted antibodies to develop next generation BsAbs to directly

ttract mPEGylated drugs to tumors to enhance their therapeutic

fficacy. 

Pre-treatment with BsAb followed by administration of mP-

Gylated drugs can increase the tumor accumulation of drugs.

his non-attached administration may help to maintain the natu-

al properties of both treatments. Conjugation of cytotoxic drugs

o a targeted antibody is a well-known method to increase the

umor accumulation of drugs. For example, antibody-drug conju-

ates (ADCs) consist of antibodies conjugated with cytotoxic drugs

ia a biodegradable linker to increase the internalization of cyto-

oxic drugs into tumor cells [53] . However, figuring out the opti-

al drug-to-antibody ratio (DAR) which does not affect the basic

roperties of antibodies and cytotoxic drugs takes a lot of time

nd is expensive. Furthermore, a DAR > 4 can diminish ADC sol-

bility and influence stability, thus, ADC are limited by the low

AR of 2-4 [54] . Our previous studies described one-step mixing of

PEG × HER2 BsAb (Fab × scFv format) and mPEG-liposomes to

orm targeted-liposomes followed by direct dosing of breast tumor-
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bearing mice [23 , 24] . However, formulation of targeted-liposomes

may produce heterogeneous products and might alter the in vivo

behavior of the liposomes in unpredictable ways [55] . In our study,

pre-treatment of HER2 × mPEG BsAb followed by administration

of Lipo-Dox exhibited more efficient anti-cancer activity than Lipo-

Dox single treatment or HER2 × DNS control BsAb plus Lipo-

Dox against antigen 

+ tumors in vitro and in vivo , suggesting the

HER2 × mPEG BsAb could enhance tumor specificity and thera-

peutic effects of Lipo-Dox in two-step administration. There is no

chemical modification between the BsAbs and liposomes in this

method, thus simplifying the manufacturing process, and it will

be helpful to maintain the natural properties of BsAbs and lipo-

somes. In addition, two-step administration provides high flexibil-

ity to choose a wider range of liposomal drugs, and each liposome

can encapsulate ~10,0 0 0 drug molecules [7] that may greatly in-

crease the therapeutic efficacy of drugs. However, two-step admin-

istration has a limitation, i.e., a reasonable time point for admin-

istration of mPEGylated-liposomes following BsAbs must be rigor-

ously evaluated to confirm its suitability for clinical applications.

This limitation might be solved by further assessing the half-life

of BsAbs in the systemic circulation of patients and determining

the proper interval between administration of BsAbs and mPEG-

liposomes to effectively accumulate mPEG-liposomes in tumors. In

addition, pretargeted BsAb may be endocytosed into cancer cells

before liposomes are administered. However, endocytosed recep-

tors may be recycled back to the cell surface after cellular inter-

nalization [56] , thus the recycled receptors may be retargeted by

BsAbs to continuously attract mPEG-liposomes to the cell. There-

fore, mPEG-binding BsAb can increase the tumor accumulation of

mPEGylated drugs without the influence of chemical modification,

meaning that it has development potential and possible clinical

application. 

In summary, our results demonstrate that HER2 × mPEG BsAb

can simultaneously bind tumor antigens and mPEG molecules,

and actively attract mPEGylated products, such as Lipo-Dox, Lipo-

DiD and Lipo-DiR to tumor sites. Pre-treatment of HER2 × mPEG

BsAb greatly enhanced the therapeutic efficacy of Lipo-Dox against

HER2 + tumors. Moreover, the strategy of mPEG-binding BsAb plus

mPEGylated drugs has following advantages: (1) enhancement of

the therapeutic efficacy of traditional combination therapies (tar-

geted antibody plus mPEGylated drugs); (2) the BsAb can actively

attract any mPEGylated drugs used in the clinic; (3) the mPEG-

specific scFv can be fused to any kind of disease-targeted antibody,

therefore it is flexible and has potentially wide clinical applica-

tions; (4) two-step administration may help to maintain the nat-

ural properties of BsAb and mPEGylated drugs as compared with

chemical conjugation; (5) more simple manufacturing processes as

chemical conjugation steps are not required. Additionally, (6) in

retaining the intact IgG format it is expected that the immune-

mediated function will be retained, which is a desirable add-on

for therapeutic antibodies, such as ADCC and CDC. According to

these advantages, we anticipate the mPEG-specific scFv can serve

as a versatile bridging element to generate next-generation mPEG-

binding BsAbs for connecting disease-targeted antibodies and mP-

EGylated drugs. 
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