RESEARCH ARTICLE

'-) Check for updates

ADVANCED
MATERIALS

www.advmat.de

Cascade Downregulation of the HER Family by a
Dual-Targeted Recombinant Protein—Drug Conjugate
to Inhibit Tumor Growth and Metastasis

Yang Yuan, Sensen Zhou, Cheng Li, Xiaoke Zhang, Hui Mao, Weizhi Chen,*

and Xiqun Jiang*

Human epidermal growth factor receptor type 2 (HER2)-targeted therapy
can significantly improve the outcome of patients with HER2 positive cancer.
However, relapse after this treatment remains a great challenge in the clinic
due to tumor resistance, in which the HER network induces constitutive
signal transduction. In addition, integrin receptors in the tumor extracellular
matrix can mitigate the therapeutic effect of inhibitors to the growth factors
receptors and tyrosine kinases. Here, the development of a recombinant
protein (RP-HI) and its drug conjugates (RPDC-HI) to target both HER2 and
integrin is reported. When simultaneously blocking HER2 and integrin by
RP-HI, functions of the HER family and their interactions with the integrin
are disrupted by downregulated expressions of HER family members, leading
to inhibition of several downstream signal pathways. In combination with
targeted delivery of the anticancer agent, doxorubicin (DOX), RPDC-HI sig-
nificantly improves the tumor inhibition efficacy to 97.5% in treating HER2-
positive breast cancer, comparing to 34.3% for free DOX. RPDC-HI shows
even better antitumor efficiency than a monoclonal antibody, trastuzumab,
when treating larger tumors. The developed dual-targeted RPDC platform
offers a new and promising strategy for treating HER2-positive patients with
synergistic therapeutic effects against tumor resistance to the conventional

receptor (HER) family, including epi-
dermal growth factor receptor 1 (HERI,
EGFR), 2 (HER2), 3 (HER3), and 4 (HER4),
in breast cancers is associated with disease
initiation, progression, metastasis and
resistance to treatments.”l Most notably,
HER?2 is overexpressed in about 20% of
breast cancer patients which contributes
to poor prognosis.l’] Indeed, the clini-
cally approved HER2-targeted therapeu-
tics, such as tyrosine kinase inhibitors,
monoclonal antibodies,® and antibody—
drug conjugates (ADCs),l°l have led to the
dramatic improvement in outcomes of
patients with HER2-positive breast can-
cers. However, blockade of HER2 alone is
not enough in some cases.” For example,
HER2-targeting monoclonal antibody tras-
tuzumab (Ttzm) has modest activity with
objective response rate 23-35% in patients
with HER2 positive metastatic breast
cancer,® as other members of the HER
family can initiate the alternative survival

HER2-targeted treatment.

1. Introduction

Breast cancer has the highest incidence in the world and often
presents highly heterogeneous pathological and molecular
characteristics.!. Amplification of the epidermal growth factor
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pathway, leading to resistance to HER2-tar-

geted treatment.”! Another evidence is that

blocking EGFR/HER2 with lapatinib led to

upregulated HER3 expression, suggesting
that HER3 amplification plays a role in the compensation
mechanisms of EGFR/HER2 blockade.l' In addition, incom-
plete HER family blockade allows homodimer and heterodimer
formation of members of the HER family and acquires resist-
ance to treatment.! More recently, it is reported that 16-36%
of patients with HER2-positive breast tumors have heteroge-
neous HER2 expression on cancer cells which is associated with
poor therapy response to the targeted therapy with monoclonal
antibodies Ttzm and ADC Ttzm emtansine, and becomes huge
obstacle for effective treatment of HER2 positive breast cancers
using HER2-specific agents.”] Thus, development of therapeu-
tics capable of simultaneously inhibiting and/or downregulating
multiple members of the HER family may hold the potential to
treat this subtype of HER2 specific breast cancer. Earlier effort in
developing mixed antibodies or combining the antibody-based
therapy with kinase inhibitors to simultaneously target HER
family members[™¥! supports the approach of downregulating
all members of the HER family, preferably with a single agent
platform that can provide synergistic actions to multiple targets.
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Figure 1. Design and preparations of RPDC-HI. a) Schematic illustration of three RPDCs, including HER2 and integrin ¢,f; dual-targeted RPDC-HI,
HER?2 single-targeted RPDC-H, and integrin ¢, f3; single-targeted RPDC-I. b) CD spectrum of RP-HI, RP-H and RP-I. ¢,d) MALDI-TOF-MS analysis of
RP-HI and RPDC-HI. e,f) The hydrodynamic sizes of RP-HI, RP-H, RP-I, and corresponding RPDCs determined by DLS analysis. g) Zeta potentials of
three RPs and corresponding RPDCs (n = 10). Data are presented as mean = standard deviation (SD).

