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Enhanced drug internalization and therapeutic
efficacy of PEGylated nanoparticles by one-step
formulation with anti-mPEG bispecific antibody
in intrinsic drug-resistant breast cancert
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For those patients with HER2-overexpressing breast cancer, treatment with PEGylated liposomal doxo-
rubicin (PLD) is inefficacious due to the intrinsic low sensitivity to doxorubicin. A very large increase in drug
accumulation by active targeting may enhance the therapeutic efficacy of PLD. We established a humanized
bispecific antibody (BsAb; mPEG x HER2) which has dual specificity for methoxy-polyethylene glycol
(mPEG) and human epidermal growth factor receptor 2 (HER2) to enhance the specificity, internalization
and anticancer activity of PLD for cancer cells that overexpress HER2. One-step formulation of PLD with
mMPEG X HER2 converted the PLD into HER2 targeted liposomes that were stable at 4 °C in PBS as well as at
37 °C in the presence of serum. aHER2/PLD induced receptor-mediated endocytosis and enhanced doxo-
rubicin accumulation in MCF7/HER2 (HER2-amplified) breast cancer cells. tHER2/PLD also displayed more
than 200-fold increased cytotoxicity to MCF7/HER2 cells and 28-fold increased cytotoxicity to drug-resist-
ant MDA-MB-361 cells with a physical deletion of the TOP2A gene. aHER2/PLD specifically accumulated
doxorubicin in the nucleus of cancer cells in tumor-bearing mice and produced significantly greater antitu-
mor activity against MCF7/HER2 (P < 0.0001) and MDA-MB-361 (P < 0.05) tumors as compared to untar-
geted PLD. Furthermore, the cardiotoxicity of aHER2/PLD was similar to that of PLD in human cardiomyo-
cytes and in mice. Our results indicate that the one-step formulation of PLD by mPEG x HER2 is a simple
method to confer tumor specificity, increase drug internalization and enhance the anticancer activity of
PLD against HER2-overexpressing and doxorubicin-resistant breast cancer.

Introduction

Coating the surface of nanoparticles with polyethylene glycol,
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known as “PEGylation”, is a common approach to reduce
capture by the reticuloendothelial system™* and prolong the
systemic circulation of nanomedicines.>* PEGylated nano-
particles (PEG-NPs) have been widely developed to encapsulate
various therapeutic agents and imaging probes including
small molecules, proteins and nucleic acids.>® Various
PEG-NPs are under clinical development and two types have
been approved including PEGylated liposomal doxorubicin
(PLD; Caelyx® and Lipo-Dox®) for metastatic breast cancer,
ovarian cancer and AIDS-related Kaposi’s sarcoma, and
PEGylated liposomal irinotecan (ONIVYDE®) for pancreatic
cancer.® PEG-NPs can passively accumulate in tumors via the
enhanced permeability and retention (EPR) effect, thereby
reducing off-target side effects.” Thus, the overall risk of cardi-
otoxicity is significantly lower in patients treated with PLD as
compared to patients treated with doxorubicin.® However,

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Strategy of anti-PEG bispecific molecules for targeted cancer therapy. The anti-PEG bispecific antibody (mMPEG X HER2) can bind to the
surface of PEGylated liposomal doxorubicin (PLD) to form «HER2/PLD, which confers HER2 specificity, and enhances internalization and anticancer
activity against HER2-expressing and doxorubicin-resistant breast cancer cells.

although PLD can preferentially accumulate in tumors, PLD
mainly remains in the extracellular stroma® and slow release of
doxorubicin in the extracellular matrix results in low cellular
uptake."’
can reduce antitumor activity, especially for drug-resistant
cancer cells, such as those that display intrinsic low sensitivity
to doxorubicin due to deletion of DNA topoisomerase II alpha
(TOP2A).""'?> Thus, developing an actively targeted form of
PLD may improve drug internalization and anticancer efficacy
against drug-resistant tumors.

Chemical conjugation of antibodies, ligands and peptides
to PLD can enhance specific targeting and uptake by tumor
cells with concomitant improvement in therapeutic
efficacy’*'® and imaging sensitivity."’° For breast cancer,
HER2 (ERBB2) is emerging as a promising target for genomi-
cally informed therapy.”’ Thus, for overcoming drug resis-
tance, chemical conjugation of anti-HER2 antibodies on PLD
increased nuclear doxorubicin accumulation and growth inhi-
bition of BT-474/multidrug-resistant tumors.>?
chemical conjugation of antibodies to PLD are limited by
improper coupling orientation and antibody dysfunction.
Conjugation of antibodies via random functional groups
(amino, carboxyl, thiol groups) to PEG-lipids can result in
heterogeneous coupling orientations 2324 leading to loss in
antibody binding activity.>® Site-specific conjugation can be
achieved by addition of cysteine residues to the C-terminus of
recombinant antibodies for coupling to maleimide groups
introduced to the termini of PEG-lipids;*® however, free
cysteines are susceptible to disulfide-mediated multimeriza-
tion during production and storage unless reducing agents are
used,”” which can in turn cause additional damage and loss of
antibody stability.”® In addition, the high temperatures
required for efficient post-insertion of scFv-PEG-lipids in lipo-
somes can denature and reduce the activity of antibodies."**°
Moreover, the steps of chemical modification are complicated.
In order to prevent the reduction of stability and function of
antibody and nanoparticle, non-covalent modification has
been developed. Bifunctional adaptors, such as protein G,
biotin and streptavidin, are conjugated on nanoparticles and

Reduced doxorubicin accumulation in tumor cells

However,

This journal is © The Royal Society of Chemistry 2019

then the adaptors can integrate antibodies on particles by a
one-step formulation.’*?' Nevertheless, the adaptors also need
to chemically couple on mPEG-probes in advance and the use
of exogenous bifunctional adaptors is not allowed in the
human body because of induction of immunogenicity.
Developing antibody-conjugated nanomedicines with simple
and homogeneous coupling orientations to increase cell
uptake is important for the treatment of drug-resistant cancer.

