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Introduction: Approximately 15%~30% of breast cancers have gene amplification or overexpression of the human epidermal growth
factor receptor 2 (HER2), resulting in the chemotherapy resistance, a more-aggressive phenotype and poor prognosis.

Methods: We propose a strategy of nanocarriers co-loaded with docetaxel (DTX) and pictilisib (PIC) at a synergistic ratio and non-
covalently bound with dual anti-HER2 epitopes bispecific antibodies (BsAbs: anti-HER2-IV/methoxy-polyethylene glycol (mPEG)
and anti-HER2-II/methoxy-PEG) for synergistic targeting to overcome the therapeutic dilemmas of the resistance for HER2-targetable
chemodrugs. DTX/PIC-loaded nanocarriers (D/P_NCs) were prepared with single emulsion methods and characterized using dynamic
light scattering analysis, and the drug content was assayed by high-performance liquid chromatographic method. The integrity and
function of BsABs were evaluated using sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) and enzyme-linked
immunosorbent assay (ELISA). The in vitro cell studies and in vivo breast tumor-bearing mice model were used to evaluate the anti-
cancer effect and biosafety of formulations.

Results: D/P_NCs optimally prepared exhibited a spherical morphology with small particle sizes (~140 nm), high drug loading
(~5.5%), and good colloidal stability. The synergistic tumor cytotoxicity of loading DTX and PIC at 2:1 ratio in D/P_NCs was
discovered. The BsAbs are successfully decorated on mPEGylated DTX/PIC-loaded nanocarriers via anti-mPEG moiety. In vitro
studies revealed that non-covalent decoration with dual BsAbs on D_P-NCs significantly and synergistically increased cellular uptake,
while with loading DTX and PIC at a synergistic ratio of 2:1 in D/P_NCs further resulted in synergistic cytotoxicity. In vivo tumor
inhibition studies showed the comparable results for synergistic antitumor efficacy while minimizing systemic toxicity of chemodrugs.
Conclusion: Non-covalent modification with dual distinct epitopes BsAbs on the nanocarriers loaded with dual chemodrugs at
a synergistic ratio was expected to be a promising therapeutic platform to overcome the chemoresistance of various cancers and
warrants further development for future therapy in the clinical.
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Introduction

Breast cancer is the predominantly diagnosed cancer in women and also the leading cause of female cancer deaths.'~
Approximately 15%~30% of breast cancers have gene amplification or overexpression of the human epidermal growth
factor receptor 2 (HER2), resulting in a more-aggressive phenotype and poor prognosis. HER2, also known as erbB2,
belongs to a family of tyrosine kinases and regulates cell proliferation, survival, and metastasis of cancer cells.> Hence,

several anti-HER?2 agents were developed, including monoclonal antibodies, tyrosine kinase inhibitors, and antibody-drug
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Graphical Abstract
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conjugates (ADCs).®” Trastuzumab, the first anti-HER2 humanized monoclonal antibody, binds subdomain IV of the HER2
extracellular domain, which blocks dimerization of the ligand-independent HER2 receptor and inhibits downstream signal
transduction pathways and induction of apoptosis.® Several clinical trials reported that adding trastuzumab to chemotherapy
substantially improved overall survival and was particularly more effective with taxane.”'® Therefore, adjuvant chemother-
apy with taxane and trastuzumab became first-line treatment for HER2-positive breast cancer.'' Additionally, pertuzumab
binds subdomain II of the HER2 extracellular domain, which blocks ligand-dependent HER2 heterodimerization and thus
inhibits tumor proliferation.'? Due to the different binding epitopes of HER2, the mechanisms of action of trastuzumab and
pertuzumab are complementary. Combining the two antibodies resulted in comprehensive blockade of HER2 signaling,
which synergistically enhanced the antitumor efficacy in HER2-positive breast cancer.'*'> Furthermore, the combination of
pertuzumab, trastuzumab, and docetaxel (DTX) significantly prolonged progression-free survival and overall survival of
patients with HER2-positive metastatic breast cancer.'®

The phosphatidylinositol 3-kinase (PI3K) pathway is the major downstream signaling pathway of several growth
factor receptors, such as HER2, epidermal growth factor receptor (EGFR), and other receptor tyrosine kinases.'” The
PI3K pathway plays a key role in regulating cell proliferation, apoptosis, and metabolism.'®'” Mutation or amplification
of the phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit alpha (PIK3CA) gene, a subunit of PI3K, occurs
in nearly 25% of HER2-positive breast cancers, and is associated with resistance to endocrine therapy and anti-HER2-
targeted agents, resulting in a poor prognosis.”’2* It was demonstrated that a combination of anti-HER2-targeted therapy
and PI3K inhibitors overcame resistance and enhanced the antitumor therapeutic activity in HER2-positive breast
cancer.> 2 Pictilisib (PIC) is a potent selective pan-inhibitor of class 1 PI3K, and it exhibited good antitumor efficacy,
safety, and tolerance in clinical trials.?®*® It was also demonstrated that the addition of PIC to DTX or trastuzumab, and
pertuzumab could augment the antitumor effect in breast cancer cells.”’*° Furthermore, recent findings revealed that PIC
significantly increased cluster of differentiation 8-positive (CD8") T-cell infiltration, which may potentiate immune
surveillance of breast cancer.’'

With the rapid development of nanotechnology, the nanocarriers have been widely used as promising controlled
drug delivery systems (DDS) to increase the efficacy and treat variety of cancer and other diseases.>*>> Compared
with the free drugs, the nanoparticles-based DDS offers several advantages, such as increase of site-specific
accumulation and drug half-life, decrease of toxicity, improvement of stability and solubility of hydrophobic drugs
and protection of sensitive cargos (eg, mRNA).*®37 Although most of these materials for nanocarriers are
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biocompatible and biodegradable, these nanocarriers are still easily opsonized and recognized by the immune system,
leading to the rapid clearance from the bloodstream.® To conquer obstacles, PEGylation, the covalent attachment of
polyethylene glycol (PEG) chains, has been reported and widely used to hinder the nanoparticles to reduce the protein
absorption and increase the stability, resulting in prolonging the in vivo circulation time.>**' Particularly, the
PEGylated lipids, such as 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-
2000] (DSPE-mPEG2k), are considered as biocompatible materials and also widely utilized in the preparation of
several Food and Drug Administration (FDA) approved nanomedicines, such as Doxil® and Comirnaty®.*>*

Hence, to conquer these clinical dilemmas of breast carcinoma treatment, including the resistance of anti-HER2-targeted
agents and chemotherapy, we aimed to develop a nanoplatform, which combined the taxane and PI3K inhibitor with the
HER2-directed therapies. Herein, we developed dual bispecific antibodies (BsAbs, anti-HER2-IV/methoxy(polyethylene
glycol (mPEG)) and anti-HER2-II/mPEG)-decorated DTX (D)/PIC (P)-loaded nanocarriers (Dual-D/P-NCs) to achieve
a synergistic antitumor effect. We prepared DTX/PIC-loaded nanocarriers (D/P_NCs) using a single emulsion method and
assessed the physical characterization and stability of D/P_NCs. The BsAbs were designed and prepared. In addition, the
functionality and integrity of both BsAbs were verified by flow cytometry and sodium dodecylsulfate polyacrylamide gel
electrophoresis (SDS-PAGE). Then, we evaluated the cellular uptake and cytotoxicity of the Dual-D/P_NCs. At last, in vivo
studies were conducted to evaluate the biodistribution, antitumor efficacy, and biosafety of the Dual-D/P_NCs.