Although members in the HER family playing key roles in
the initiation of tumor cell proliferation are regulated by a wide
range of ligands, such as growth factors and neuregulin,
malignancy development is facilitated by coordinated activities
of HER family and other tumor associated regulators, including
integrin.® For example, upregulation of integrin in the early-
stage HER2-positive breast cancer patients is associated with the
development of resistance to the HER2 and phosphoinositide
3-kinase (PI3K) combined therapy,'® resulting the poor overall
survival. Members of the HER family and integrin also promote
metastasis in breast cancers.”] Previous studies have demon-
strated that signaling by HER family is closely coupled with sign-
aling from the tumor integrin in regulating many cellular func-
tions, such as cell adhesion, migration, and oncogenic transfor-
mation.!®l Amplification and activation of integrin signaling are
also linked with the malignant features of breast cancer.'™ Thus,
the interplay and cross-talk between HER family and integrin
is a key regulatory process that involves in the development of
drug resistance and metastasis in breast cancer.

Here we report a rationally designed recombinant protein—
drug conjugate (RPDC-HI), which can simultaneously target
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both HER2 and integrin o f3; receptors. RPDC-HI consists of
three key functional components, as shown in Figure 1a. The
first component is a HER2 specific nanobody which has similar
targeting ability to conventional HER2 monoclonal antibodies
but with a smaller size. The second component is a cyclic RGD
ligand (CRGDKGPDC) which can bind to integrin ¢ f3; overex-
pressed in tumor cells. The third one is an anticancer agent,
doxorubicin (DOX), covalently linked to HER2 specific nano-
body through the pH-sensitive hydrazone bond and a poly-
ethylene glycol oligomer spacer, which enables triggered
drug release in the weak acidic tumor microenvironment. By
disrupting HER2 in HER network functions and the interac-
tions between the HER family and integrin, the dual-targeted
RPDC-HI showed the capabilities of simultaneously downreg-
ulating all four HER family members, that is, EGFR, HER2,
HER3, and HER4, at both gene and protein expression levels as
well as blocking the downstream PI3K/protein kinase B (AKT)
signaling pathways. These synergistic actions of RPDC-HI led
to significantly superior therapeutic effect in reducing tumor
size and inhibiting metastasis in the mouse model of HER2-
positive breast cancer.
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2. Results

2.1. Design and Preparations of RPDC-HI

The HER2 and integrin ¢, f3; dual-targeted recombinant pro-
tein (RP-HI), HER2 single-targeted nanobody (RP-H), and
integrin o,f; single-targeted RGD-integrated elastin poly-
peptide (RP-I) were expressed from Escherichia coli (E. coli),
respectively, as described in the Experimental Section in the
Supporting Information. Their purities were first analyzed
by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(Figure S1, Supporting Information) and a satisfactory purity of
these recombinant proteins was obtained. Circular dichroism
(CD) analysis showed that RP-HI and RP-H shared a similar 3
sheet conformation derived from the classic B-sheet structure
of HER2 nanobody, while RP-I exhibited a random coil confor-
mation (Figure 1b). Three RPDCs, that is, RPDC-HI, RPDC-H,
and RPDC-I were then successfully obtained by covalently
conjugating DOX to the RPs through a space linker made of
bifunctional polyethylene glycol and an acid-labile hydrazone
bond (Figure 1a). DOX is a clinical standard and generic anti-
cancer drug used for treating many cancers in clinical oncology,
including breast cancers.?”! More important, we found that the
expressions of HER2 and integrin ¢, f3; in MCF-7 cells increased
after incubation with DOX (Figure S2, Supporting Informa-
tion), suggesting that there is maybe a synergistic effect for the
combination of RP-HI and DOX.

The molecular weights of RPs and the corresponding
RPDCs were 15.7 and 22.9 kDa (RP-HI and RPDC-HI), 13.9 and
19.4 kDa (RP-H and RPDC-H), and 23.2 and 34.0 kDa (RP-I
and RPDC-I) determined by matrix-assisted laser desorption
ionization time-of-flight mass spectrometry (MALDI-TOF-
MS) (Figure 1c,d and Figure S3, Supporting Information). On
average, each RPDC carried 4 DOX molecules. Dynamic light
scarring (DLS) analysis revealed that the hydrodynamic diame-
ters of RP-HI, RP-H, and RP-I were around 3-5 nm (Figure le)
and increased to 5-10 nm after conjugation of DOX (Figure 1f).
The decrease of the zeta potentials from RPs (>11.3 mV) to the
corresponding RPDCs (<3.6 mV) after the conjugation of DOX
further confirmed the successful drug conjugation (Figure 1g).
As the hydrazone bond was sensitive to low pH condition,
these RPDCs exhibited a rapid DOX release behavior in acidic
condition (Figure S4, Supporting Information).

