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A novel anti-tumor/anti-tumor-associated fibroblast/
anti-mPEG tri-specific antibody to maximize the
efficacy of mPEGylated nanomedicines against
fibroblast-rich solid tumory
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The therapeutic efficacy of methoxypolyethylene glycol (mPEG)-coated nanomedicines in solid tumor
treatment is hindered by tumor-associated fibroblasts (TAFs), which promote tumor progression and form
physical barriers. We developed an anti-HER2/anti-FAP/anti-mPEG tri-specific antibody (TsAb) for one-
step conversion of mMPEG-coated liposomal doxorubicin (Lipo-Dox) to immunoliposomes, which simul-
taneously target HER2" breast cancer cells and FAP" TAFs. The non-covalent modification did not
adversely alter the physical characteristics and stability of Lipo-Dox. The TsAb-Lipo-Dox exhibited specific
targeting and enhanced cytotoxicity against mono- and co-cultured HER2* breast cancer cells and FAP*
TAFs, compared to bi-specific antibody (BsAb) modified or unmodified Lipo-Dox. An in vivo model of
human breast tumor containing TAFs also revealed the improved tumor accumulation and therapeutic
efficacy of TsAb-modified mPEGylated liposomes without signs of toxicity. Our data indicate that arming
clinical mPEGylated nanomedicines with the TsAb is a feasible and applicable approach for overcoming
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Introduction

Nanotechnology can provide benefits to traditional chemo-
therapy agents for solid tumor treatment. Cytotoxic com-
pounds can be delivered using liposomes, micelles, or in-
organic carriers at high loading amounts, and efficiently deli-
vered to the tumor area through enhanced permeability and
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the difficulties caused by TAFs in solid tumor treatment.

retention (EPR) effects."> The surface modification of
methoxypolyethylene glycol (mPEG) offers a shielding effect
that prevents nanomedicines from non-specific interactions
with the reticuloendothelial system® and serum proteins,’
extends the in vivo halflife,® reduces side effects,” and
enhances the therapeutic efficacy.'® Two mPEGylated liposo-
mal drugs, liposomal doxorubicin'' and liposomal irinote-
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can,'” have been marketed for oncological therapy, and more
liposomal formulations of chemotherapeutic agents are under
development.'® However, problems using these mPEGylated
formulations have become apparent, including lack of the
necessary specificity to target tumor cells and that the shield-
ing effect of mPEG hinders uptake by tumor cells.'**?

One method that is commonly used to resolve the “PEG
dilemma” is the conjugation of tumor-specific antibodies to PEG
molecules to generate tumor-targeting drugs. Antibodies against
tumor-specific antigens (TSAs) and tumor-associated antigens
(TAAs)" can offer nanomedicines with tumor-targeting abilities
and enhanced the efficiency of endocytosis and fusion, thereby
increasing the amount of the loaded agents entering cells."” "
However, the process required for antibody conjugation includes
the use of harsh conditions, such as antibody coupling via
amines and thiols*** or PEG insertion,*® which can damage
the stability and function of the antibodies. A non-covalent modi-
fication has previously been described using anti-tumor/anti-
mPEG Dbi-specific antibodies (BsAbs) to arm mPEGylated
drugs.>*™” BsAbs can be anchored to the mPEG surface and
offer anti-tumor binding abilities and enhanced cellular uptake,
improving the therapeutic efficacy of the modified agents.
Compared with random chemical coupling, BsAb-based modifi-
cation offers a feasible and time-saving procedure for the gene-
ration of antibody-modified liposomes or other nanomedicines,
ensuring the outward orientation of functional anti-tumor anti-
bodies on liposomes.>*° The addition of a suitable anti-tumor
moiety in the BsAbs allows for this approach to be adapted to
various cancers associated with the overexpression of TSAs or
TAAs on the cell surface, such as human epidermal growth factor
receptor 2 (HER2), epidermal growth factor receptor (EGFR),
prostate-specific membrane antigen (PSMA), and others.>*>°