To easily create nanomedicines that can target HER2-overex-
pressing cancer cells, we generated a humanized bispecific anti-
body (BsAb; mPEG x HER2) composed of a humanized anti-
mPEG Fab linked to a human anti-HER2 single-chain antibody
(scFv). This BsAb can bind to the terminal methoxy groups
present on PEG chains surrounding PEGylated medicines to
confer HER2-binding specificity to nanoparticles. Simply mixing
mPEG x HER2 with PLD is expected to enhance targeting, endo-
cytosis, and anti-cancer activity of PLD to HER2-overexpressing
and TOP2A-deleted breast cancer cells (Fig. 1). We investigated
the effect of varying the number of mPEG x HER2 molecules on
PLD towards HER2 binding, drug uptake and nanomedicine
stability. We then evaluated whether «HER2/PLD could increase
endocytosis, doxorubicin uptake and cytotoxicity in MCF/HER2
cells. We further used TOP2A-deleted breast cancer cells,
MDA-MB-361, to examine if targeted PLD was effective against
doxorubicin-resistant cells. The tumor accumulation and thera-
peutic efficacy of tHER2/PLD in mice bearing MCF7/HER2 and
MDA-MB-361 tumors were investigated. We also examined the
cardiotoxicity oHER2/PLD in human cardiomyocytes and
normal mice. We find that the one-step formulation of targeted
PLD with mPEG x HER2 is a simple and stable method to
confer HER2-specific targeting and enhanced therapeutic
efficacy against doxorubicin-resistant breast cancer.

Results

Expression and function of humanized bispecific antibodies

To generate a BsAb with dual specificity for mPEG and HER2,
we constructed mPEG x HER2 by fusing an anti-HER2 scFv to
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Fig. 2 Characterization of mPEG x HER2 and mPEG x DNS. (A) The gene constructs of BsAbs are composed of a signal peptide (SP), the anti-mPEG
VL-Ck (L), the anti-mPEG VH-CHj; (H), a flexible linker peptide (LK) and an anti-HER2 scFv (mPEG x HER2) or control anti-DNS scFv (mPEG X DNS).
(B) The SDS-PAGE of purified mPEG x HER2 (H) or mPEG x DNS (D) under reducing (left) and non-reducing (right) conditions. (C) The mPEG and
HER2 functions of mMPEG x HER2 (m) or mPEG x DNS (@) on MCF7/HER2 cells were detected via ELISA (n = 3). Bars, SD.

the Fab fragment of the humanized anti-mPEG antibody 15-
2b, which can specifically target the methoxy-end of PEG.**> A
negative control BsAb, mPEG x DNS, was created by exchan-
ging the anti-HER2 scFv with an anti-DNS scFv, which binds
the small chemical hapten dansyl (Fig. 2A). The humanized
BsAbs were expressed in Expi-293 cells and purified on the
mMPEG;s5,-coupling of CNBr-activated sepharose. The purity
and molecular weight of mPEG x HER2 and mPEG x DNS were
analyzed by SDS-PAGE. Fig. 2B shows that BsAbs were com-
posed of a heavy-chain single-chain Fv fragment (H-scFv,
55 kDa) and a light-chain fragment (27 kDa) under reducing
conditions, and a disulfide-linked BsAb (82 kDa) under non-
reducing conditions. Analysis of mPEG x HER2 binding to
mPEG by BLItz® system showed that the equilibrium dis-
sociation constant was 8.667 x 10~° M. To determine if mPEG
x HER2 displays dual specificity to HER2 and mPEG, MCF7/
HER2 cells were incubated with various concentrations of
mPEG x HER2 or mPEG x DNS, then treated with PLD. Bound
PLD was detected by sequential addition of the 6.3 anti-PEG
backbone antibody, HRP-conjugated antibody and ABTS sub-
strate, and the absorbance 405 nm was analyzed. Fig. 2C
shows that mPEG x HER2 but not mPEG x DNS can simul-
taneously bind mPEG and HER2-overexpressing cells.

Optimal ratio of BsAbs for specific targeting of tHER2/PLD

To optimize the BsAb to mPEG modification ratio for PLD,
mPEG x HER2 was mixed with PLD at BsAb densities on PLD of
13, 25, 50, 100 and 200 BsAb/PLD. We confirmed that the conju-
gation rate of each BsAb on PLD was more than 98% (Fig. S17).
We first compared the binding ability of the different BsAb-
modified «HER2/PLDs to MCF7/HER2 cells. Fig. 3A shows that

3406 | Biomater. Sci, 2019, 7, 3404-3417

the absorbance value increased as the density of BsAb on PLD
increased, indicating that oHER2/PLD displayed maximum
binding at a BsAb/PLD ratio of 200 BsAb/PLD. We further inves-
tigated which dHER2/PLD produced the greatest uptake of doxo-
rubicin into cancer cells. MCF7/HER2 cells were incubated with
different ratios of «HER2/PLDs for 24 h before the cells were
trypsinized to remove extracellular particles, and intracellular
doxorubicin fluorescence intensity was then measured by flow
cytometry. Fig. 3B shows that the fluorescence intensity of doxo-
rubicin increased until a plateau was reached at a BsAb/PLD
ratio of about 100 BsAb/PLD. This result suggests that there is
no need to increase the BsAb density on PLD above 100 BsAb/
PLD to achieve efficient drug uptake of «HER2/PLD into target
HER2-overexpressing cells. Hence, we chose the BsAb density
on PLD of 100 BsAb/PLD for the following studies.

The specificity of tHER2/PLD with the optimized BsAb ratio
was examined by incubating MCF7/HER2 cells with various
concentrations of «aHER2/PLD or aDNS/PLD, then measuring
the amount of surface-bound PLD by ELISA. Fig. 3C shows
oHER2/PLD but not «DNS/PLD bound to HER2-overexpressing
cells. The physical characteristics of mPEG x HER2 with 100
BsAb/PLD (aHER2/PLD) were described in previous studies,
where the particle size of tHER2/PLD was slightly greater than
that of PLD (105 nm versus 98.8 nm) and the zeta potential of
oaHER2/PLD was also slightly more negative than that of PLD
(=50.8 mA versus —43.4 mA).>® This means that the formu-
lation of aHER2/PLD slightly changed the particle size of PLD
but the particle stability might not be influenced. To evaluate
the stability of mPEG x HER2 on PLD, we examined the ability
to bind MCF7/HER2 cells after storage at 4 °C for 7 days or
incubation in 10% human serum for 72 h at 37 °C. The result