2.2. HER2 and Integrin Dual Targeting and Targeted
Cytotoxicity of RPDC-HI

The HER2 and integrin targeting capabilities of RPDC-HI,
RPDC-H, and RPDC-I were first evaluated in vitro by con-
focal laser scanning microscopy (CLSM) and flow cytometry
using human breast cancer MCF-7 cells which overexpress the
receptors of the HER family and integrin ¢, f3; (Figure S5, Sup-
porting Information).?!l After incubation with MCF-7 cells for
2 h, HER2 and integrin o, f3; dual-targeted RPDC-HI showed
the highest intracellular DOX concentration among the three
RPDC agents (Figure 2a—c). Quantitatively, the flow cytom-
etry measured intracellular DOX fluorescence intensity in
cells treated with RPDC-HI was 1.8- and 2.3-fold higher than
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those of RPDC-H and RPDC-I, respectively (Figure 2c). Fur-
ther increasing incubation time with MCF-7 cells to 4 h, dual
targeted RPDC-HI presented the highest intranuclear DOX
concentration which was 1.8- and 1.6-fold higher than those
of RPDC-H and RPDC-I, respectively (Figure 2d.e). Still,
RPDC-HI maintained a highest intracellular DOX concentra-
tion (Figure 2f). After entering into MCF-7 cells, RPDC-HI
was colocolated with lysosome, the acid microenvironment of
which subsequently promoted DOX release from the RPDCs
(Figure S6, Supporting Information), suggesting that simulta-
neously targeting both HER2 and integrin ¢,,f3; enhances the
cellular uptake of RPDC-HI and subsequent DOX accumula-
tion in both cytoplasm and nucleus.

In order to evaluate the effect of HER2 specific blockade
to the cellular internalization of RPDCs, we pretreated
MCF-7 cells with RP-H for 1 h to neutralize the HER2 recep-
tors before incubation with RPDC-HI or RPDC-H for another
4 h. As a result, pretreatment with RP-H decreased the intra-
cellular fluorescence intensity of RPDC-HI in treated cells by
30%, while signals from RPDC-H dropped by 60% (Figure 2g).
Meanwhile, using RP-HI pretreatment also decreased the
intracellular fluorescence intensity of RPDC-HI and RPDC-H
in treated cells by 40% and 50%, respectively. This result con-
firms that there is a competitive cellular uptake between RP-HI
and RPDC-HI or RP-H and RPDC-H. Next, we utilized mono-
clonal antibody Ttzm to neutralize the HER2 receptor. Inter-
estingly, Ttzm pretreatment only decreased the intracellular
fluorescence intensity of RPDC-HI and RPDC-H by 26% and
30%, respectively (Figure 2h). This result indicates that RP-H
can largely inhibit cellular uptake of RPDC-H but not RPDC-
HI, and has better cellular uptake inhibition effect than HER2-
specific Ttzm on MCF-7 tumor cells, implying that RP-H may
block more HER members than Ttzm. Endocytosis inhibition
assay confirmed that the cellular entrance pathway of RPDC-
HI and RPDC-H was clathrin-mediated endocytosis, while it
was caveolae-mediated endocytosis for RPDC-I (Figure S7, Sup-
porting Information).

Next, we evaluated the target specific cytotoxicity of RPs and
RPDCs using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) assay. The half maximal inhibitory concen-
tration (ICs) values of RP-HI, RP-H and RP-I against MCF-7 cells
were 680.3, 1015, and 938.5 ug mL™, respectively (Figure 2i and
Figure S8a, Supporting Information), suggesting that HER2 and
integrin o, f3; dual-targeted RP-HI has a higher efficacy against the
cells proliferation. For normal human mammary epithelial cell
line, MCF-10A cells and human embryonic kidney HEK 293 cells,
the RP-HI, RP-H and RP-I showed great cytocompatibility with
cell viability over 80% after incubation with these RPs for 24 h
even at the highest concentration (800 pug mL™) (Figure S8b,c,
Supporting Information). In contrast, the ICs, values of RPDC-HI
against MCF-7 cells was 5.03 ug mL™, much lower than that of
RPDC-H (13.02 ug mL™) and RPDC-I (12.15 ug mL™), indicating
that dual blockade of HER2 and integrin ¢f3; largely enhances
the cytotoxicity of RPDC-HI compared to single targeted RPDCs
(Figure 2i and Figure S8d, Supporting Information). This is con-
sistent with that the dual-targeted RPDC-HI has a significantly
enhanced ability in cellular internalization. Notably, ICs, value
of free DOX was 1.97 pug mL™, consistent with the previous
reports,?2 which was slightly lower than that of RPDC-HI.