Another major problem associated with the treatment of
solid tumors is the presence of tumor-associated fibroblasts
(TAFs), which can prevent the entry of targeting nanomedicines,
reducing therapeutic efficacy. TAFs are thought to derive from
local fibroblasts®® under transforming growth factor p (TGF-f)
stimulation conditions in the tumor stroma.*" TAFs contribute
to tumor promotion, tissue remodeling, and metastasis®>™>*
and generate abnormal collagen and extracellular matrix, which
can form physical barriers that result in the inefficient entry of
therapeutic agents into tumor cells.*>™” High levels of TAFs in
various types of solid tumors have been correlated with poor
prognosis.*®*® Therapeutic strategies against TAFs can be
achieved by targeting fibroblast activation protein (FAP), a mem-
brane-bound serine protease expressed on activated fibroblasts,
using monoclonal antibodies*>*' and small-molecule ligands.
Although anti-FAP antibodies displayed only marginal clinical
efficacy,”*® previous studies have revealed that FAP is absent
from normal human tissues,***> and the depletion of FAP
expression in animal models did not cause systemic toxicity,"**”
indicating that FAP may represent an ideal target for cancer
therapy. These findings indicated that FAP remains a valuable
and safe drug target, suggesting that FAP-targeting drugs may
require a combination with other more effective anti-cancer
agents to achieve synergistic effects.

This journal is © The Royal Society of Chemistry 2022
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To simultaneously eliminate TAFs and enhance the thera-
peutic efficacy of liposomal drugs against tumor cells, we devel-
oped an anti-tumor/anti-FAP/anti-mPEG tri-specific antibody
(TsAb) that enables liposomal drugs to target both cancer cells
and FAP' TAFs (Fig. 1A). An anti-HER2/anti-FAP/anti-mPEG TsAb
was generated to treat HER2' breast cancer, which is a TAA-
expressing solid tumor. The non-covalent addition of TsAb to
nanomedicines involved a simple, one-step process that did not
require any changes to the nanomedicine formulation, retaining
the original advantages of the nanomedicine, including stability
and prolonged circulation. TsAb-armed nanomedicines selec-
tively targeted HER2' breast cancer cells and FAP' fibroblasts
and exhibited enhanced in vivo therapeutic efficacy against
breast tumors surrounded by TAFs compared with non-targeting
nanomedicines. The one-step TsAb modification represents a
feasible method for generating tumor- and TAF-specific agents
from well-prepared mPEGylated nanomedicines, enhancing the
versatility of approved clinical drugs in cancer treatment.

Results
Design and production of functional TsAb and BsAbs

The anti-HER2/anti-FAP/anti-mPEG TsAb, anti-HER2/anti-mPEG
BsAb, and anti-FAP/anti-mPEG BsAb were generated using
genetic engineering in the following formats: scFv/scFv/Fab
(TsAb) and scFv/Fab (BsAbs) (Fig. 1B). Light and heavy chains
were assembled using interchain disulfide bonds in the anti-
mPEG Fab. All production yields produced by Expi293 cells
exceeded 0.1 mg mL™". Both the heavy and light chains of the
TsAb had estimated molecular weights of 55 kDa, and the heavy
and light chains of the BsAbs had estimated molecular weights
of 55 kDa and 25 kDa, respectively, which aligned with the
results obtained from reducing protein electrophoresis (Fig. 2A).
The successful formation of interchain disulfide bonds in the
TsAb and BsAbs was demonstrated by the presence of single
bands at 110 kDa and 80 kDa, respectively, in the non-reducing
protein electrophoresis (Fig. 2A). Anti-mPEG ELISA indicated
that the TsAb and BsAbs possessed comparable affinities for
mPEG molecules (Fig. 2B and Table S1f). The anti-HER2 and
anti-FAP functions of the TsAb and BsAbs were analyzed by flow
cytometry using human breast cancer cells MCF-7/HER2
(HER2'/FAP”), human fibroblasts WS-1/FAP (HER2 /FAP"), and
human keratinocytes HaCaT (HER2 /FAP™) (Fig. 2C). The TsAb
bound to MCF-7/HER2 cells and WS-1/FAP cells, whereas the
BsAbs only bound to those cell lines expressing the corres-
ponding antigens. None of these antibodies demonstrated non-
specific binding. These results supported the proper assembly
of the light and heavy chains via disulfide bonds and indicated
that the Fab and scFv moieties were functional.