Materials and Methods

Cell Culture

The MCF-7/HER2 cell line was kindly provided by Dr Mien-Chie Hung (Houston, TX, USA). The MCF-7 and NIT/3T3
cell lines were obtained from American Type Culture Collection (Manassas, VA, USA). The use of the cell line and cell
experiments was reviewed and approved by the Institutional Animal Care and Use Committee of Taipei Medical
University (LAC-2021-0231). The MCF-7 and NIT/3T3 cell lines were cultured in DMEM supplemented with 10%
FBS and 1% penicillin/streptomycin/amphotericin B. MCF-7/HER2 cells were cultured in DMEM/F12 medium supple-
mented with 10% FBS and 1% penicillin/streptomycin/amphotericin B. These cells were incubated at 37 °C in
a humidified 5% CO, air.

Preparation of DTX/PIC-Loaded Nanocarriers, DIO-Loaded Nanocarriers and Dual
BsAb-Decorated DTX/PIC-Loaded Nanocarriers

The emulsion technique was the common method of preparation of nanocarriers, which can be divided into single or
double emulsion methods.*** To encapsulate the docetaxel and pictilisib simultaneously, D/P_NCs were prepared
using an oil-in-water single emulsion. Initially, 1.5 mg of chemodrugs and 15 mg of DSPE-mPEG2k were dissolved
in 1 mL of chloroform. Soybean lecithin (S100) was suspended in 10 mL of deionized water and then subjected to
ultrasonication (VCX 750; Sonics & Materials, Newtown, CT, USA) to form a nanosuspension. The chloroform
solution was added to the nanosuspension, and the probe sonicator was set to a level at 150 W and six pulses of 10s
to form the emulsion. The emulsion was subsequently stirred at 500 rpm for 3 h to completely remove the organic
solvents. An appropriate amount of trehalose as the cryoprotectant was added to the solution, and unencapsulated
drugs were discarded by filtering the solution through a 0.45-pm membrane filter (Millipore, Billerica, MA, USA).
After lyophilization, the lyophilized product was stored at 4 °C until use. For in vitro cellular uptake studies, DIO-
loaded nanocarriers (DIO NCs) were prepared following the same protocol instead of encapsulating DTX or PIC.
Instead, the 1.5 mg of DIO and 15 mg of DSPE-mPEG2k were dissolved in 1 mL of chloroform. To produce the
BsAb-decorated D/P_NCs, the D/P_NCs were incubated with anti-HER2-IV/mPEG (Tra) and/or anti-HER2-1I/mPEG
(Per) in a 0.05% (w/w) BSA/phosphate-buffered saline (PBS) buffer solution for 30 min at room temperature to
enable the BsAbs to non-covalently decorate the D/P_NCs via the anti-mPEG fragments of the BsAbs.
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Physical Characterization of DTX/PIC-Loaded Nanocarriers and Dual
BsAb-Decorated DTX/PIC-Loaded Nanocarriers

The particle size and zeta potential (ZP) were measured with a Zetasizer ZSP (Malvern Instruments, Malvern, UK) at 25
°C. Images of the morphology of the D/P_NCs were produced by transmission electron microscopy (TEM) (HT7700,
Hitachi, Tokyo, Japan). In brief, D/P_NCs solution was dropped onto a formvar/carbon-coated copper grid and allowed
to stand for 2 min. Then, 2% uranyl acetate was dropped onto the grid and allowed to stand for 5 min. The grid was dried
in advance of the TEM analysis. The encapsulation efficiency (EE) and drug loading (DL) of DTX and PIC were
analyzed using the high-performance liquid chromatography (HPLC, Jasco, Tokyo, Japan), which was equipped with an
Inertsil® ODS-3 column (4.6 mm x 15 cm; 5 um). The detection wavelength was 227 nm, the flow rate was 1 mL/min,
and the mobile phase was composed of 45% acetonitrile (ACN) and 55% deionized water. The EE (%) and DL (%) were
respectively calculated using the following formula:

EE = (amount of measured drugs/amount of drugs added) x 100% and

DL = (amount of measured drugs/weight of NCs) x 100%.

Preparation and Functionality Study of Anti-HER2-IV/mPEG and Anti-HER2-1I/mPEG

BsAbs

The anti-HER2-IV/mPEG (Tra) and anti-HER2-II/mPEG (Per) BsAbs were constructed from the same fragment
antigen-binding (Fab) fragment of the humanized anti-mPEG and the single-chain variable fragment (scFv) of
trastuzumab (anti-HER2-IV) and pertuzumab (anti-HER2-II), respectively. The anti-HER2-IV/mPEG BsAbs (Tra)
were developed in a previous study,*® and the anti-HER2-II/mPEG BsAbs (Per) were prepared by a similar process
with the minor difference of the scFv.*” Briefly, the BsAb gene construct was inserted into the pLNCX vector. Then,
the plasmids were transfected into Expi293 cells using an Expi293™ Expression System Kit for large-scale
production. After around 6 days, the BsAbs in the supernatant of the medium were collected and purified with
a HisTrap HP column (GE Healthcare, Little Chalfont, UK). The integrity and purity of the BsAbs were assessed
using non-reducing and reducing SDS-PAGE. The functionality of the anti-HER2 and anti-mPEG of the BsAbs was
respectively assessed by flow cytometry and an enzyme-linked immunosorbent assay (ELISA). To determine the
binding specificity of anti-HER2, MCF-7/HER2 cells were used, and NIH/3T3 cells, which are mouse embryonic
fibroblasts, were used as the negative control. After being incubated with the cells, the BsAbs on the cells were
labeled with goat anti-human IgG F(ab’)2-FITC. The FITC fluorescence was analyzed by a Sony SA3800 Spectral
flow cytometer (Sony, Tokyo, Japan). To confirm the binding specificity of anti-mPEG, Nunc-Immuno plates
(ThermoFisher Scientific) were coated with 20 pg/mL of mPEG2k-NH2 or BSA at 37 °C for 2 h. After the
ELISA plates were blocked with 5% skimmed milk and washed with PBS, graded concentrations of Tra or Per
BsAbs were added to the wells and incubated for 1 h. After the plates were washed with PBS, goat anti-Human IgG
Fab HRP was added to the wells, and 0.4 mg/mL of ABTS substrate solution was subsequently added to the wells.
After incubation at 25 °C for 30 min, the absorbance was measured at 405 nm using ELISA reader (Cytation 3;
BioTek Instruments, Winooski, VT, USA).

Optimization of the Binding Molar Ratio of BsAbs to DTX/PIC-Loaded Nanocarriers
To evaluate the optimal-binding ratio of BsAbs to DSPE-mPEG2k of the D/P_NCs, D/P_NCs were incubated with Per
BsAbs at different DSPE-mPEG2 to BsAbs molar ratios of 50:1, 100:1, 500:1, and 1000:1; the excess unbound BsAbs
were detected by ELISA. Briefly, Nunc-Immuno plates (ThermoFisher Scientific, Waltham, MA, USA) were coated with
50 pL of 20 pg/mL of mPEG2k-NH2 at 37 °C for 2 h. Skimmed milk (5%; 200 uL) in PBS as a blocking buffer was
added to each well at 4 °C overnight. Further, each well was washed thrice with PBS. Different molar ratios of Per-D/
P NCs were diluted with 2% skimmed milk in PBS to 0.0032~2 pg/mL of BsAbs. About 50 uL each of diluted BsAbs-
D/P_NCs, D/P_NCs, and Per BsAbs was added to a 96-well plate and incubated for 1 h. Then, the wells were washed
with PBS to remove any excess BsAbs. About 50 pL of goat anti-human IgG F(ab’)2-HRP in 2% (w/v) skimmed milk/
PBS was added to the wells for 1 h at room temperature. After the wells were washed with PBS five times, 150 pL of
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a 0.4 mg/mL ABTS solution in 0.01% H,O, was added to the wells for 30 min at room temperature. The absorbance of
the oxidized blue-green product was measured at 405 nm by ELISA reader (BioTek; Winooski, VT, USA).