© 2022 Wiley-VCH GmbH
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Figure 2. HER2 and integrin dual targeting and targeted cytotoxicity of RPDC-HI. a—c) Three kinds of RPDCs were incubated with MCF-7 cells for 2 h.
The intracellular DOX distributions and intensity were then determined by CLSM (a) and flow cytometry (c). The fluorescence intensity of DOX in
the nuclei of three RPDCs is shown in (b), (n =22 for (b), 3 for (c)). d—f) Drug release from RPDCs in MCF-7 cells was time-dependent. The cellular
internalization of RPDCs in MCF-7 cells after incubation for 4 h were further evaluated by CLSM (d) and flow cytometry (f); The fluorescence intensity
of DOX in the nuclei of three RPDCs is shown in (e), (n =19 for (e), 3 for (f)). g,h) CLSM images and the semiquantitative analysis of the fluorescence
intensity of DOX in MCF-7 cells after incubation with RPDC-HI and RPDC-H, with or without RP-H, RP-HI (g) or Ttzm pretreatment (h), (n =10 for
(g) and (h)). i) The ICsq values of DOX, RPs, and RPDCs on MCF-7 cells were determined by MTT assay. Scale bar = 50 um. Data are presented as

2.3. Diffusion and Distribution of RPDC-HI in Tumor Organoid
and Excised Tumors

To investigate the intratumoral distribution of RPDCs, we used
MCEF-7 cells derived organoid to mimic the tumor for measuring
the uptake and diffusion of RPDCs in vitro. A time-dependent
increase of DOX fluorescence intensity in the MCF-7 organoid
for all the RPDCs was observed (Figure 3a—d and Figure S9,
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Supporting Information). Analyzing the results from the meas-
urement of the effective diffusion of RPDCs using fluores-
cence intensity over 60 a.u. from the periphery to the center
of organoid as a threshold showed that diffusion distances of
RPDC-HI, RPDC-H, and RPDC-I after 12 h incubation were 32,
32, and 22 um, respectively (Figure S9a—c, Supporting Informa-
tion). However, the diffusion distance of RPDC-HI became over
250 pum after 24 h incubation, much farther than 115 and 60 um

© 2022 Wiley-VCH GmbH
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Figure 3. Diffusion and distribution of RPDC-HI in organoids and excised tumors. a—d) RPDC-HI improved drug distribution in organoids. a,c) The
CLSM images of MCF-7 cells derived organoids after incubation with RPDCs for 12 h (a) and 24 h (c). Scale bar = 200 um. b,d) The RI, DI, and MI of
three RPDCs in MCF-7 cells derived organoids after incubation for 12 h (b) and 24 h (d) (n = 5-7). Data are presented as mean * SD; statistical signifi-
cances were calculated using unpaired t-test, *p < 0.05, **p < 0.01, ***p < 0.001. e,f) RPDC-HI showed an improved drug distribution in orthotopic
xenograft MCF-7 tumors. DOX accumulation and distribution of free DOX and three RPDCs in the whole MCF-7 excised tumors observed by CLSM
images (e), and further quantitatively analyzed by the DOX fluorescence intensity in avascular regions (f) (n=25); scale bar=1mm. Data are presented
as mean * SD; statistical significances were calculated using multiple t-tests, *p < 0.05, **p < 0.01, ***p < 0.001.

observed from RPDC-H and RPDC-I (Figure S9d-f, Supporting
Information). Quantitatively, we used distribution index (DI),
retention index (RI), and migration index (MI) to evaluate the
distribution, retention, and diffusion abilities of RPDCs.[?3
RPDC-HI had the highest DI and RI compared to RPDC-H
and RPDC-I after both 12 and 24 h incubation, although MI of
RPDC-HI was similar to that of RPDC-H and RPDC-I at 12 h
due to similar size (Figure 3b,d), suggesting that dual targeting
of HER2 and integrin ¢ f3; significantly improved the distribu-
tion and retention of RPDC-HI in the MCF-7 cell-derived orga-
noid with a higher amount of drug accumulation and more
homogenous drug distribution in the organoid.
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Similar experiments were then repeated using excised tumor
tissue collected from MCF-7 tumor-bearing mice after intrave-
nously injection of three RPDCs to examine the intratumoral
RPDCs distribution. Wide-field confocal microscopy analysis of
the whole tumor in the range of 5-6 mm showed that RPDC-
HI exhibited the most homogeneous intratumor distribution
among all the RPDCs at 12 h post injection while free DOX
was the least (Figure 3e). Analyzing fluorescence intensities
of RPDCs in the avascular regions of whole tumor slices, we
found that the value of RPDC-HI is 2.7-, 2-, and 1.7-fold higher
than that of free DOX, RPDC-H, and RPDC-I (Figure 3f), which
is consistent with the results obtained from the experiments

© 2022 Wiley-VCH GmbH
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using MCF-7 cell derived organoid. In both sets of experi-
ments, we observed improved diffusion and distribution by the
HER?2 and integrin o, f3; dual targeting over single targeting.