Characterization of TsAb-modified Lipo-Dox

The optimal TsAb modification ratios were determined by
assessing the maximal cell targeting capacity and evaluating
the minimal amount of unmodified TsAb. Liposomal doxo-
rubicin (Lipo-Dox) was modified with the TsAb at various
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Fig. 1 Overview of the TsAb-modified nanomedicine strategy for simultaneously eliminating tumors containing TAFs. (A) The one-step arming strat-
egy relies on the non-covalent modification of mMPEGylated nanomedicines (liposomal doxorubicin, Lipo-Dox) with anti-HER2/anti-FAP/anti-mPEG
TsAb via the anti-mPEG Fab part. Armed mPEGylated nanomedicines can actively target HER2* breast cancer cells and FAP* TAFs via the anti-HER2
scFv and anti-FAP scFv parts, respectively. (B) Genetic structures of TsAb and BsAbs, which are composed of a murine immunoglobulin kappa chain
leader sequence (IgK SP), a humanized anti-mPEG light chain (VL-CK), an internal ribosome entry site (IRES) sequence, a humanized anti-mPEG
heavy chain fragment (VH-CH1), glycine-serine peptide linkers, and scFv fragments.

mPEG : TsAb molar ratios, ranging from 100: 1 to 2000: 1. The
cell-targeting ability of TsAb-Lipo-Dox (also referred to as anti-
HER2/anti-FAP-Lipo-Dox) against MCF-7/HER2 cells was
detected by cell-based ELISA, which indicated that the binding
capacity was dependent on the modification ratio (Fig. S1A¥).
Unmodified TsAb remaining in the TsAb-Lipo-Dox solution
was detected by mPEG-coated ELISA, revealing that the unmo-
dified amount was also dependent on the modification ratio
(Fig. S1Bf). An mPEG:TsAb (or BsAb) ratio of 200:1 was
chosen for all further modifications using the TsAb and
BsAbs. To investigate whether the antibody modifications
affected the physical characteristics or stability of Lipo-Dox,
the particle size, polydispersity index and zeta potential were
analyzed (Table 1). Compared with the non-modified Lipo-
Dox, the TsAb- and BsAb-modified Lipo-Dox presented with
slightly increased particle sizes, up to 120.8-129.7 nm. TsAb-
Lipo-Dox also has a larger PI value and a reduced absolute

204 | Biomater. Sci, 2022, 10, 202-215

zeta potential than non-modified Lipo-Dox. No particle aggre-
gation was observed after storage at 4 °C overnight. The influ-
ence of the antibody modifications on Lipo-Dox drug release
was examined for 72 h (Fig. 3A). The drug release of all nano-
medicines was less than 2%, and comparable levels of drug
release were observed between the unmodified and modified
Lipo-Dox samples (p = 0.9969 for Lipo-Dox vs. anti-HER2-Lipo-
Dox; p = 0.8343 for Lipo-Dox vs. anti-FAP-Lipo-Dox; and p =
0.9989 for Lipo-Dox vs. anti-HER2/anti-FAP-Lipo-Dox). To
measure the amounts of TsAb and BsAbs on the modified lipo-
somes, the nanomedicines were assessed by sandwich ELISA
using anti-PEG and anti-His antibodies (Fig. 3B). Similar
amounts of TsAb and BsAbs were detected in the same concen-
trations of the modified Lipo-Dox. These results indicated that
the TsAb and BsAbs did not damage the drug during the modi-
fication process and that level of antibodies found on the
modified liposome surface was consistent.

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Production and functional assays of TsAb and BsAbs. (A) SDS-PAGE assays of anti-HER2/anti-mPEG BsAb (HP), anti-FAP/anti-mPEG BsAb
(FP), and anti-HER2/anti-FAP/anti-mPEG TsAb (HFP). Light and heavy chains of BsAbs and TsAb were separated in reducing condition for assessing
molecular weight of each polypeptide chain. Intact BsAbs and TsAb were separated in non-reducing condition for assessing inter-disulfide bond for-
mation. (B) ELISA for assessing anti-mPEG function by using mPEGso00-NH2-coating microplates. (n = 3. Bar, SD.) (C) Flow cytometric assays for
assessing anti-HER2 and anti-FAP functions by staining MCF-7/HER2 cells (HER2*/FAP~), WS-1/FAP cells (HER27/FAP*), and HaCaT cells (HER27/
FAP™) with TsAb and BsAbs.