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Optimization of BsAb-modified PLD. (A) The HER2 targeting of
oaHER2/PLD with densities of BsAb on PLD of 13, 25, 50, 100 and 200
BsAb/PLD on MCF7/HER2 cells was investigated via ELISA (n = 3). Bars,
SD. (B) The doxorubicin uptake of PLD or aHER2/PLD with different den-
sities of BsAb on PLDs in MCF7/HER2 cells was measured from the
doxorubicin fluorescence inside cells via flow cytometry. (C) The HER2
binding ability of xtHER2/PLD () or «DNS/PLD (@) at a BsAb/PLD density
of 100 on MCF7/HER2 cells was determined via ELISA (n = 3). Bars, SD.

also showed that oaHER2/PLD retained the HER2 binding
ability (Fig. S2A and S2Bf). In addition, we found that the free
BsAb of aHER2/PLD did not increase at 4 °C for 7 days
(Fig. S2C7). We further followed the method®* of particle stabi-
lity from covalent conjugation of particles to detect the particle
size of aHER2/PLD in PBS at 4 °C for 7 days post-incubation
with a Horiba SZ-100. The result showed that «HER2/PLD
retained the particle size after 7 days incubation (Fig. S2Df).
Thus, we demonstrated that oHER2/PLD is stable under
storage and serum conditions.

This journal is © The Royal Society of Chemistry 2019
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Internalization and drug accumulation of aHER2/PLD via
receptor-mediated endocytosis

The internalization of «HER2/PLD was examined by incubating
oHER2/PLD, aDNS/PLD or PLD with MCF7/HER2 cells at 4 °C
for 1 h before incubating each group at 4 °C or 37 °C for 3 h.
PLD on the cell surface was detected by staining for the pres-
ence of PEG using flow cytometry. Fig. 4A shows that relatively
high levels of aHER2/PLD were found on cells as compared
with PLD and aDNS/PLD at 4 °C. aHER2/PLD levels on MCF7/
HER?2 cells gradually decreased with longer incubation times at
37 °C as compared at 4 °C, indicating that «HER2/PLD interna-
lized into MCF7/HER2 cells. To determine if mPEG x HER2
induced receptor-mediated endocytosis of PEG-NPs in HER2-
overexpressing cells, mPEG x HER2 and mPEG x DNS were
mixed with PEGylated Qdotgss nm to form oHER2/Qdotsss nm
and oDNS/Qdotsss nm, respectively. MCF7/HER2 cells were
stained with LysoTracker Green and Hoechst 33342 to monitor
lysosomes and nuclei, respectively. Cells were then incubated
with aHER2/Qdotgss nm Or aDNS/Qdotgss nm at 37 °C, and the
fluorescence of Qdotess nm (red), lysosomes (green) and nuclei
(blue) was observed by real-time confocal microscopy to
monitor binding, internalization and location in cells. Red fluo-
rescence of aHER2/Qdotgss nm Was detected on the cell surface
at 60 min (Fig. 4B). After 130 min, yellow fluorescence was
observed, indicating the co-localization of Qdotsss nm and lyso-
somes in MCF7/HER2 cells. In contrast, the red fluorescence
was not observed with «aDNS/Qdotess nm- Next, the doxorubicin
accumulation was examined by incubating oHER2/PLD with
MCF7/HER2 cells at 37 °C as measured by intracellular fluo-
rescence. aHER2/PLD enhanced the accumulation of doxo-
rubicin in MCF7/HER2 cells whereas no obvious accumulation
of doxorubicin was observed in cells treated with oaDNS/PLD
and PLD (Fig. 4C). These results show that «HER2/PLD dis-
played enhanced drug internalization and accumulation via
receptor-mediated endocytosis in HER2-overexpressing cells.

oHER2/PLD displays enhanced cytotoxicity to HER2-
overexpressing and doxorubicin-resistant breast cancer cells

The cytotoxicity of aHER2/PLD to three breast cancer cell lines
was examined. MCF7/HER2 cells express high levels of HER2
and are sensitive to doxorubicin treatment, MCF7/neo1l cells
express low levels of HER2 and are sensitive to doxorubicin
treatment, and MDA-MB-361 cells express high levels of HER2
and are resistant to doxorubicin treatment (TOP2A gene del-
etion)."* These breast cancer cell lines were incubated with
oaHER2/PLD, aDNS/PLD or PLD for 3 h, the cells were washed
and then the cell viability was determined by the ATPlite assay
after 96 h. Fig. 5A shows that aHER2/PLD significantly reduced
the viability of MCF7/HER2 cells as compared to PLD and
aDNS/PLD with an ICs, value (0.07 pg mL™") that was approxi-
mately 209-fold lower than that for PLD (ICs, = 14.6 ug mL ™)
(Fig. 5D). As expected, the cytotoxicity of «aHER2/PLD was
similar to that of PLD and aDNS/PLD against MCF7/neo1 cells,
which express very low levels of HER2 (Fig. 5B). Importantly,
oHER2/PLD displayed enhanced cytotoxicity to doxorubicin-
resistant MDA-MB-361 cells (IC5, = 1.89 pg mL™") in compari-

Biomater. Sci., 2019, 7, 3404-3417 | 3407
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Fig. 4 The internalization and drug uptake of aHER2/PLD in HER2-overexpressing cells. (A) The internalization of PLD (left), «aDNS/PLD (middle) and
aHER2/PLD (right) into MCF7/HER2 cells. The surface PLD was measured via flow cytometry using an anti-PEG antibody. (B) The co-localization of «HER2/
Qdotess nm of aDNS/Qdotgss nm (red) with lysosome (green) in MCF-7/HER2 cells was observed in real time by confocal microscopy. Merged images are
shown. (C) The doxorubicin uptake of PLD (left), xDNS/PLD (middle) and «HER2/PLD (right) in MCF7/HER2 cells was detected via flow cytometry.

son to PLD (ICso = 52.2 pg mL™") (Fig. 5C and D) Thus, these
results demonstrate that tHER2/PLD increased the cytotoxicity
of PLD in HER2-overexpressing cancer cells that were sensitive
or resistant to doxorubicin.

oHER2/PLD enhances delivery to HER2-overexpressing tumors

To investigate whether mPEG x HER2 can enhance tumor
accumulation of PEGylated liposomal DiR (Lipo-DiR) in HER2-