2.4. Biodistribution and Tolerance of RPDC-HI

The pharmacokinetics of free DOX and RPDCs were evaluated
using ICR mice. The plasma concentrations of DOX were meas-
ured after injection of free DOX or different RPDCs with an
injection dosage (ID) of 5 mg kg™ /(DOX eq.). While DOX was
undetectable at 15 min post injection for free DOX (Figure 4a),
the measured half-life time of RPDC-HI, RPDC-H, and RPDC-I
was 10.1, 4.5, and 11.5 h (noncompartment model),>! respec-
tively, suggesting that RPDCs significantly prolong the cir-

www.advmat.de

culation time of DOX. To further evaluate the effects of dual
targeting on the tumor specific uptake and accumulation,
biodistribution of free DOX and RPDCs were investigated
in BALB/C nude mice bearing orthotopic xenograft tumors
growing from MCF-7 cells using an ID of 5 mg kg™ (DOX eq.).
The maximal tumor accumulation of RPDC-HI was measured
at 6.8 £ 2.3% ID per gram of tissue (ID g7}) at 12 h post injec-
tion, which was 12.6-, 2.1-, and 1.6-fold of those obtained from
free DOX, RPDC-H, and RPDC-I, respectively (Figure 4b). At
24 h after injection, the intratumoral DOX content in the ani-
mals injected with free DOX was hardly measurable, while the
intratumoral DOX content of RPDC-HI was about 5.1 £ 1.5%
ID g, which was 1.9 times of RPDC-H and RPDC-I, sug-
gesting that a higher tumor accumulation and a longer tumor
retention time as the result of HER2 and integrin ¢f3; dual
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Figure 4. Biodistribution and tolerance of RPDC-HI. a) The pharmacokinetics of DOX, RPDC-HI, RPDC-H, and RPDC-| measured in ICR mice (n = 3).
b—g) The drug accumulations of free DOX and three RPDCs in tumor (b), heart (c), liver (d), spleen (e), lung (f), and kidney (g) in the mice bearing
orthotopic xenograft MCF-7 tumors at different time points post drug injection (n =3). h,i) The body weight changes of ICR mice treated with different
dosage of RPDC-HI (h) and free DOX (i) (n = 2 for RPDC-HI (20 mg kg™) group, n = 3 for others). Data are presented as mean * SD, statistical sig-
nificances were calculated using multiple t-tests, *p < 0.05, **p < 0.01, ***p < 0.001.
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targeting by RPDC-HI. Worth noting, single targeted RPDC-H
and RPDC-I also improved the intratumoral accumulation of
DOX but at a lower degree than RPDC-HI. As far as the con-
cern of cardiotoxicity associated with DOX largely limiting the
chemotherapeutic applications of DOX, the averaged maximal
concentration of DOX in heart at 1 h after injection (5 mg kg,
DOX eq.) was only 3.2 + 0.5% for RPDC-HI compared with
74 £ 2.0% 1D g! for free DOX-treated group (Figure 4c). In
addition, DOX contents in liver, spleen, lung, and kidney
were reduced in RPDC-HI group comparing to free DOX
(Figure 4d—g). In all, RPDCs not only increase DOX accumula-
tion at tumor sites but also reduce the DOX contents in healthy
organs, with RPDC-HI representing the most efficient tumor
specific accumulation.

Given the reduced accumulation of RPDCs in normal organs
as shown above, the maximum tolerated dose (MTD) of RPDCs
were then evaluated. The body weights of the mice treated with
different dosages of free DOX and RPDCs were monitored
daily for 10 days (Figure 4h,i and Figure S10, Supporting Infor-
mation). The MTDs of RPDC-HI, RPDC-H, and RPDC-I were
determined to be 20, 15, and 15 mg kg™, respectively, which
were four, three, and three times higher than that of free DOX
(5 mg kg™). To further confirm the biosafety of RPDCs, the
plasma and organs from the mice treated with different agents
at the respective MTDs were collected at day 10 post injection
for serum biochemical test and H&E analysis (Figures S11 and
S12, Supporting Information). No obvious injury to major
organs was observed at RPDCs group.

2.5. Antitumor Efficiency of RPDC-HI

We next investigated the antitumor efficacy of RPDCs in the
mouse model of HER2-positive breast cancer using the tumor
volume and weight as measurements. Mice bearing ortho-
topic xenograft MCF-7 tumors were treated with free DOX
and different RPDCs at the dosage of 5 mg kg™!, DOX eq.
(Figure 5a). As shown in Figure 5b,c, RPDC-HI exhibited the
highest anticancer activity among the three RPDCs and free
DOX. The significant tumor volume reduction, not just inhibi-
tion of the tumor growth, was observed in mice treated with
RPDC-HI. Although the animals received RPDC-H showed a
tumor volume reduction at initial days after first administra-
tion, the growth of tumors continued after a few days of the
treatment. At day 18 after the first treatment, tumors grew to
5.62-, 3.46-, 0.80-, 1.76-, and 3.39-fold of their initial size in the
groups treated with saline, free DOX, RPDC-HI, RPDC-H, and
RPDC-I (Figure 5d). Only RPDC-HI showed a tumor volume
reduction effect. The tumor sizes in RPDC-HI group were
the smallest and the average tumor weight was 13.2 + 4.9 mg,
which was 7.5%, 18.0%, 39.5%, and 30.5% of that in the group
of saline (176.7 + 11.1 mg), free DOX (73.5 + 31.7 mg), RPDC-H
(33.4 £ 3.6 mg), and RPDC-I (43.2 £ 20.8 mg), respectively
(Figure 5e). RPDC-HI displayed the best antitumor effi-
cacy with negligible side effects (Figure S13a—c, Supporting
Information).