Estimation of the Number of Non-Covalently Bound BsAbs per DTX/PIC-Loaded

Nanocarriers

On the basis of the literature, the surface area of the hydrophilic head-group of phosphatidylcholine (PC) was 0.71
nm?. Then, the diameter of D/P_NCs determined by dynamic light scattering (DLS) was defined as “d”. Under the
assumption that there were no lipids lost from the D/P_NCs during their preparation, the total number (N,,) of

48,49

phospholipids per D/P_NC was simply calculated using the following formula:

Nyoe =4 x 1 % (d/2)%/0.71.

The number (Npinging) 0f BsAbs per D/P_NCs was calculated using the following formula:

Npinding = Nior % @/N,atios

where ¢ is the molar fraction of DSPE-mPEG2k in D/P_NCs and N, is the molar ratio of DSPE-mPEG2k to
BsAbs.

In vitro Stability Studies

To assess the stability of the NCs, the D/P_NCs and Dual-D/P_NCs were diluted in pH 7.4 PBS buffer and stored at 4 °C.
The particle size and drug content were monitored with a Zetasizer ZSP (Malvern Instruments, Malvern, UK) and HPLC
system to observe colloidal stability of nanocarriers and degradation of the drugs at 0, 24, and 48 h. The critical micelle
concentration (CMC) was evaluated using the Zetasizer ZSP (Malvern Instruments, Malvern, UK), which was equipped
with a 10 mW He-Ne laser operating at a wavelength of 633 nm, and the detection angle was set at 173° as described in

previous reports®*!

at 25 °C. The D/P_NCs stock solutions were serially diluted to the concentration range of
0.0073~1.875 pg/mL. The CMC was estimated by the intersection of the two straight lines obtained by linear regression

of the intensity-concentration plot.

The Examination of in-vitro Release of Docetaxel and Pictilisib

Drug release profiles of DTX and PIC were studied in 0.5% Tween 80 in pH 7.4 PBS. The free DTX and free PIC
solutions were respectively prepared by dissolving the substances in 50/50 (v/v) polysorbate 80/dehydrated alcohol. One
milliliter of the DTX and/or PIC solution, DTX and/or PIC-NCs, Tra-D/P_NC, Per-D/P_NC, or Dual-D/P_NC solutions
containing 0.3 mg/mL of drugs was transferred onto a dialysis membrane (MWCO 6k~8k, CelluSep® T1; Orange
Scientific, Seguin, TX, USA). Then, the dialysis bag was soaked in a tube containing 30 mL of pH 7.4 PBS
supplemented with 0.5% Tween 80 at 37 °C with gentle shaking at 100 rpm. One-milliliter aliquot sample solution
was withdrawn from each tube and replaced with 1 mL of fresh PBS buffer at predetermined time intervals (1, 2, 4, 6, 8,
12, and 24 h). The amount of each drug released was measured by HPLC.

In vitro Cellular Uptake Studies

To assess the effect of the decoration of anti-HER2 BsAbs, the cellular uptake of DIO_NCs with BsAbs was evaluated using
fluorescence microscopy and flow cytometry. MCF-7/HER2 and MCF-7 cells were respectively seeded into 12-well plates at
1x10° cells/well at 37 °C for 24 h. Cells were treated with DIO_NCs, Tra-DIO_NCs, Per-DIO NCs, or Dual-DIO_NCs at
the same concentration of 5 pg/mL DIO and incubated for several hours. At predetermined time intervals, the cells were
washed with PBS to remove the uninternalized nanocarriers. After staining with Hoechst 33,342, cells were observed by
fluorescence microscopy (Cytation 3, BioTek Instruments, Winooski, VT, USA), at predetermined time intervals. The
amount of uptake was further quantified by Sony SA3800 Spectral flow cytometer (Sony, Tokyo, Japan).

In vitro Cytotoxicity
The MTT assay was conducted using the MCF-7/HER2 cell line to examine the cytotoxicity of free drugs and different
formulations. MCF-7/HER2 cells were seeded in 96-well plates at a density of 1x10* cells/well at 37 °C for 24 h. After
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incubation overnight, cells were treated with free PIC, free DTX, free DTX/PIC, DTX NCs, PIC_NCs, D/P_NCs, Tra-D/
P _NCs, Per-D/P_ NCs, or Dual-D/P_NCs over a concentration range of 1~500 ng/mL to optimize the synergistic
antitumor ratio of DTX to PIC and evaluate the cytotoxicity of D/P_NCs with and without BsAbs. After 48 h of
incubation, cells were refreshed using the medium with 0.5 mg/mL of the MTT reagent and incubated for 3 h. Formazan
crystals were dissolved in 200 pL. of DMSO. Then, the absorbance was measured at 550 nm with ELISA reader (Cytation
3; BioTek Instruments, Winooski, VT, USA).

Animals and Tumor Model

All animal experiments were reviewed and approved by the Institutional Animal Care and Use Committee of Taipei
Medical University (LAC-2021-0231) in compliance with the Taiwanese Animal Welfare Act. To establish the tumor
xenograft model, female nude mice (7 weeks old) were subcutaneously inoculated in the right thigh with 1x10° human
breast cancer MCF-7/HER2 cells. Due to the slow growth rate of MCF-7/HER2 cells, 20 pg of estradiol valerate in
sesame oil was subcutaneously injected in the neck of the mice to induce the growth and proliferation of breast cancer
cells.>* The tumor volume (V) was calculated using the formula as follows: V=L x W?/2, where L and W are the length
and width, respectively, of the tumor. When the average tumor volumes reached around 100 mm?, MCF-7/HER2 tumor-
bearing mice were used for subsequent studies.

In vivo Pharmacokinetic (PK) Studies

The pharmacokinetics (PK) studies of DTX and PIC were conducted in female Sprague-Dawley rats (7 weeks old). The rats
were intravenously administered with a single dosage of 5 mg/kg body weight (BW) of DTX and/or 2.5 mg/kg BW of PIC via
the jugular vein. The experimental groups (#=3 rats) included free DTX, free PIC, free DTX/PIC, DTX-NCs, PIC-NCs, D/
P-NCs, Tra-D/P-NCs, Per-D/P-NCs, and Dual-D/P-NCs. Blood samples were collected from the jugular vein into heparinized
centrifuge tubes at predetermined time intervals (0.25, 0.5, 1, 2,4, 6, 8, 10, 24, and 48 h). Blood samples were further
centrifuged at 3000 xg for 10 min at 4 °C to obtain plasma samples. Then, plasma samples were stored at —80 °C until a liquid
chromatographic (LC)-tandem mass spectroscopic (MS/MS) analysis by TQ-XS (Waters Corp., Manchester UK). The PK
parameters were calculated by a non-compartmental analysis using WinNonlin® (Certara, Princeton, NJ, USA).

In vivo Biodistribution Studies

To evaluate the biodistribution of DTX and PIC, MCF-7/HER2 tumor-bearing mice were randomly divided into nine
groups. Free DTX, free PIC, free DTX/PIC, DTX NCs, PIC_NCs, D/P_NCs, Tra-D/P_NCs, Per-D/P_NCs, and Dual-D/
P_NCs were intravenously injected into mice through the tail vein at the same dosage as further studies. At predeter-
mined time intervals, the mice were sacrificed and transcardially perfused with cold PBS supplemented with 10 TU/mL
heparin. Organs and tumors were harvested and homogenized in PBS. The homogenate was extracted and analyzed by
TQ-XS (Waters Corp., Manchester UK).