3408 | Biomater. Sci,, 2019, 7, 3404-3417

overexpressing tumors, we first mixed mPEG x HER2 and
mPEG x DNS with far red-labeled liposomes (Lipo-DiR) to
form aHER2/Lipo-DiR and aDNS/Lipo-DiR, respectively. Mice
bearing MCF7/HER2 (HER2™S") in left flank) and MCF7/neo1l
(HER2'Y, in right flank) tumors were intravenously injected
with aHER2/Lipo-DiR, aDNS/Lipo-DiR or Lipo-DiR, and then
the fluorescence of DiR was detected by IVIS imaging at 24 h,
48 h and 72 h. The fluorescence signal of dHER2/Lipo-DiR was

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 The cytotoxicity of atHER2/PLD in HER2-overexpressing and doxorubicin-resistant breast cancer cells. PLD (¢), «aDNS/PLD (®) or «HER2/PLD
(m) were incubated with (A) MCF7/HER2, (B) MCF7/neol and (C) MDA-MB-361 cancer cells for 3 h. The cell viability was determined by ATPlite ana-
lysis and the mean luminescence values compared to untreated control cells (n = 4). Bars, SD. (D) The half-maximal inhibitory concentration (ICsq)
values of MCF7/HER2, MCF7/neol and MDA-MB-361 cells treated with PLD, «aDNS/PLD or aHER2/PLD. Bars, SD. ***P < 0.001, ****P < 0.0001; n.s.,

not significant (one-way ANOVA analysis).

enhanced in MCF7/HER2 (HER2"#") tumors as compared to
MCF7/neol (HER2'°%) tumors from 24 h to 72 h after probe
injection (Fig. 6A and B). We collected the tumors at 72 h, and
we measured and calculated the relative region of interest
(ROI) by total ROI of MCF7/HER2 divided by that of MCF7/
neol. The relative ROI of aHER2/Lipo-DiR was 3.0-fold (3.7 x
10° versus 1.2 x 10°) whereas aDNS/Lipo-DiR and Lipo-DiR pro-
duced 1.6-fold (3.6 x 10° versus 2.3 x 10°) and 1.8-fold (4.1 x
10° versus 2.3 x 10°), respectively (Fig. 6C). The results showed
that aHER2/Lipo-DiR did not significantly enhance the ROI in
MCF7/HER2 as compared to aDNS/Lipo-DiR and Lipo-DiR;
however, it could enhance the relative ROI. These result
suggested that all nanoparticles may be accumulated at a
tumor site by the EPR effect, but aHER2/Lipo-DiR could
increase the specific targeting on HER2-overexpressing
tumors. We further demonstrated that the fluorescence inten-
sity is not significantly different between «HER2/Lipo-DiR and
Lipo-DiR in liver, heart, spleen and ovary whereas it is reduced
for lung and kidney (Fig. S37), indicating that aHER2/Lipo-DiR
did not increase the off-target effect of PLD in mice.

oHER2/PLD improves the therapeutic efficacy in
doxorubicin-sensitive and doxorubicin-resistant
HER2-overexpressing tumors

Mice bearing 150-250 mm?® MCF7/HER2 or MDA-MB-361 xeno-
grafts were intravenously injected with 5 mg kg™" «HER2/PLD,
aDNS/PLD, PLD or saline. The mice were treated once a week

This journal is © The Royal Society of Chemistry 2019

for three weeks and the tumor size and body weight were
measured once a week. «HER2/PLD significantly suppressed
the growth of MCF7/HER2 tumors as compared to treatment
with aDNS/PLD or PLD (P < 0.0001) (Fig. 7A). Importantly, in
the doxorubicin-resistant tumor MDA-MB-361 model, «dHER2/
PLD delayed tumor growth more than PLD (P = 0.02) (Fig. 7B).
There were no significant differences in the mean weight of
mice treated with «aHER2/PLD, aDNS/PLD or PLD (Fig. S4A
and S4Bf). Thus, oaHER2/PLD enhanced the therapeutic
efficacy of PLD against both doxorubicin-sensitive and doxo-
rubicin-resistant tumors.

To examine whether doxorubicin in «HER2/PLD accumu-
lated in tumor cells, mice bearing either MCF7/HER2 or
MDA-MB-361 tumors were intravenously injected with aHER2/
PLD, aDNS/PLD or PLD, and then the tumors were collected at
48 h post-injection and tumor sections were stained with DAPI
and the red fluorescence derived from doxorubicin was
observed by confocal microscopy. Fig. 7C shows that more
doxorubicin was detected in tumor cells in mice treated with
oHER2/PLD as compared to mice treated with aDNS/PLD or
PLD. A purple signal was noticeable, indicating the localiz-
ation of doxorubicin to the nuclei of the tumor cells. In con-
trast,
observed in cancer cells in mice treated with PLD or aDNS/
PLD. These results demonstrate that tHER2/PLD can enhance
the accumulation of doxorubicin in the nuclei of HER2'

lower co-localization of doxorubicin and DAPI was

tumors that are sensitive or resistant to doxorubicin.
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Toxicity of dHER2/PLD in human cardiomyocytes and mice

To examine possible doxorubicin-induced cardiotoxicity of
oaHER2/PLD, we used echocardiography to monitor cardiac
function in BALB/c mice treated with «HER2/PLD. The mice
were treated with 15 mg kg™' oHER2/PLD, PLD, free doxo-
rubicin or saline, and at 7 days post-treatment, the percentage
of fractional shortening (FS) was measured, which is the
degree of shortening of the left ventricular diameter between
end-diastole and end-systole.>® A numerical value of FS that is
lower than the normal baseline indicates reduced systolic func-
tion. Fig. 8A shows that the mean FS values for saline, free
doxorubicin, PLD and oaHER2/PLD are 42.3%, 27.6%, 36.4%
and 37.8%, respectively; the mice treated with oHER2/PLD
showed a similar numerical value to those treated with PLD.
Next, we injected 5 mg kg~' aHER2/PLD, PLD or saline in
BALB/c mice once a week for 3 weeks to mimic a normal thera-
peutic schedule and then the mean FS was measured by echo-
cardiography at 28 days post-first treatment. Fig. 8B shows that
the mean FS values for saline, PLD and oaHER2/PLD were
42.4%, 34.7% and 37.8%, respectively; the value for aHER2/

3410 | Biomater. Sci., 2019, 7, 3404-3417

PLD was slightly higher than that for PLD, but was not signifi-
cantly different from that for PLD. The results indicate that
oHER2/PLD might not lead to serious doxorubicin-induced
cardiotoxicity in normal mice.