Considering the MTD of RPDC-HI was four times higher
than free DOX, the administered dosage of RPDC-HI was
elevated to 10 mg kg™!, DOX eq., a half of the MTD, for fur-
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ther evaluation of the antitumor effect. Compared to the low
dose (5 mg kg, DOX eq.), tumors treated with RPDC-HI
(10 mg kg™!, DOX eq.) exhibited continuous and more signifi-
cant volume reduction (Figure 5f,g). The trend of tumor volume
reduction was observed during the whole treatment period.
The tumor volume at day 18 post first injection for RPDC-HI
group was only 0.16 times of that measured at day 0 (Figure 5Sh
and Figure S13d, Supporting Information). The tumor inhibi-
tion rate of RPDC-HI and free DOX were 975% and 34.3%,
respectively. The average tumor weight for RPDC-HI group
was 6.6 * 2.5 mg at day 18 while this value was 76.9 + 20.6 mg
for free DOX and 119.0 £ 6.0 mg for the saline treated group
(Figure 5i). Visually, RPDC-HI (10 mg kg™!, DOX eq.) treatment
achieved encouraging antitumor efficacy with negligible side
effects (Figure S13e—g, Supporting Information). The exhibited
better anticancer effect from HER2 and integrin ¢ f3; dual-tar-
geted RPDC-HI at both low and high dosage is likely attributed
to the targeting toward HER network and integrin o, f3; as well
as enhanced intratumoral diffusion ability.

To approach the clinical test condition, the MCF-7 tumors
with an average volume about 100 mm? were established to
further evaluate the anticancer effect of RPDC-HI. In this case,
Ttzm, the first-line monoclonal antibody treatment for breast
cancer was used as positive control (Figure 5j). The ID of
RPDC-HI was selected to be 10 mg kg™ (DOX eq.), while ID of
Ttzm was 4 mg kg™!, a common dosage for Ttzm used in anti-
tumor test.? As a result, RPDC-HI still made tumor to shrink
at initial days after first administration even for the animal
model with larger tumor volume (Figure 5j). The tumor grew
up to 1.73-fold of initial size at day 18. In contrast, the tumors in
Ttzm-treated group grew up to 6.28-fold, a similar rate to that
of the saline-treated group (Figure S13h,i, Supporting Informa-
tion). The tumor inhibition rate of RPDC-HI was 75% at day 18,
while Ttzm could not efficiently inhibit the tumor growth and
tumor inhibition rate was only 8.5% (Figure 5j), which maybe
because the upregulation of EGFR and HER3 resisted HER2-
targeted therapy of Ttzm (Figure S14, Supporting Informa-
tion). Thus, the treatment with RPDC-HI inhibited the growth
of larger tumors significantly. Importantly, RPDC-HI signifi-
cantly improved the overall survival over Ttzm (Figure 5k).
The median survival time for the groups receiving saline and
Ttzm was 39 days, while it was beyond 55 days for the group
of RPDC-HI, confirming the therapeutic potential of HER2 and
integrin ¢ fB; dual inhibition in breast cancer.

2.6. Inhibition of Metastasis by Dual-Targeted RPDC-HI

To investigate the effect of antimetastasis by RPDC-HI, the
mice intravenously injected with 1 x 10° MCF-7 cells were sub-
sequently treated with saline, free DOX, and RPDC-HI at day
0 and day 7 after cancer cells injection, while mice treated with
saline were used as positive control and healthy mice were used
as the negative control (Figure 6a). In this cancer metastasis
model, distinct metastatic lesions were found in the livers and
lungs of the mice treated with saline at day 70 after cancer cells
injection (Figure 6b), suggesting that the metastatic model was
established successfully. The average number of liver metastatic
lesions in mice treated with saline, free DOX, and RPDC-HI
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Figure 5. Antitumor efficiency of RPDC-HI. a) Timeline of tumor inoculation and treatment protocol. b-e) The changes of tumor volumes in the
mice treated with 5 mg kg™ free DOX and RPDCs (DOX eq.) from day 0 to day 18 (b,c). The tumor growth ratios (d) and tumor weights (e) in the
mice treated with different agents measured at day 18, (n = 3). f~i) The changes of tumor volumes in the mice treated with 5 mg kg™ free DOX and
10 mg kg™ RPDC-HI (DOX eq.) from day 0 to day 18 (f,g). The tumor growth ratios (h) and tumor weights (i) in the mice treated with 5 mg kg™ free DOX
and 10 mg kg™ RPDC-HI measured at day 18, (n = 4). j) The changes of tumor volumes in the mice treated with 4 mg kg™ Ttzm and 10 mg kg RPDC-
HI (DOX eq.) from day 0 to day 18 (n = 5). k) Kaplan—Meier analysis ofthe mice treated with Ttzm and RPDC-HI. Data are presented as mean + SD,
statistical significances were calculated using unpaired t-test, *p < 0.05, **p < 0.01, ***p < 0.001.