In vivo Tumor Inhibition Studies

After the average tumor volumes had reached around 100 mm?®, MCF-7/HER2 tumor-bearing mice were randomly
assigned to 10 groups (n=4): saline, free DTX, free PIC, free DTX/PIC, DTX NCs, PIC_NCs, D/P_NCs, Tra-D/P_NCs,
Per-D/P_NCs, and Dual-D/P_NCs. Mice were intravenously treated four times with formulations equivalent to a dosage
of 5 mg/kg BW of DTX and/or 2.5 mg/kg of PIC via the tail vein every 3 days. The tumor volume and BW of mice were
monitored every 3 days. After treatment for 24 days, all mice were sacrificed; the tumor tissues and major organs were
harvested and weighed for subsequent studies.

Biosafety Examination

On day 28 after administration, tumors and organs harvested from previous tumor-inhibition studies were immediately
fixed in a 4% paraformaldehyde solution. Fixed tumors and organs were paraffin-embedded, sectioned, and stained with
hematoxylin and eosin (H&E). H&E-stained slides were examined using a TissueFAXS microscope (TissueGnostics
GmbH, Vienna, Austria).
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Statistical Analysis

All values were presented as the meantstandard deviation (SD). Statistical differences were determined by a one-way
analysis of variance (ANOVA) followed by Tukey’s test. p values of <0.05 were considered to indicate a significant
difference.

Results
Physical Characterization of DTX/PIC-Loaded Nanocarriers and Dual
BsAb-Decorated DTX/PIC-Loaded Nanocarriers

In previous reports,*®>

we developed a potential lecithin-stabilized micellar drug delivery system (LsbMDDs) to
encapsulate DTX. However, the LsbMDDs did not encapsulate PIC very well. This may result from the lower log
P of PIC (1.96),>* compared with that of DTX (4.26).” Hence, we modified the formulation by increasing the drug/
DSPE-mPEG2K ratio from 1:5 to 1:10. DTX/PIC-loaded nanocarriers (D/P_NCs) were prepared with a single emulsion
method. The average particle size, encapsulation efficiency (EE), drug loading (DL) and zeta potential (ZP) of the
formulations are shown in Table 1. The nanocarriers successfully encapsulated not only DTX and PIC individually but
simultaneously DTX and PIC with high EE and DL values. Formulations with different drug contents showed similar
particle sizes and ZPs. The EE and DL of each formulation were around 97% and 5.5%, respectively. The results
indicated that the drug content did not significantly affect the physical properties of nanoparticles. Furthermore, after
non-covalent modification with BsAbs in PBS, the particle sizes and ZPs of Tra-D/P_NCs, Per-D/P_NCs and Dual-D/
P_NCs are presented in Table 2. The ZPs of D/P_NCs became more negative (—39.7+1.1 mV) due to PBS being pH 7.4,
whereas the particle size of D/P_NCs in PBS remained the same as that in deionized water, revealing that the buffer and
pH did not affect the nanocarriers. A slight increase in particle size and a decrease in the ZP of BsAbs decorated D/
P _NCs were observed, which was attributed to the non-covalently bound BsAbs on the surface of the D/P_NCs.
Although the binding of BsAbs decreased the zeta potential, it was still more than —30 mV, which is normally considered
stable for nanosuspension.’® As shown in Figure 1A and B, D/P_NCs showed a spherical morphology and uniform size
distribution. In contrast, as shown in Figure 1C and D, Dual-D/P_NCs exhibited a slightly rough spherical morphology,
which resulted from the BsAb decorations. Changes in the physical characteristics indirectly demonstrated that the
BsAbs had successfully bound to the D/P_NCs and altered their physical properties.

Table 1 Physical Characterization of Docetaxel (DTX)/Pictilisib (PIC)-Loaded
Nanocarriers (D/P_NCs)

Formulation | Particle size (nm) Pl ZP (mV) EE (%) DL (%)

DTX_NCs 149.5+1 .4 0.352+0.022 | —27.2+0.8 100.4+9.4 5.68+0.51

PIC_NCs 154.3+3.2 0.303+£0.035 | —24.3x1.2 98.9+£0.6 5.60+0.03

D/P_NCs 142.3£1.0 0.230+£0.008 | —26.5+0.7 | 97.6+7.6 (D) | 5.51+0.30
96.8+4.9 (P)

Abbreviations: Pl, polydispersity index; ZP, zeta potential; DL, drug loading; EE, encapsulation efficiency;
D: docetaxel; P: pictilisib.

Table 2 Physical Characterization of Bispecific Antibodies
(BsAbs)-Decorated D/P_NCs in Phosphate-Buffered Saline

Formulation Particle Size (nm) P.L ZP (mV)
D/P_NCs 142.0+2.8 0.2124£0.020 | —39.7«1.1
Tra-D/P_NCs 147.4+3.7 0.270+£0.004 | —34.0+1.2
Per-D/P_NCs 150.3%1.2 0.303+0.032 | —34.6%1.3
Dual-D/P_NCs 148.4+2.8 0.268+0.007 | —33.2+0.7

Abbreviations: Pl, polydispersity index; ZP, zeta potential; Tra, trastuzumab; Per,

pertuzumab.
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Figure | Physical characterization of docetaxel/pictilisib-loaded nanocarriers (D/P_NCs) and Dual-D/P_NCs. The size distribution of (A) D/P_NCs and (C) Dual-D/
P_NCs. TEM images of (B) D/P_NCs and (D) Dual-D/P_NCs. The scale bar of (B) and (D) represents 2 pum.

Evaluation of the Purity and Function of Anti-HER2-IV/mPEG and Anti-HER2-II/mPEG

BsAbs

The purity and structural integrity of the BsAbs were examined using SDS-PAGE. As shown in Figure 2A, non-reducing
SDS-PAGE showed a single band at ~72 kDa, which was similar to the estimated molecular weight (~74 kDa) and also
indicated the integrity and purity of both BsAbs. After reducing the intermolecular and intramolecular disulfide bonds, the
reducing SDS-PAGE showed multiple bands at ~55 kDa and ~26 kDa, which represented the high and light chains,
respectively, as shown in Figure 2B. MCF-7/HER2 cells and NIH/3T3 cells, as the negative control, were used to evaluate
the targeting ability of HER2. The FITC fluorescence intensity of anti-HER2-IV/mPEG (Tra) and anti-HER2-II/mPEG (Per)
BsAbs was significantly higher than that of the goat anti-human IgG F(ab’)2-FITC alone, as shown in Figure 2C. In a study of
NIH/3T3 cells (Figure 2D), the FITC intensity of both BsAbs was similar to that of the goat anti-human IgG F(ab’)2-FITC.
Besides, the binding specificity of mPEG was investigated with mPEG-coated plates by ELISA. As shown in Figure 2E, the
absorbance of Tra and Per BsAbs increased with an increase in the concentration of both BsAbs in mPEG-coated plates; the
absorbance of both BsAbs was nearly imperceptible in BSA-coated plates. These results illustrated the structural integrity and
binding specificity of both BsAbs, which endowed the D/P_NCs with an active targeting ability to HER2 and mPEG.