Because human cardiomyocytes express low levels of HER2,
the combination treatment with Herceptin and doxorubicin
caused serious cardiotoxicity in clinical trials.>® Therefore, we
examined whether mPEG x HER2 can induce cardiotoxicity in
human induced pluripotent stem cell-derived cardiomyocytes
(hiPSC-CM), which also express low levels of HER2.?” The
hiPSC-CM cells were incubated with PBS, «aHER2/PLD, PLD or
free doxorubicin and then the beating cells were monitored on
a microelectrode array. The percentage of myocyte electric
activity was defined as the number of beating cells after treat-
ment as compared to pre-treatment. Fig. 8C shows that doxo-
rubicin induced a substantial decrease in myocyte electric
activity after 4 days, while «HER2/PLD and PLD treatment
retained at least 80% of myocyte electric activity after 7 days.
The results indicate that the cardiotoxicity of aHER2/PLD was
similar to that of PLD in hiPSC-CM.

This journal is © The Royal Society of Chemistry 2019
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To examine the general toxicity of tHER2/PLD, we analyzed
the tissue sections of mice which were injected with repeat
doses of tHER2/PLD, PLD and saline at 28 days post-first treat-
ment. The results show «HER2/PLD did not cause serious side
effects and response is similar to that of PLD (Fig. S57).
Collectively, these findings suggest that mPEG x HER2 did not
synergistically induce the toxicity of PLD in mice.

Discussion

We successfully developed a BsAb (mPEG x HER2) that can
simply and rapidly confer HER2 specificity to PEGylated drugs
(e.g. PLD). Mixing mPEG x HER2 with PEGylated liposomal
doxorubicin thus converted this clinically used medicine to a
tumor-targeted drug («HER2/PLD). Importantly, aHER2/PLD
actively accumulated at and internalized into HER2-overexpres-
sing cells, thus improving the therapeutic efficacy of PLD,

This journal is © The Royal Society of Chemistry 2019

which enhanced the susceptibility of breast cancer cells to
doxorubicin. Moreover, the one-step and site-specific attach-
ment of mPEG x HER2 to mPEG chains provides a simple
approach to manufacture targeted PEG-NPs and maintain a
stable and homogeneous antibody orientation. Thus, the BsAb
can be modified on diverse mPEG-based materials, such as
liposome, Qdot, FeOdot and AuNP** and micelle.*® In
addition, by designing a panel of BsAbs, a diverse set of
PEG-NPs can be rapidly created to target different biomarkers
(e.g., EGFR,>**° ICAM-1,"" etc.) expressed in individual dis-
eases for diagnosis and therapy. We believe that mPEG BsAb
overcomes many limitations of traditional manufacture of tar-
geted PEG-NPs and expect that it will accelerate the develop-
ment of targeted PEG-NPs for clinical use.

It is important to induce the endocytosis of targeted NPs to
enhance intracellular drug accumulation. Sapra and colleagues
demonstrated that an internalizing PLD targeted to CD19
enhanced the life span of lymphoma-bearing mice by 2.86-fold

Biomater. Sci., 2019, 7, 3404-3417 | 3411
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relative to treatment with a non-internalizing PLD targeted to
CD20."> We previously reported that HCC36 cells that
expressed internalizing anti-PEG antibody receptors were 3.48-
fold more sensitive to PLD than HCC36 cells that expressed
the same receptor that could not undergo endocytosis.*® In
addition, accumulation of a PEGylated near-IR probe was 3.54-
fold greater in HCC36 tumors that expressed endocytic recep-
tors as compared to tumors expressing a non-endocytic recep-
** In the current study, we found that oHER2/PLD
increased the particle internalization and accumulation in
lysosomes after 130 min incubation. This led to increased
intracellular accumulation of doxorubicin in MCF7/HER2
cells. tHER2/PLD also displayed 3.0-fold increased specific tar-
geting of Lipo-DiR in mice bearing MCF7/HER2 tumors as
compared with MCF7/neol tumors; more importantly, «HER2/
PLD exhibited enhanced doxorubicin accumulation in tumor
nuclei and anti-tumor activity to MCF7/HER2 cells as com-
pared with PLD (P < 0.0001). Thus, we demonstrated that
mPEG x HER2 modification of PLD could endow PEG-NPs

tor.

3412 | Biomater. Sci,, 2019, 7, 3404-3417

with the ability to undergo receptor-mediated endocytosis and
active targeting in tumor cells to improve the therapeutic
efficacy against HER2-overexpressing tumors. The results
suggest that efficient internalization is a key direction for the
development of targeted NPs.

Drug resistance is still one of the major limitations in the
clinical treatment of breast cancer. The mechanisms behind
resistance can be roughly divided into “acquired” and “intrin-
sic” resistance.** Acquired mechanisms of resistance include
the overexpression of the ATP binding cassette (ABC) transpor-
ter family (e.g. P-glycoprotein) that cause cells to fail to
45,46 111 addition,
a major intrinsic resistance mechanism is alterations in the
TOP2A gene, a target of doxorubicin, which is deleted in more
than 40% (23/57) of primary tumors with ErbB-2 amplifica-
tion."* Green et al. reported that patients treated with PLD who
had tumors with low TOP2A expression levels had a shorter
time to progression than those with high TOP2A levels.””
Likewise, reducing the tumor concentration of TOP2A protein

accumulate a drug through active drug efflux.

This journal is © The Royal Society of Chemistry 2019
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by shRNA also decreased sensitivity to doxorubicin.*® Walker
et al. proposed that changes of the cellular uptake or efflux of
drugs are important factors to overcome resistance to doxo-
rubicin.** In our study, we focused on drug-resistant
MDA-MB-361 breast cancer cells with a deletion of TOP2A,
which have rarely been discussed in studies of targeted NPs.
We found that «HER2/PLD significantly enhanced by 28-fold
the cytotoxicity in MDA-MB-361 cells as compared to PLD. In
addition, we observed that aHER2/PLD increased the nuclear
accumulation of doxorubicin and significantly reduced tumor
growth as compared with treatment of PLD (P < 0.05).
Enhancing drug accumulation in tumor nuclei enhanced the
susceptibility of TOP2A-deletion cancer cells to doxorubicin.
Thus, targeted NPs can help overcome drug resistance via
enhancing drug accumulation in tumor nuclei.