were 85, 29, and 0.6, respectively (Figure 6¢ and Table S1, Sup-
porting Information). The average lung metastatic lesions of
three groups treated with saline, free DOX, and RPDC-HI were
23,32.2, and 1.3, respectively (Figure 6¢ and Table S1, Supporting
Information). Meanwhile, we found that splenomegaly was
induced in the mice with metastatic tumors, while it was sig-
nificantly alleviated in RPDC-HI-treated group to approaching
that of the healthy mice (Figure 6b). The average weights of the
spleens for mice treated with saline, free DOX, and RPDC-HI
were 545.5, 609.5, and 252.6 mg, respectively (Figure 6d and
Table S1, Supporting Information), which were 2.5, 2.8, and
1.2 times higher than that of the healthy mice (213.9 mg).
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Splenic infiltration was observed in the saline group and free
DOX group but not in the RPDC-HI group, suggesting that
HER?2 and integrin o f3; dual-targeted RPDC-HI protected the
mice from metastatic cancer cells. H&E analysis of the collected
tissue samples confirmed these observations (Figure 6e—g).

2.7. Downregulation of the Tumor Growth Signaling Pathways
by Dual-Targeted RP-HI

Since the improved antitumor efficacy of RPDC-HI is pos-
sibly associated with synergistic actions of dual targeting of
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Figure 6. Inhibition of metastasis by dual-targeted RPDC-HI. a) Timeline of tumor metastasis model establishment and treatment protocol. b) Images
of the livers, lungs, and spleens collected from mice treated with saline, DOX, and RPDC-HI, fixed with Bouin’s solution. The organs from healthy
mice were used as negative control. c¢) Tumor nodules in livers and lungs collected from the mice treated with different agents. d) Weights of spleen
in the mice treated with different agents. e-g) H&E analysis of the liver (e), lung (f), and spleen (g) collected from the mice treated with saline, DOX,
and RPDC-HI. The images of the whole tissue are shown on the left and one random region (where the arrows indicate) was selected, enlarged, and
shown on the right. Scale bar =6 mm (left), 800 um (right) (n =3 for Control, DOX and RPDC-HI groups; n = 2 for saline group). Data are presented
as mean * SD; statistical significances were calculated using multiple t-tests, *p < 0.05, ***p < 0.001.

HER2 and integrin o433 by RP-HI in disrupting tumor growth
signal pathways, we evaluated downstream signaling pathways
of the selected members of the HER family in MCF-7 cells after
treatment. qQRT-PCR analysis for quantifying the mRNA expres-
sion level and western immunoblot (WB) analysis for the protein
expression level revealed that the significant blockade of HER
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family and reduced expression of integrin ¢,f3; were achieved
in MCF-7 cells treated with dual-targeted RP-HI after 24 h
incubation (Figure 7a—c). The mRNA levels of ERBBI, ERBB2,
ERBB3, and ERBB4 in RP-HI-treated MCF-7 cells were down-
regulated by 20%, 33%, 32%, and 17%, respectively, compared
to those of PBS-treated control (Figure 7a). RP-HI treatment
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Figure 7. Downregulation of the tumor growth signaling pathways by dual-targeted RP-HI. a) The mRNA levels of ERBB1, ERBB2, ERBB3, and ERBB4 in
MCF-7 cells after treated with different RPs for 24 h (n =5). b) WB analysis of the expressions of HER family members and integrin o, 3 in MCF-7 cells
after treated with different RPs for 24 h. ¢) Cumulative densitometric analyses of the WB images in (b) performed by Image] (n = 3). d—g) CLSM images
of the expressions of EGFR (d), HER2 (e), HER3 (f), and HER4 (g) in RP-HI-treated MCF-7 cells measured by immunofluorescence (n = 56-72); scale
bar = 50 um. Data are presented as mean £ SD, statistical significances were calculated using unpaired t-test, *p < 0.05, **p < 0.01, ***p < 0.001.