Optimization of the Binding Molar Ratio of BsAbs to DTX/PIC-Loaded Nanocarriers
and Estimation of the Number of Non-Covalently Bound BsAbs per DTX/PIC-Loaded

Nanocarriers

To confirm whether BsAbs could bind D/P_NCs via the binding ability of mPEG and optimize the binding molar ratio of
BsAbs to D/P_NCs, D/P_NCs were incubated with Per BsAbs in various molar ratios of DSPE-mPEG2 to BsAbs of
50:1, 100:1, 500:1, and 1000:1. The excess unbound BsAbs were measured by ELISA method. As illustrated in Figure 3,
compared with the BsAbs alone, the absorbance of BsAbs with D/P_NCs was significantly lower, which confirmed that
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Figure 2 Characterization of anti-human epidermal growth factor receptor 2 (HER2)-IV/methoxy polyethylene glycol (mPEG) (Tra) and anti-HER2-II/mPEG (Per) bispecific
antibodies (BsAbs). The integrity and purity of the BsAbs were evaluated using (A) non-reducing SDS-PAGE and (B) reducing SDS-PAGE. The binding ability of HER2 was
assessed in (C) MCF-7/HER2 cells and (D) NIH/3T3 cells, and the binding ability of (E) mPEG was investigated via ELISA.
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Figure 3 Evaluation of optimal binding molar ratio of bispecific antibodies (BsAbs) to methoxy polyethylene glycol (mPEG) on docetaxel/pictilisib-loaded nanocarriers (D/
P_NCs) by ELISA.

most of the BsAbs had successfully bound to the D/P_NCs via anti-mPEG fragments. Besides, after serial dilution with
2% skimmed milk/PBS, the BsAbs were still tightly decorated on the surface, which indicated that proteins in the
skimmed milk did not interfere with the binding of the BsAbs to D/P_NCs. Furthermore, the absorbance of the molar
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Table 3 Estimated Number of Non-Covalently Bound
Bispecific Antibodies (BsAbs) per Docetaxel/Pictilisib-Loaded
Nanocarriers (D/P_NCs) at Different Molar Ratios

Group Numbers of BsAbs per D/P_NCs
BsAbs-D/P_NCs (50:1) 517
BsAbs-D/P_NCs (100:1) 258
BsAbs-D/P_NCs (500:1) 52
BsAbs-D/P_NCs (1000:1) 26

ratios of 500:1 and 1000:1 was nearly undetectable, which demonstrated that the maximum binding capacity of BsAbs
was approximately 500:1. Based on the particle size of D/P_NCs, we estimated that the total number (&, of
phospholipids per D/P_NCs was approximately 89,599. Under the assumption that there was no lipid loss during the
preparation, the number (Np;qing) 0f BsAbs per D/P_NCs is calculated in Table 3. Results indicated that up to 52 BsAbs
could simultaneously bind to a single NP. In contrast to the antibody-drug conjugates (ADCs), the BsAbs-D/P_NCs could
load a larger number of different drugs and be armed with versatile targeting ligands. The optimized ratio of 500:1 was
used for subsequent experiments to target tumors and reduce costs.

In vitro Cytotoxicity

The cytotoxic effects of DTX and PIC on MCF-7/HER2 cells were investigated using an MTT assay to evaluate the
synergistic cytotoxicity. Results are shown in Figure 4, which illustrates the cell viability of MCF-7 cells treated with free
drugs, nanoparticles and nanoparticles decorated with BsAbs. As shown in Figure 4A, the combination of DTX and PIC
in each ratio exhibited synergistic cytotoxicity against tumor cells. Values of the 50% inhibitory concentration (ICsg) of
DTX and PIC were, respectively,12.50 and 86.75 ng/mL, and ICs, values of DTX:PIC (1:2, 1:1, and 2:1) were 14.15,
9.45, and 8.54 ng/mL, respectively. Furthermore, results shown in Figure 4B exhibit similar cytotoxicity levels of the
NCs in a dose-dependent manner. According to the combination index (CI) of previous reports,”’ CI values of each
combination of free drugs or nanocarriers were calculated, and all CI values were <I, which indicated the synergistic
anticancer effect of the drug combination, as illustrated in Table 4. Due to the lowest ICso and synergistic cytotoxicity of
DTX:PIC (2:1), the combination of DTX:PIC at 2:1 ratio was chosen for subsequent studies, which was also consistent
with previous reports.’®>* Moreover, as shown in Figure 4C, decoration of BsAbs onto the D/P_NCs slightly increased
the cytotoxicity of DTX/PIC-NPs. The ICs, values of BsAbs-D/P_NCs were ~8 ng/mL, which was lower than that of D/
P NCs (9.84 ng/mL). The increase in cytotoxicity may have resulted from the higher cellular uptake of BsAbs-D/P_NCs.
Results demonstrated the synergistic tumor inhibition of the combination of DTX and PIC. Results also illustrated that
anti-HER2 BsAbs could increase the cytotoxicity of D/P_NCs.

A Free drugs B Nanocarriers C BsAbs-D/P_NCs

1001 @ DTX 1001 -e- pTX %0 & D/P_NCs
£ v=Lls 2 v— PIC 230 —@— Tra-D/P_NCs
S 80 —@ DTX: PIC (1:1) 3 80 —8- DTX: PIC (1:1) z —¥— Per-D/P_NCs
2 —O— DTX: PIC (1:2) 2 —O— DTX: PIC (1:2) g —A— Dual-DJP_NCs
] —A— DTX: PIC (2:1) = —A— DTX:PIC (2:1) = o
& 601 S 601 ]
£ T = 50
o 8| ¢ g
E 40 1 E 40 1 E 40

30
201 20 1~ * ; : s . 20
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
Total Concentration (ng/mL) Total Concentration (ng/mL) Concentration (ng/mL)

Figure 4 In vitro cytotoxicity of (A) free drugs, (B) nanocarriers, and (C) bispecific antibodies (BsAbs)-docetaxel/pictilisib-loaded nanocarriers (D/P_NCs) against MCF-7/
HER?2 cells with incubation for 72 h.
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Table 4 50% Inhibitory Concentration (ICsp) and Combination Index (Cl) of
the Free Drug and Formulations of Docetaxel (DTX) and Pictilisib (PIC)

1Cs50 (ng/mL) Cl
Free Drug | Nanocarriers | Free Drug | Nanocarriers

DTX 12.50+2.69 11.29+£7.89 - -

PIC 86.75%17.56 48.91x10.96 - -
DTX:PIC = I:1 9.45+5.06 11.15£7.90 0.43 0.6l
DTX:PIC = 1:2 14.15+3.93 16.20£3.02 0.52 0.70
DTX:PIC = 2:1 8.54+2.92 9.84%1.14 0.49 0.65
Tra-D/P_NCs - 7.63x0.71 -

Per-D/P_NCs - 7.05%2.13 -

Dual-D/P_NCs - 8.22+2.21 -

Abbreviations: D, DTX; P, PIC; Tra, trastuzumab; Per, pertuzumab.

In vitro Stability Studies

The in vitro stability studies of BsAbs-D/P_NCs were conducted in pH 7.4 PBS and monitored for 48 h. As depicted in
Figure S5A, there was no obvious changes in either the particle sizes or precipitation of D/P_NCs, Tra-D/P_NCs, Per-D/
P _NCs, and Dual-D/P_NCs observed during the experiments, which were all around 150 nm. In addition, both drug
assays of each formulation were maintained during storage in physiologic pH buffer as shown in Figure 5B and C.
Although the non-covalent decoration of BsAbs slightly altered the physical properties of D/P_NCs, it did not influence
the stability of D/P_NCs. Furthermore, CMC studies were conducted to evaluate the colloidal stability of D/P_NCs upon
severe dilution in the blood circulation. As depicted in Figure 5D, the intensity of scattered light showed a linear increase
with an increase in the concentration, when the concentration was above the CMC. The CMC of D/P_NCs obtained from
the intensity-concentration plot was approximately 0.02 ug/mL for the drug concentration and 0.03 uM for the DSPE-
mPEG2k concentration, which was almost two orders of magnitude lower than that of DSPE-mPEG2k (2.44 uM) and
also significantly lower than other lipids and copolymeric micelles.®®®? This result demonstrated that the combination of
lecithin and DSPE-mPEG2k significantly improved the colloidal stability, which indicated that the NCs would exhibit
exceptional stability upon extreme dilution in the blood circulation.