Irreversible acute and/or chronic cardiac dysfunction in a
serious dose-limiting toxicity has been associated with doxo-
rubicin.’® Co-treatment of patients with trastuzumab and
doxorubicin increased the incidence of cardiac toxicity; thus
this combination was not approved by FDA.>*~>* Although PLD
reduces doxorubicin-induced cardiotoxicity, Chia et al
reported that the co-treatment of PLD and trastuzumab pro-
duced some cardiotoxicity and/or asymptomatic declines in
LVEFR.>* We found in the present study that aHER2/PLD
affected cardiac function to a similar extent to PLD and to a
lower degree than doxorubicin in a mouse model with single
or repeated dose treatment. xHER2/PLD also caused damage
to human cardiomyocytes similar to that caused by PLD.
These results are in agreement with Hendriks et al, who
reported that HER2-targeted PLD does not enter human
cardiomyocytes because the level of HER2 expressed by cardio-
myocytes is insufficient to cause targeted NP binding and endo-
cytosis.>® Thus, aHER2/PLD may induce less cardiotoxicity than
the combination of doxorubicin and trastuzumab.

Experimental
Cell lines and animals

Expi293F cells (Thermo Fisher Scientific) were cultured in
Expi293 expression medium (Thermo Fisher Scientific) on
shakers (25 mm shaking diameter) with a shake speed of 120
rpm in a humidified atmosphere of 8% CO, in air at 37 °C.
Human breast cancer cells MCF7/HER2 (a clone stably trans-
fected with human HER2°®) and MCF7/neol (a clone stably
transfected with vehicle vector’®) were generously provided by
Dr M. C. Hung (Department of Molecular and Cellular
Oncology, University of Texas, M. D. Anderson Cancer Center,
Houston, TX). Doxorubicin-resistant breast cancer cells
MDA-MB-361 (TOP2A gene deletion) were generously provided
by TTY Biopharm Co. Ltd. MCF7/HER2-18, MCF7/neol and
MDA-MB-361 cells were cultured in Dulbecco’s Modified Eagle
Medium/Nutrient Mixture F-12 (DMEM/F12, Gibco) medium
supplemented with 10% (v/v) fetal bovine serum (FBS;
Biological industries), 100 units per mL penicillin, and 100
pg mL™' streptomycin (Gibco Laboratories) in a humidified

This journal is © The Royal Society of Chemistry 2019
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atmosphere of 5% CO, in air at 37 °C. hiPSC-CMs were derived
from an unidentified healthy Taiwanese female patient as pre-
viously described.>” The hiPSC-CMs (at 30-40 days after differ-
entiation) were further purified by culture in glucose-free-plus-
lactate RPMI medium for 3-7 days. Healthy 6- to 8-week-old
female BALB/c mice, BALB/c nude mice (BALB/cAnN.Cg-
Foxn1™/CrINarl) and SCID mice (CB17/lcr-Prkdc*?/CriNarl)
were purchased from the National Laboratory Animal Center,
Taipei, Taiwan. All animal procedures were performed in
accordance with the Guidelines for Care and Use of Laboratory
Animals of Kaohsiung Medical University and approved by the
institutional animal care and use committee (IACUC) of
Kaohsiung Medical University (IACUC number: 103005).

Bispecific antibodies and nanoparticles

Human BsAbs were created by linking the C-terminus of an
anti-mPEG Fab (clone h15-2b**) to an anti-HER2 scFv or anti-
DNS scFv via a flexible peptide (GGGGS); to form mPEG x
HER2 and mPEG X DNS, respectively. The anti-HER2 scFv was
constructed by linking the 4D5 Vy and V; domains with a
linker (GGGGS);. The anti-DNS scFv has been described pre-
viously.”® The VL-Ck and VH-CH;-linker-scFv domains were
separated with an IRES in the pLNCX retroviral vector (BD
Biosciences, San Diego, CA) in the unique Hind III and Cla I
restriction enzyme sites to generate pLNCXmPEG x HER2 and
PLNCX-mPEG x DNS plasmids. Expi-293 cells were transfected
with plasmids and the culture medium were collected after
five days. The BsAbs were purified by affinity chromatography
on gel prepared by reacting 36 mg of O-(2-aminoethyl)-O'-
methylpolyethylene glycol 750 (Sigma Aldrich) per gram of
CNBr-activated sepharose™ 4B (GE Healthcare, Little
Chalfont, UK). Lipo/DOX® (PLD) was from TTY Biopharm Co.
Ltd. Qdotsss nm (Qtracker® nontargeted quantum dots) was
from Thermo Fisher Scientific. Lipo-DiR (PEGylated DOPC/
CHOL liposomes labeled with DiR) was from FormuMax
Scientific, Inc.

Characterization of bispecific antibodies

mPEG x HER2 and mPEG x DNS (5 pg) were mixed with redu-
cing or non-reducing loading dye, boiled for 10 min, and then
electrophoresed on a 10% (w/v) SDS-PAGE gel and stained with
Coomassie Brilliant Blue. Lane M is a PageRuler™ prestained
protein ladder. Functional binding of the BsAbs was tested by
sandwich ELISA. MCF7/HER?2 cells (2 x 10° cells per well) were
seeded overnight in 96-well plates (Nalge Nunc International,
Roskilde, Denmark) coated with 50 pg mL™" poly-p-lysine
(Corning, New York) in culture medium at 37 °C. After exten-
sive washing, the cells were fixed with 2% (w/v) paraformalde-
hyde for 5 min at room temperature (RT) and the reaction was
stopped by the addition of 0.1 M glycine solution for 2 h at RT.
Serial dilutions of mPEG x HER2 or mPEG x DNS were added
to the wells at RT for 45 min. After extensive washing with PBS,
10 ug mL™" of PLD was added to the wells for 20 min. After
extensive washing with PBS, the bound PLD was determined
by sequential addition of 10 pg mL™" 6-3 anti-PEG backbone
antibody for 1 h, and 0.4 pg mL™" goat anti-mouse IgG Fc-HRP

Biomater. Sci., 2019, 7, 3404-3417 | 3413
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(Jackson ImmunoResearch Laboratories). The wells were
washed and 2,2'-azino-bis[3-ethylbenzothiazoline-6-sulphonic
acid] (ABTS) and 30% hydrogen peroxide was added for 40 min
before the absorbance values at 405 nm were measured with
an EZ Read 400 ELISA (Biochrom). The kinetics of anti-PEG
portion of mPEG x HER2 was analyzed by BLItz® system
(ForteBio, Menlo Park, CA). The diluted concentration of
mPEG x HER2 in PBS was added in the sensor, which immobi-
lized to mPEG/BSA, and then the association and dissociation
values of mPEG x HER2 were measured for each step of 78 s.
The equilibrium dissociation constant was calculated from a
nonlinear local fit of the data between mPEG x HER2 and
mPEG/BSA, using the BLItz Pro 1.1 software.