also led to downregulation of the expression of EGFR, HER2,  downregulation of HER2, HER3, and integrin o, 3. However,
HER3, HER4, and integrin o, f3; by 39%, 54%, 51%, 37%, and  for RP-H and RP-I, they only downregulated the expression of
66%, respectively, (Figure 7b,c) with extraordinarily significant ~ HER2 or integrin that was directly targeted, and had little effects
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on the expression of other members of HER family. The down-
regulation of EGFR, HER2, HER3, and HER4 in RP-HI-treated
MCEF-7 cells was further confirmed by immunofluorescence.
The downregulation of the expression of EGFR, HER2, HER3,
and HER4 was by 50%, 30%, 29%, and 53%, respectively, com-
pared to that of control (Figure 7d—g). Importantly, RP-HI was
able to inhibit the activation of PI3K, AKT, and steroid receptor
co-activator (SRC) that involved in the downstream signaling
pathways (Figure S15, Supporting Information). In contrast,
HER2 single-targeted RP-H could not downregulate either the
total expression or the phosphorylation of PI3K, AKT, and SRC
(P-PI3K, P-AKT, and P-SRC). Similarly, integrin single targeted
RP-I showed a negligible effect on the expression and phospho-
rylation of downstream signal molecules. Taking together, these
results support that simultaneously blocking HER2 and inte-
grin o, f3; with RP-HI can effectively downregulate the expres-
sion of all members of HER family and further inhibit several
specific downstream signaling pathways.

3. Discussion and Conclusion

HER2 has been long considered as an effective and successful
drug target, supported by the clinical evidence of improved
survival of HER2-positive breast cancer patients.”’ How-
ever, increasing findings shows that blocking HER2 alone is
not enough to inhibit the abnormal tumor growth signals,
as majority of tumors that initially respond to HER2-targeted
antibody treatment with Ttzm recur within 1 year.®l The drug
resistance and tumor recurrence after HER2-targeted therapy
has become a significant clinical challenge when managing
HER2-positive patients. First, latest studies indicate that there
are compensation mechanisms provided by overexpression or
amplification of other members in the HER family, including
EGFR? and HER3,1%%l to enable cancer escaping or coping with
HER2 targeted treatment. Thus, the strategy of targeting mul-
tiple HERs has been proposed. Preclinical evidence suggests
that co-inhibition of HER2 and other HERs by combination
therapy might prevent or prolong time to resistance and treat-
ment failure.l””! Second, in addition to compensation mecha-
nism which causes treatment failure, HER family-targeting
therapy also can upregulate the expression of integrin in cancer
cells,!?®l and causes the integrin-mediated signaling activation,
such as PI3K/AKT.M Third, heterogeneous HER2 amplifica-
tion in primary and metastatic tumor has become a great bar-
rier for achieving good benefit from treatment of HER2-specfic
monoclonal antibodies and ADCs.['?#%°] To address these issues
that we face in breast cancer treatment, we design the reported
HER2 and integrin ¢,f; dual-targeted RP-HI and RPDC-HI.
With simultaneously targeting HER2 and integrin o ;, RP-HI
exhibited a great ability to reduce the expressions of the HER
family and integrins, including EGFR, HER2, HER3, and
HER4 at both mRNA and protein levels and ¢, f3; at protein
level, leading to a significant inhibition of the downstream
signaling pathways including PI3K/AKT and SRC, a common
event downstream of various signaling pathways in Ttzm resist-
ance.3% More importantly, the HER2 and integrin ¢, 3; dual-tar-
geted RPDC-HI can significantly reduce tumor volume rather
than inhibiting tumor growth only. Moreover, the antimetas-
tasis activity of RPDC-HI is much high.
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In addition to providing signaling blockade by delivered anti-
bodies and ligands, the reported RPDCs demonstrated several
advantages in combined delivery of different agents using a
single biomolecular platform. We used nanobody, ligand, and
recombinant protein as the substitute of conventional anti-
bodies to design an HER2 and integrin «,f3; dual-targeted
RPDC-HI, which could achieve a specific drug delivery to the
tumor sites and minimized the drug distribution in normal
organs, leading to the superior antitumor and antimetas-
tasis efficiency for HER2-positive MCF-7 tumors. This mole-
cule platform of RPDC-HI provides several benefits for breast
cancer therapy: 1) inhibiting whole HER family and blocking
downstream signaling pathways through HER2 and integrin
04,33 dual targeting design; 2) acid-labile linker offering tumor-
specific drug release; and 3) optimized tumoral accumulation
and diffusion, resulting a homogeneous drug distribution in
tumor mass and significant tumor volume reduction as well
as great antimetastasis efficiency. Poor penetration ability for
solid tumors is the challenge for traditional ADCs. Moreover,
the nonspecificity for tissues and short circulation time limited
the applications of the rising peptide—drug conjugates (PDCs).
Comparing to ADCs and PDCs, RPDCs we developed have
advantages including high specificity due to its dual-targeted
structure and good penetration ability since its size is much
smaller than the conventional ADCs. Therefore, RPDCs have
great clinical translation potentials.
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