Table 1 Physical characteristics of TsAb- and BsAb-Lipo-Dox

Nanomedicines” Particle size” [nm] Polydispersity index” Zeta potential” [mV]
Lipo-Dox 118.8 £ 1.78 0.243 + 0.044 —29.3 £1.97
Anti-HER2-Lipo-Dox 122.1 £1.83 0.280 + 0.035 —23.5 £2.96
Anti-FAP-Lipo-Dox 120.8 £ 0.42 0.330 + 0.020 —26.9 £ 2.76
Anti-HER2/anti-FAP-Lipo-Dox 129.7 £3.21 0.356 + 0.036 —22.1 £2.97

“Nanomedicines were prepared by mixing Lipo-Dox with buffer, anti-HER2/anti-mPEG BsAb, anti-FAP/anti-mPEG BsAb, anti-HER2/anti-FAP/anti-
mPEG TsAb. ” Mean + SD, n = 3.

HER2- and FAP-specific cellular targeting and enhanced
cytotoxicity

The specific targeting abilities and enhanced cytotoxicity of
Lipo-Dox modified with the TsAb or BsAbs were examined
using MCF-7/HER2 (HER'/FAP~), WS-1/FAP (HER2 /FAP"),
and HaCaT (HER /FAP™) cells. Using cell-based ELISAs, the
amount of liposome binding to cells was detected with an
anti-PEG antibody. Unmodified Lipo-Dox was almost
undetectable in all examined cell lines. The anti-HER2-
Lipo-Dox and anti-FAP-Lipo-Dox bound to MCF-7/HER2 and
WS-1/FAP cells, respectively, whereas the anti-HER2/anti-

This journal is © The Royal Society of Chemistry 2022

FAP-Lipo-Dox bound to both cell lines (Fig. 4A). Due to the
autofluorescence of doxorubicin, the cellular uptake of lipo-
somes could be directly observed by fluorescent microscopy
(Fig. 4B). After incubation with liposomes, significant
amounts of doxorubicin accumulated in the cell lines
expressing the corresponding antigens (HER2 or FAP) tar-
geted by the antibody modification used, which was con-
sistent with the results of the cell-based ELISA. To investi-
gate the enhancement of cell-specific cytotoxicity, MCF-7/
HER2, WS-1/FAP, and HaCaT cells were separately treated
with free doxorubicin, unmodified Lipo-Dox, and antibody-
modified Lipo-Dox (Fig. 4C). The anti-HER2-Lipo-Dox

Biomater. Sci, 2022,10, 202-215 | 205


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1bm01218e

Open Access Article. Published on 16 November 2021. Downloaded on 12/5/2025 12:40:19 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

o ® & 3 3 I 00 00
Time (hr, :
(0 Lipo-Dox (pg/mL)
O Free Dox
-@ Lipo-Dox 3 Lipo-Dox

E= anti-HER2-Lipo-Dox
B anti-FAP-Lipo-Dox
I anti-HER2/anti-FAP-Lipo-Dox

- anti-HER2-Lipo-Dox
¥ anti-FAP-Lipo-Dox
- anti-HER2/anti-FAP-Lipo-Dox

Fig. 3 Stability and antibody amount of TsAb- and BsAb-Lipo-Dox. (A)
Cumulative release of doxorubicin from free doxorubicin (Dox), Lipo-
Dox, and BsAb- and TsAb-modified Lipo-Dox. (n = 3. Bar, SD.) (B)
Surface amount of TsAb and BsAbs on the modified Lipo-Dox detected
by anti-mPEG/anti-His sandwich ELISA. (n = 3. one-way ANOVA with
Dunnett’s test. Bar, SD. ns, not significant.)

exhibited enhanced cytotoxicity compared with unmodified
Lipo-Dox in MCF-7/HER2 cells but not in WS-1/FAP cells.
By contrast, the increased cytotoxicity of the anti-FAP-Lipo-
Dox was observed in WS-1/FAP cells but not in MCF-7/
HER2 cells. Only the anti-HER2/anti-FAP-Lipo-Dox was effec-
tively cytotoxic for both cell lines. In HaCaT cells, no differ-
ences were observed for cell survival between the tested
nanomedicines, demonstrating that the TsAb modification
did not increase the off-targeting toxicity of Lipo-Dox.
Therefore, the anti-HER2/anti-FAP/anti-mPEG TsAb was able
to confer specificity against the overexpressed antigens on
targeted cells, improving the cellular binding, drug accumu-
lation, and cytotoxicity of the modified nanomedicines
against tumor cells and TAFs.