One-step formulation of mPEG-NPs with BsAbs

mPEG x HER2 and mPEG x DNS were mixed with PLD in PBS
at 4 °C for 5 min to form «HER2/PLD and aDNS/PLD, respect-
ively. aHER2/PLD was prepared with BsAb-to-mPEG molar
ratios of 1:360, 2:360, 4:360, 8:360 and 16: 360. Based on a
100 nm liposome containing ~80000 phospholipid mole-
cules® and ~4528 mPEG-DSPE (the molar ratio of
DSPC: cholesterol : DSPE-PEG2000 = 3:2:0.3), the corres-
ponding number of BsAbs per PLD was estimated to be 13, 25,
50, 100 and 200, respectively. To quantify the free BsAb in
oHER2/PLD, the aHER2/PLD with different ratios were incu-
bated in mPEG/BSA-coated 96-well plate at RT for 45 min.
After extensively washing the well, the BsAb was detected by
goat anti-human Fab-HRP, and then ABTS substrate was added
for 30 min before absorbance values at 405 nm were measured
by an EZ Read 400 ELISA. mPEG x HER2 and mPEG x DNS
were mixed with Qdotesss nm at 26 nmol BsAb per pmol Qdot to
form oHER2/Qdotsss nm and aDNS/Qdotsss nm, respectively.
mPEG x HER2 and mPEG x DNS were mixed with Lipo-DiR at
a BsAb-to-phospholipid modified ratio of 1.4 nmol BsAb per
mmol Lipo-DiR to form aHER2/Lipo-DiR and aDNS/Lipo-DiR,
respectively.

HER2 binding of BsAb/PLD

To examine the ability of PLD modified with various ratios of
mPEG x HER2 to bind to cancer cells expressing HER2, MCF7/
HER?2 cells (2 x 10° cells per well) were seeded in poly-p-lysine-
coated 96-well plate overnight at 37 °C. After fixing the cells,
625 ng mL~" of «HER2/PLD made with densities of BsAb on
PLD of 13, 25, 50, 100 and 200 BsAb/PLD were added to the
wells at RT for 20 min. After extensive washing with PBS, the
bound concentrations of PLD were determined by sequentially
adding 10 pg mL™" of 6-3 anti-PEG antibody for 1 h, washing
with DMEM three times, and then adding 0.4 ug mL™" of goat
anti-mouse IgG Fc-HRP. The wells were washed three times
with PBS and then ABTS substrate was added for 30 min
before absorbance values at 405 nm were measured with an EZ
Read 400 ELISA. To further analyze HER2 specific targeting
efficacy of optimized BsAb-modified PLD, serial dilutions of
aHER2/PLD and aDNS/PLD (with ratios of 100 BsAb/PLD) were
incubated with MCF7/HER2 cells in poly-p-lysine-coated
96-well plates. PLD binding was measured as described above.

3414 | Biomater. Sci, 2019, 7, 3404-3417
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Internalization of tHER2/PLD and intracellular accumulation
of doxorubicin

Internalization of «HER2/PLD into HER2' cancer cells was
examined by adding 2 pg mL™" of PLD, aDNS/PLD or «aHER2/
PLD in staining buffer (PBS containing 0.05% (w/v) bovine
serum albumin) to 2 x 10° MCF7/HER2 cells for 40 min at
4 °C. After extensive washing with PBS, the cells were trans-
ferred to fresh culture medium and incubated for 0.5, 1 and
3 h at 37 °C. Control cells were incubated at 4 °C for 3 h. PLD
on the surface of MCF7/HER2 cells was determined by sequen-
tial staining with 10 pg mI™" 6-3 anti-PEG antibody for 30 min
and 4 pg ml™' goat anti-mouse IgG Fcy-FITC (Jackson
ImmunoResearch Laboratories). After extensive washing with
PBS, the fluorescence of cells was measured with a Cytomics
FC500 flow cytometer. To examine the cellular accumulation
of doxorubicin afforded by «aHER2/PLD generated with various
BsAb ratios, MCF7/HER2 cells (4 x 10° cells per well) were
seeded in 6-well plates overnight at 37 °C. 1 pg mL™" of PLD
and aHER2/PLD with densities of BsAb on PLD of 13, 25, 50,
100 and 200 BsAb/PLD were added to the wells for 24 h at
37 °C. After extensive washing with PBS, the cells were sus-
pended with 0.25% (v/v) trypsin/EDTA (Gibco). Then the doxo-
rubicin fluorescence of cells was measured with a Cytomics
FC500 flow cytometer (Beckman Coulter).

Confocal live cell imaging

MCF7/HER2 cells (2 x 10° cells per well) were seeded on 2 pg mL ™"
poly-i-lysine-coated glass slides in DMEM/F12 medium
supplemented with 10% FBS (culture medium) at 37 °C in a
humidified atmosphere of 5% CO, in air for 24 h. The cells
were incubated with 0.5 mg mL™" Hoechst 33342 (Invitrogen)
to stain nuclei and 50 nmol of LysoTracker Green DND-26 in
RPMI (Sigma-Aldrich) to stain lysosomes for 40 minutes at
37 °C in an atmosphere of air containing 5% CO,. After
washing with fresh culture medium, the cells were stained
with 0.01 nmol of aHER2/Qdotgs5 nm and aDNS/Qdotgss nm in
fresh culture medium at 37 °C and the fluorescence signals
were recorded in real time with a Zeiss LSM780 laser-scanning
microscope (Carl Zeiss AG).