The Examination of in-vitro Release of Docetaxel and Pictilisib

Drug release profiles of DTX and PIC were examined at pH 7.4 in PBS with 0.5% Tween 80. The cumulative release of
DTX in each group reached a plateau within 24 h at around 70% as shown in Figure 6A, whereas the release profile of
free DTX/PIC was slower than that of free DTX. In contrast, the cumulative release of PIC reached a plateau within 12 h,
and the release profile of the free-drug combination was higher than that of the free PIC, which was distinct from free
DTX as shown in Figure 6B. Respective pKa values of DTX and PIC were 10.97%% and 13.19,°* and these results
indicated that acid-base reactions between DTX and PIC affected the release rate. Additionally, precipitation in the free
PIC group was observed in the dialysis bag after 12 h, while precipitation did not occur in the NP groups, which
indicated the stability of the NPs, and was consistent with the in vitro stability results. In addition, solubilization of the
NPs exhibited significantly increased release rates compared with that of the free drugs, and the non-covalent binding of
BsAbs did not alter the drug release rate of DTX or PIC.

In vitro Cellular Uptake Studies

To evaluate the effect of the decoration of BsAbs on cellular uptake, MCF-7/HER?2 cells were incubated with DIO_NCs with or
without BsAb decoration for several hours. At predetermined time intervals, cells were analyzed by fluorescence microscopy
and flow cytometry. As shown in Figure 7A and B, the fluorescence images revealed that the cellular uptake of DIO NCs
increased with an increasing incubation time and with the non-covalent conjugation of BsAbs. As illustrated in Figure 7C, after
incubation for 3 h, all three DIO_NCs with decoration of BsAbs exhibited higher fluorescence intensity, and especially those of
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Figure 6 In vitro drug release profiles of (A) docetaxel (DTX) and (B) pictilisib (PIC) of free drugs, nanocarriers (NCs), and BsAbs-D/P_NCs.

Per-DIO_NCs and Dual-DIO_NCs were significantly (p<0.05) higher than that of DIO NCs. Correspondingly, after incubation
for 24 h, compared with DIO NCs alone, the fluorescence intensity of all DIO NCs groups with BsAbs was significantly
(p<0.05) higher, and the combination of Tra and Per BsAbs exhibited synergistic enhancement of the cellular uptake by
targeting complementary subdomains of HER2, which increased the fluorescence intensity by two-fold. Furthermore, MCF-7
cells, wild-type HER2-expressing cells, were also used to assess cellular uptake. In contrast with results in MCF-7/HER?2 cells,
Tra-DIO _NCs and Per-DIO_NCs did not exhibit a significant increase in the fluorescence intensity compared with DIO_NCs,
as depicted in Figure 7D. Nevertheless, Dual-DIO_NCs still showed a significantly (p<0.05) higher intensity at both time
points, which demonstrated that Tra BsAbs plus Per BsAbs still synergistically increased cellular uptake of the NCs. This result
indicated that the chemodrug-loaded nanocarriers decorated with dual HER2 instinct epitopes BsAbs could be also applied to
treat HER2-low breast cancer. Results demonstrated that antibody non-covalent functionalization enhanced the cellular uptake
of nanoparticles, which might have contributed to the increase in tumor accumulation.
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Figure 7 In vitro cellular uptake studies of MCF-7/human epidermal growth factor receptor 2 (HER2) and MCF-7 cells. Fluorescence images of MCF-7/HER2 cells
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and (B) 24 h of incubation. The mean fluorescence intensity of (C) MCF-7/HER2 and (D) MCF-7 cells treated with formulations was quantified at predetermined time

points. * p<0.05 compared with DIO_NCs (scale bar 300 pm).

In vivo Pharmacokinetics Studies
Female SD rats were intravenously administered in each treatment group, and blood samples were collected at predetermined
time points. As shown in Figure 8A and Table 5, DTX of free DTX and free DTX/PIC was rapidly cleared from the blood
circulation. In contrast, NCs with or without BsAb decoration exhibited significantly prolonged circulation with larger values of
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Figure 8 The plasma concentrations of (A) docetaxel (DTX) and (B) pictilisib (PIC) over time after the intravenous injection of free drugs, nanocarriers (NCs), and BsAbs-
D/P_NCs at the respective DTX and PIC doses of 5 and 2.5 mg/kg.
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Table 5 Pharmacokinetic Parameters of Docetaxel (DTX) Following IV Administrations of Different Formulations at a Dose of 5 mg/
kg Body Weight in Rats (n = 3)

Parameter Free DTX Free DTX_NCs D/P_NCs Tra-D/P_NCs | Per-D/P_NCs | Dual-D/P_NCs
DTX/PIC

Co (ug/mL) 0.1231£0.04 | 0.436+0.227 | 0.399+0.130 | 0.450+0.245 0.414+0.100 0.572+0.373 0.518+0.140

tia (h) 5.32+0.24 6.11+2.36 7.65+1.54 7.88+1.41 5.85+1.20 6.41+0.77 7.52+1.19

AUC . (hxpg/mL) 0.487+0.037 | 0.659+0.050 | 0.986+0.177 | 0.897+0.215 0.928+0.145 0.849+0.031 0.826+0.087

AUCq.int 0.524+0.037 | 0.713+0.071 1.064+0.219 | 0.941+0.243 0.954+0.144 0.883+0.042 0.859+0.100

(hxpg/mL)

CL (L/h/kg) 9.58+0.70 7.06+0.66 4.82+0.89 5.59+1.61 5.33+0.87 5.67+0.27 5.88+0.72

Vd (Lkg) 73.43+5.22 | 60.77+17.43 52.09+6.54 61.62+7.78 44.4017.13 52.67+8.62 63.1316.46

Relative bioavailability (%) 100 136 203 180 182 169 164

Note: Values are the meantstandard deviation.

Abbreviations: C, initial plasma concentration; C,., highest observed plasma concentration; t;/,, elimination half-life; AUCy_j,s, area under the plasma concentration—
time curve from 0 h to the last sampling time point; AUCq_;, area under plasma concentration—time curve extrapolated to infinity; CL, plasma clearance; Vd, apparent
volume of distribution; PIC, pictilisib; NCs nanocarriers; D, DTX; P, PIC; Tra, trastuzumab; Per, pertuzumab.

the area under the curve (AUC), which increased the relative bioavailability by more than 50%. Furthermore, the initial
concentration (Cy) of ~1 pg /mL of the NCs groups increased which was significantly higher than ~0.5 pg/mL of free PIC
and free DTX/PIC, as shown in Figure 8B and Table 6. Similarly, the AUC values and relative bioavailability of the NCs groups
increased compared with the free drug groups. In addition, results of free DTX/PIC indicated drug—drug interactions between
DTX and PIC, which corresponded to results of the drug release studies. Importantly, results demonstrated that the NCs improved
the circulation of both drugs and the BsAb decoration did not significantly affect the PK profile, which was consistent with the
stability studies.