Cytotoxicity against co-culture of breast cancer cells and
fibroblasts

Due to the high heterogeneity of cell populations and distri-
butions in tumors, we investigated the cytotoxicity of the exam-
ined nanomedicines in environments featuring various ratios
of breast cancer cells and fibroblasts. MCF-7/HER2 cells and
WS-1/FAP cells were seeded together at ratios of 1:0.2,1:1, or
1:5 using fixed total cell numbers. Anti-HER2-Lipo-Dox exhibi-
ted enhanced cytotoxicity against MCF-7/HER2 cell-rich wells
(ratio 1:0.2) but not against WS-1/FAP cell-rich wells (ratio
1:5). By contrast, anti-FAP-Lipo-Dox exhibited enhanced cyto-
toxicity against WS-1/FAP cell-rich wells (ratio 1:5) but not
against MCF-7/HER2 cell-rich wells (ratio 1:0.2) (Fig. 4D and
Table S27). At all of the cell ratios tested (1:0.2,1:1, and 1:5),
anti-HER2/anti-FAP-Lipo-Dox showed the most cytotoxic
effects (Fig. 4D and Table S2t). The ability to simultaneously
target HER2 and FAP allowed for the anti-HER2/anti-FAP-Lipo-
Dox to induce enhanced cytotoxic effects regardless of whether
the first-contacted cell was a breast cancer cell or a TAF,
making this modified formulation suitable for the treatment
of solid tumors, which are complex structures consisting of
multiple cellular targets.

206 | Biomater. Sci., 2022, 10, 202-215
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Pharmacokinetics and in vivo tumor-targeting of TsAb-
modified nanomedicines

The influence of TsAb or BsAbs modifications on the in vivo
pharmacokinetics of Lipo-Dox was investigated. The half-lives
of drugs in plasma were not significantly different following
antibody modifications (Fig. 5A). To investigate the retention
of TsAb and BsAb in the in vivo environment, the antibodies
on Lipo-Dox in mice plasma were measured using an anti-
PEG/anti-IgG Fab sandwich ELISA after i.v. injection (Fig. 5B).
These results indicated that 25% of the total TsAb quantity
was retained on Lipo-Dox after 72 h, which was approximately
1.8-fold the quantity of retained anti-HER2/anti-mPEG BsAb,
indicating that TsAb was able to remain attached to
mPEGylated liposomes longer than BsAb. Additionally, the
in vivo tumor targeting capabilities of the modified nanomedi-
cines in a TAF-rich breast tumor animal model were assessed
by using TsAb or BsAbs to modify Lipo-DiR, an mPEGylated
near-infrared fluorescent liposome. Fig. 5C and D show that
the fluorescent signal in the tumor region of anti-HER2/anti-
FAP-Lipo-DiR-injected mice was 1.9-fold that of unmodified
Lipo-DiR-injected mice. TsAb, which can simultaneously target
tumor and TAF, allowed the armed Lipo-DiR homogeneously
distributed in tumor section, while anti-HER2-Lipo-DiR and
anti-FAP-Lipo-DiR only accumulated unevenly in a small area
of the section (Fig. 5E). These results indicated that the TsAb-
modified liposomes retained a prolonged circulation time and
were able to specifically target TAF-rich breast tumors in the
long term.

Improved therapeutic efficacy of TsAb-Lipo-Dox against breast
tumor surrounded by fibroblasts