In vitro cytotoxicity

MCF7/HER2 cells (1 x 10? cells per well) were seeded in 96-well
plates at 37 °C overnight. The cells were incubated with serial
dilutions of PLD, aDNS/PLD or aHER2/PLD (100 pl per well) at
37 °C for 3 h. The medium was replaced with fresh medium
and the cell viability was measured with the ATPlite™ lumine-
scence assay system (PerkinElmer, Inc., Waltham, MA) after
96 h incubation. The same procedure was performed using 3 x
10° MCF7 per neol cells per well and 8 x 10> MDA-MB-361
cells per well for measuring in vitro cytotoxicity. Results are
expressed as percent inhibition of luminescence as compared
with untreated cells according to the following formula: %cell
viability = 100 x (treated luminescence/untreated lumine-
scence). The standard deviation for each data point was aver-
aged over four samples.
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In vivo optical imaging

BALB/c nude mice bearing MCF7/HER2 (HER2"#") and MCF7/
neol (HER2'°") tumors (~100 mm?®) in the mammary fat pad
(m.f.p.) were intravenously injected with oHER2/Lipo-DiR,
aDNS/Lipo-DiR, or Lipo-DiR (DiR concentration: 10 nmol per
mouse). The mice were pentobarbital anesthetized and imaged
with an IVIS spectrum optical imaging system (excitation,
750 nm; emission, 780 nm; PerkinElmer, Inc.) at 24, 48 and
72 h after injection. The MCF7/HER2 and MCF7/neol tumors
were collected at 72 h. The ROIs in tumor areas were drawn
and analyzed with Living Image software version 4.2 (Caliper
Life Sciences). Nude mice were intravenously injected with
Lipo-DiR, aDNS/Lipo-DiR and oHER2/Lipo-DiR, and then we
sacrificed the mice and collected different organs (liver,
spleen, heart, lung, ovary and kidney) for detecting the fluo-
rescence intensity of Lipo-DiR with IVIS at 72 h post-treatment.

In vivo nuclear accumulation of doxorubicin

BALB/c nude mice bearing MCF7/HER2 tumors and SCID
mice bearing MDA-MB-361 tumors (~200 mm?®) in the m.f.p.
were intravenously injected with 5 mg kg™ of aHER2/PLD,
aDNS/PLD or PLD. Tumors collected at 48 h were embedded
in Tissue-Tek® OCT™ Compound (Sakura Finetek USA, Inc.)
at —80 °C overnight. The nuclei were stained with DAPI fluoro-
mount-G (Southern Biotech, Inc.) and the fluorescence of
doxorubicin and DAPI was observed under an Olympus
FluoView™ FV1000 confocal microscope (Olympus Imaging
America Inc.)

In vivo antitumor therapy

BALB/c nude mice were inoculated in their m.f.p. with 3 x 10°
MCF7/HER2 cells in 100 pL of 1:1 PBS/matrigel (BD
Biosciences) and the mice were subcutaneously injected with
2.5 pg P-estradiol 17-valerate in 50 pL sesame oil once a week.
After tumors reached a volume of 150 to 250 mm?, mice were
randomized into groups of 4 to 6 mice per group of equal
average tumor volume and dosed intravenously with saline or
5 mg kg™ of PLD, aHER2/PLD, aDNS/PLD once weekly for 3
weeks, for a total dose of 15 mg kg™ ' doxorubicin. Tumor
measurements were performed once a week using calipers,
and tumor sizes were calculated using the equation: volume =
(length x width?)/2. Mice were weighed once a week to examine
treatment toxicity. The same therapeutic procedure as
described above was used for SCID mice inoculated with 1 x
10’ MDA-MB-361 cells.

Transthoracic echocardiography

To examine the single-dose doxorubicin-induced cardiotoxi-
city, BALB/c mice at the age of 7 weeks were evaluated by non-
invasive echocardiography in basal condition. Mice (n = 6)
were i.v. injected with saline, 15 mg kg™ of PLD, «aHER2/PLD,
aDNS/PLD or doxorubicin as a positive control and echocar-
diography was conducted after 7 days. The left ventricular (LV)
echocardiogram was assessed in both parasternal long-axis
and short-axis views at a frame rate of 120 Hz. LV end-diastolic
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dimension (LVEDD) and LV end-systolic dimension (LVESD)
were measured from the LV M-mode at the midpapillary
muscle level. The following parameters were measured:
LVEDD, LVESD, and percentage fractional shortening (%FS),
calculated as [(LVEDD — LVESD)/LVEDD] x 100. To examine
the repeat dose of doxorubicin-induced cardiotoxicity, BALB/c
mice (n = 6) were injected with saline, 5 mg kg™' of PLD or
aHER2/PLD once a week for 3 weeks, and the echocardiogra-
phy procedure as described above was used.

Electrophysiological recordings

Purified hiPSC-CM cells were seeded on a matrigel-coated
Muse 64-lead microelectrode array chip (M64-GLx MEA, Axion
BioSystems, Inc.). The hiPSC-CMs cells were treated with PBS,
50 pg mL~" of PLD or aHER2/PLD. The basal electrophysiologi-
cal signals of the beating hiPSC-CM cells were recorded on the
day before drug treatment. On the day of drug administration,
the electrophysiological signals of hiPSC-CM cells were
recorded at 10 min and 60 min after drug treatment. Then the
electrophysiology was monitored once per day for 7 consecu-
tive days. The beating cells were determined by the electro-
physiological signals, which were analyzed by Axion
BioSystems (Atlanta, GA, USA). The percentage of myocyte elec-
tric activity was defined as the number of beating cells after
treatment as compared to pre-treatment.

Conclusions

In summary, mPEG x HER2 provides a simple and stable one-
step formulation for site-specific modification of PLD to
increase drug internalization and the therapeutic efficacy of
PLD in HER2-overexpressing tumors. Nevertheless, because of
non-covalent modification, a proportion of mPEG x HER2 may
dissociate from PLD during circulation in vivo. Enhancing the
affinity of the anti-PEG fragment in mPEG x HER2 is desirable
to strengthen the interaction of BsAb with PLD and may
further increase the anticancer activity. The BsAbs described
here possess potential advantages for targeted NP therapy
including: (i) a novel and simple modification method to
replace the traditional chemical conjugation. (ii) The change-
able properties and universal applicability of BsAb can direct
diverse PEG-NPs to different biomarkers expressed in individ-
ual diseases for diagnosis and therapy. (iii) BsAb modification
can enhance the endocytosis of PEG-NPs to improve the anti-
cancer effect, thus enhancing the susceptibility of breast
cancer cells to doxorubicin. We believe that BsAbs (mPEG x
markers) can expand the clinical application of PEG-NPs for
treating drug-resistant tumors via improved tumor-specific tar-
geting, internalization and therapeutic efficacy.
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