In vivo Biodistribution Studies

We further investigated whether the NCs and the decoration of BsAbs could improve the tumor accumulation of DTX and PIC
in mice. As illustrated in Figure 9A, there was no significant difference observed among the major organs. In contrast, the
tumor accumulation of the NCs appeared to have increased. In particular, the accumulation of Tra-D/P_NCs and Dual-D/
P_NCs appeared to have been significantly (p<0.05) enhanced compared with free DTX. At 8 h after administration, all
treatments showed similar accumulation levels of DTX in major organs except for the free DTX group, as shown in Figure 9B.
The free DTX group showed higher accumulation in the liver and kidneys, which might be attributed to systemic toxicity.
Furthermore, as for PIC, the nanocarriers groups showed transiently higher accumulations in most organs except for the lungs,
compared with the free drug groups, as depicted in Figure 9C. Nonetheless, the NCs also enhanced the accumulation of PIC in

Table 6 Pharmacokinetic Parameters of Pictilisib (PIC) Following IV Administrations of Different Formulations at a Dose of 2.5 mg/kg
Body Weight in Rats (n = 3)

Parameter Free PIC Free PIC_NCs D/P_NCs Tra-D/P_NCs | Per-D/P_NCs | Dual-D/P_NCs
DTX/PIC
Co (ug/mL) 0.691£0.115 | 0.587+0.049 | 1.616£0.355 | 1.633+0.351 0.997+0.131 1.059+0.085 1.483+0.844
ti2 (h) 2.92+0.97 2.63+0.41 2.84+0.26 2.68+0.16 2.74+0.25 2.40+0.02 2.53+0.58
AUC 1. (hxpg/mL) 0.530£0.046 | 0.438+0.048 | 0.99210.040 | 0.864+0.123 0.701£0.033 0.609+0.099 0.730£0.099
AUC ¢ (hxpg/mL) 0.536+£0.044 | 0.442+0.048 | 0.99410.040 | 0.866+0.123 0.70210.033 0.610+£0.100 0.731£0.100
CL (L/h/kg) 4.6910.40 5.70+0.63 2.52+0.10 2.93+0.45 3.57+0.17 4.18+0.72 3.461+0.46
Vd (L/kg) 19.6916.27 21.53+3.10 10.32£1.28 11.30£1.69 14.0310.65 14.48+2.61 12.41£1.51
Relative bioavailability (%) 100 83 185 162 131 114 136

Note: Values are the meantstandard deviation.
Abbreviations: Cy, initial plasma concentration; C.,,, highest observed plasma concentration; t/, elimination half-life; AUCy_,s;, area under plasma concentration—time
curve from 0 h to the last sampling time point; AUCq_i, area under plasma concentration—time curve extrapolated to infinity; CL, plasma clearance; Vd, apparent volume of
distribution; DTX, docetaxel; NCs, nanocarriers; D, FTX, P, PIC; Tra, trastuzumab; Per, pertuzumab.
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Figure 9 Biodistribution profiles of major organs and tumors. Docetaxel (DTX) concentrations at (A) 2 and (B) 8 h after intravenous injection of each formulation in MCF-
7/human epidermal growth factor receptor 2 (HER2) tumor-bearing mice. Pictilisib (PIC) concentrations at (C) 2 and (D) 8 h after intravenous administration in MCF-7/
HER2 tumor-bearing mice. (E) The PIC concentration of tumors of each treatment group at 8 h after intravenous administration. * p<0.05 compared with PBS group; #
p<0.05 compared to the DTX/PIC-loaded (D/P)_nanocarriers (NCs) group.

tumors, and all BsAbs-D/P_NCs groups revealed higher accumulations than the NCs alone in tumors. After 8 h, due to the
short half-life of PIC, the concentration of PIC had dramatically declined in both organs and tumors as shown in Figure 9D.
Similarly, the nanocarriers groups exhibited significantly (p<0.05) higher accumulation in tumors compared with free drug
groups, as illustrated in Figure 9E. Besides, PIC concentrations in the reticuloendothelial organs, including the liver, spleen, and
kidneys, of the BsAbs-D/P_NCs groups were lower than those of nanocarriers alone. These results revealed that the non-
covalent decoration of BsAbs enabled the NCs to escape the immune system. Additionally, the Dual-D/P_NCs showed
significantly (p<0.05) higher tumor accumulations of both drugs after 2 h compared to the NC groups, which demonstrated that
the arming of anti-HER2 BsAbs increased tumor accumulation and was consistent with the results of cellular uptake studies.

In vivo Tumor Inhibition Studies

MCF-7/HER2 tumor-bearing mice were used to evaluate whether the combination of DTX and PIC and the active
targeting ability of the BsAbs resulted in better in vivo therapeutic efficacy. After treatment, the different treatment
groups exhibited inhibition of tumor growth, except for the free PIC-treated group, as shown in Figure 10A. Compared
with PBS groups, tumor volumes of Tra-D/P_NC-treated, Per-D/P_NC-treated, and Dual-D/P_NC-treated groups had
significantly decreased (p<0.05), resulting in around 50% inhibition of tumor growth. In addition, there was no
significant loss of BW in any groups during the observation, indicating the safety of the treatments, as shown in
Figure 10B. Furthermore, on day 24, tumors were harvested for imaging (Figure 10C), and they were weighed to
confirm the therapeutic efficacy. As shown in Figure 10D, tumor weights of the free DTX/PIC-treated groups had
significantly (p<0.05) decreased, which demonstrated the synergistic antitumor effect of the combination of DTX and
PIC. In contrast, tumor weights of the free PIC-treated group exhibited little antitumor efficacy, which may be
attributed to the lower cytotoxicity of PIC. Moreover, the NC-treated groups efficiently eliminated tumor cells, and
BsAb-D/P_NCs-treated groups exhibited significant (p<0.05) tumor inhibition, compared with the PBS group. In
particular, Dual-D/P_NCs induced 85% inhibition of tumor growth, and the tumor volume of the Dual-D/P_NCs-
treated group even showed a significant (p<0.05) decrease compared with that of the D/P_NCs-treated group, which
resulted from the active targeting ability of both BsAbs and the enhancement of cellular uptake. In conclusion, these
results demonstrated the synergistic antitumor effect of the combination of DTX and PIC and an increase in the

https:

5367

International Journal of Nanomedicine 2022:17
Dove:


https://www.dovepress.com
https://www.dovepress.com

Cheng et al Dove

>
w

__ 120
- =g J Dosing 2
£ —@- PBS £ 100
£ 2001 -V FreeDTX & —&- res
g b | FreepiC s 80 —¥- Free DTX
>
3 150 3 3 y :. —O— Free DTX/PIC T —8- FreePIC
S g ¢ —A— DTX_NCs 2 60 ~O— Free DTX/PIC
S 100 —@— PIC_NCs s —A— DTX_NCs
E 3% |-@- o/p_nes N a0 -@- PIC_NCs
= 50 4 b |- TraD/p_NCs € —-@- D/P_NCs
—B- Per-D/P_.NCs 5§ 59 —V— Tra-D/P_NCs
—@— Dual-D/P_NCs 2 —8- Per-D/P_NCs
0 —@- Dual-D/P_NCs
o 3 6 9 12 15 18 21 24 U
Time (day) 0 3 6 9 12 15 18 21 24
Time (day)
PBS ° ° ° °
Free DTX r) ° » .
Free PIC ® - - - =
Free DTX/PIC A £
=
DTX_NCs ° o ) .%ﬂ
PIC_NCs ¢ ° . =
=]
D/P_NCs @ . . E
Tra-D/P_NCs o & °
Per-D/P_NCs g ° < >
. ° O 3

Dual-D/P_NCs G NP

&"3 & & &R R R R

& E TN NN
2 S CH 3
<& A Q¥ ¥

’

Figure 10 In vivo evaluation of the antitumor efficacy. (A) The average tumor volume in mice bearing MCF-7/human epidermal growth factor receptor 2 (HER2) tumors
after intravenous administration in different groups (Q3Dx4). (B) Body weights of all treatment groups were recorded for 24 days. Tumors were harvested from mice

bearing MCF-7/HER2 tumors on day 24. (C) Tumor images and (D) tumor weights were determined from each treatment group. * p<0.05 compared with PBS group;
#p<0.05 compared with D/P_NCs group.

targeting ability from the non-covalent decoration of BsAbs which efficiently inhibited tumor growth while showing
unobvious toxicity.

Biosafety Examination

On day 24 after the Q3Dx4 regimen, tails of free DTX/PIC-treated mice showed severe extravasation injury,
commonly induced by chemotherapy,®® but tails of D/P_NCs group showed no apparent abnormalities, as shown in
Figure 11A and B. In addition, there were no obvious abnormalities or lesions observed in H&E-stained heart, spleen,
lung, or kidney samples, as shown in Figure 11C, which indicated that DTX and PIC caused little toxicity to these
organs. Nonetheless, inflammatory cell infiltration in the liver was observed in H&E-stained free DTX-treated and
free DTX/PIC-treated mice, which indicated that free DTX resulted in slight liver damage, and free DTX/PIC led to
mild liver injury. In contrast, no obvious inflammatory cell infiltration was observed in the NCs-treated groups,
indicating that liver damage deteriorated with the combination of free DTX and PIC, and NCs could alleviate liver
damage from the chemodrugs. These results indicated that the encapsulation in NCs and the targeting ability of
BsAbs enhanced the therapeutic efficacy while maintaining biosafety.

Discussion

HER2-positive breast cancer is a highly aggressive cancer and is associated with increased risks of systemic metastasis,
recurrence, and mortality.®® In addition, HER2 overexpression also confers the chemoresistance in breast cancer through
several mechanism, including upregulation of drug efflux pumps and drug metabolism proteins and activation of HER2/
PI3K/Akt pathway, resulting in multiple drug resistance (MDR).%”"°® Despite the 5-year survival rate of HER2-positive
breast cancer has substantially improved with the combination of chemotherapy and HER2-targeted treatments,® the
increase of the incidence rate and the high mortality rate of breast cancer have led to the urgent need to develop more-
effective treatments. Besides, PI3K mutations usually occur in HER2-positive breast cancer, resulting in PI3K/AKT
hyperactivation and resistance to chemotherapy and HER-targeted therapy.”®’' Therefore, several PI3K inhibitors
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(PI3Kis) were developed to reverse therapeutic resistance.”” The PI3K signaling pathway is also involved in regulating
the immune system, so PI3Kis were found to act as immunomodulatory agents, which decreased the number of
regulatory T (Treg) cells and enhanced CDS" cytotoxic T cells in the tumor microenvironment.”*"*

In this study, we formulated mPEGylated NCs to simultaneously encapsulate DTX and PIC to achieve a synergistic
anticancer effect. Anti-HER2-IV/mPEG and anti-HER2-II/mPEG BsAbs were successfully prepared to non-covalently
decorate NCs via the anti-mPEG fragment, which endowed the NCs with a HER2-targeting ability and dual-HER2
blockade via the anti-HER2-1V and anti-HER2-II fragments. Optimal binding studies demonstrated that BsAbs were
successfully bound to D/P_NCs, and the binding ability was not interfered with by several dilutions of 2% skimmed
milk, which resulted in significant increases of up to two-fold cellular internalization of Dual-D/P_NCs. As previously
reported, the decoration of anti-mPEG/anti-tumor antigen bispecific antibody could trigger a rapid cellular internalization
of nanocarriers, which contributed to the enhancement of tumor accumulation.”” Furthermore, the binding synergy of
trastuzumab, pertuzumab, and their F(ab’), fragments was also reported in the previous literature, which showed that
binding of trastuzumab enhanced their binding and uptake.”®’” Moreover, other antibodies were designed to target
multiple distinct epitopes of the same receptors, such as insulin-like growth factor-1 receptor (IGF-1R) and death
receptor 5 (DRS5), which were found to enhance antitumor activity.”®’® However, the underlying mechanisms still
remain to be elucidated, and it is noteworthy to develop more antibodies to distinct epitopes for other receptors and
even decorate the nanoparticles to be potent and desired antitumor therapeutics.”

The physical characterization and stability of NCs with or without BsAbs showed desired characteristics, including
biocompatibility, high encapsulation efficiencies, and suitable particle sizes.** The CMC results indicated that the addition
of soy lecithin increased the colloidal stability, which was consistent with a previous report.’’ D/P_NCs decorated with
BsAbs groups revealed higher cytotoxicity profile than the D/P_NCs alone, which was attributed to the higher cellular
uptake of NCs with BsAbs. Nevertheless, the statistical difference of ICs, values of each nanocarriers with the combination
of DTX and PIC were insignificant, which could be attributed to the reason that the ICsy values were below the CMC value.

In vitro cytotoxicity studies revealed that the cytotoxicity of PIC alone was less than that of DTX, whereas the
addition of PIC potentiated the cytotoxicity of DTX. The combination of DTX and PIC at a ratio of 2:1 exhibited the
synergistic antitumor effect of, which efficiently eliminated the tumor at a lower dose. The latest researches reported that
PI3K inhibitors also could augment the cytotoxic response of other chemodrugs, eg, epidermal growth factor receptor
(EGFR) kinase inhibitors, topoisomerase II inhibitors, and mitogen-activated protein kinase (MEK) inhibitors, in
a variety of cancer, such as triple-negative breast cancer, neuroendocrine cervical cancer, lymphoblastic leukemia.®'~**
PI3K inhibitors have shown several promising therapeutic effects and some of them have been approved by FDA,
whereas PI3K inhibitors recently have raised safety concerns about substantial side effects, such as hepatic toxicities,
diarrhea, and serious infections.** A previous report indicated that PI3K inhibitors can exacerbate liver damage and liver
injury via death factor-mediated hepatocyte apoptosis,® which was illustrated by obvious deterioration of liver damage
of the Free DTX/PIC group in histological stains. However, encapsulation in NCs significantly attenuated hepatotoxicity,
which improved the safety and clinical tolerability of PI3K inhibitors, as shown in biosafety studies.

In addition, the nanocarriers decorated with BsAbs showed favorable biodistribution profiles and toxicity profiles.
These targeted ligands non-covalently decorate the nanoparticles with specifically designed site-specific domains in
thermodynamically favorable interactions, and these were demonstrated to lead to colloidal stabilization and dysopso-
nization of nanoparticles in a physiological environment.*®*” In contrast, covalent modification of targeted ligands
possibly changed their binding conformations and particle surfaces, resulting in several deleterious effects, including
decreases in the binding affinity and colloidal stability.*®* Importantly, the NCs efficiently reduced the plasma clearance
of DTX and PIC, resulting in a significant increase in the AUC. Our results demonstrated that Dual-D/P_NCs could be
a potential anticancer treatment for breast cancer with high biocompatibility, biosafety, and tolerability.

Conclusions

In summary, we positively established docetaxel/pictilisib-loaded nanocarriers (D/P_NCs) decorated with anti-HER2-IV
/mPEG (Tra) and/or anti-HER2-II/mPEG (Per) BsAbs to achieve synergistic targeting and antitumor effects for HER2-
positive breast cancer. The in vivo findings also indicated that our nanocarriers could efficiently alleviate the
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hepatotoxicity of docetaxel and pictilisib. It highly suggests to apply such a promising platform in clinical applications to
overcome the chemical resistance in the treatment of HER2-positive or low-expressed breast cancers.
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