To compare the in vivo therapeutic efficacy between TsAb- or
BsAb-modified and non-modified Lipo-Dox, we established
two xenograft models of human breast tumors: TAF-rich
(MCF-7/HER2 cells and WS-1/FAP cells) and TAF-free (MCF-7/
HER2 cells only). Anti-HER2/anti-FAP-Lipo-Dox significantly
inhibited TAF-rich tumor growth, and the resulting tumor
size was 53.6% smaller than that for the non-modified Lipo-
dox group (Fig. 5F and Table S3t). Masson’s trichrome stain-
ing also showed that anti-FAP-Lipo-Dox and TsAb-Lipo-Dox
decreased collagen deposition in the tumor (Fig. S21). By
contrast, no significant improvement in tumor suppression
was observed for the anti-HER2-Lipo-Dox and anti-FAP-Lipo-
Dox groups. In the TAF-free tumor groups, the anti-HER2/
anti-FAP-Lipo-Dox and anti-HER2-Lipo-Dox treatments but
not the anti-FAP-Lipo-Dox treatment showed significant
inhibitory effects against breast tumor compared with the
unmodified Lipo-Dox group (Fig. 5F and Table S4f). These
results indicated that TsAb-Lipo-Dox not only provides the
same benefits as single-targeting Lipo-Dox in TAF-free
tumors but also demonstrated a better treatment outcome
than both single targeting and non-targeting Lipo-Dox in
TAF-rich tumors. Additionally, none of the nanomedicines
affected the body weights of the mice (Fig. S31). No signifi-
cant differences were observed in the populations of blood

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 In vitro targeting and cytotoxicity of TsAb- and BsAb-Lipo-Dox. (A) MCF-7/HER2, WS-1/FAP, and HaCaT cells were incubated with the nano-
medicines and the binding amount on the cell surfaces was measured by cell-based ELISA. (n = 4. Bar, SD.) (B) The nanomedicines (Lipo-Dox (LD),
anti-HER2-Lipo-Dox (H-LD), anti-FAP-Lipo-Dox (F-LD), and anti-HER2/anti-FAP-Lipo-Dox (TsAb-LD)) and doxorubicin (Dox) were incubated with
MCF-7/HER2 and WS-1/FAP, and then observed with a fluorescent microscope. BF, bright field. Scale bar = 21 um. (C) MCF-7/HER2, WS-1/FAP, and
HaCaT cells were incubated with the nanomedicines or free Dox for 1 h and then grown in culture medium for 72 h. The cytotoxicity was measured
by ATPlite assay. (n = 4. Two-way ANOVA with Dunnett's test. Bar, SD. ns, not significant. ***, p-value <0.01.) (D) Cytotoxicity of the nanomedicines
against coculture of MCF-7/HER2 and WS-1/FAP cells. Cells were cocultured at a 1:0.2, 1:1, or 1:5 ratio with the same total cell number (5 x 10°
cells per well), and total cell viability was measured by ATPlite assay. (n = 4. Two-way ANOVA with Dunnett’s test. Bar, SD. ns, not significant. *,
p-value <0.05. **, p-value <0.01. ***, p-value <0.001.)
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Fig. 5 Pharmacokinetics of TsAb- and BsAb-Lipo-Dox, and the tumor targeting and therapeutic efficacy toward HER2" breast tumor containing
FAP* fibroblasts. (A) BALB/c mice were i.v. injected with 5 mg kg™ of Lipo-Dox, anti-HER2-Lipo-Dox, or anti-HER2/anti-FAP-Lipo-Dox. Plasma con-
centrations of the nanomedicines were determined by anti-PEG sandwich ELISA. (n = 4, one-way ANOVA with Dunnett’s test. Bar, SD. ns, not signifi-
cant.) (B) Retention ratios of anti-HER2/anti-FAP/anti-mPEG TsAb and anti-HER2/anti-mPEG BsAb on Lipo-Dox were determined with anti-PEG/
anti-human IgG Fab sandwich ELISA and normalized with the value at 10 min. (n = 4, one-way ANOVA with Bonferroni's test. Bar, SD. ns, not signifi-
cant. *, p-value <0.05. ***, p-value <0.001.) (C-E) In vivo tumor targeting was assessed by the imaging of modified Lipo-DiR. SCID mice bearing
tumor consisting of mixes of MCF-7/HER2 cells and WS-1/FAP cells in their right abdominal mammary fat pads and were i.v. injected with Lipo-DiR
(LDiR), anti-HER2-Lipo-DiR (H-LDiR), anti-FAP-Lipo-DiR (F-LDiR), and anti-HER2/anti-FAP-Lipo-DiR (TsAb-LDiR). (C) The whole-body imaging per-
formed after 24 h with an IVIS imaging system. (D) The tumor uptake of Lipo-DiR determined by measuring fluorescence intensities of tumor
regions. (n = 4, one-way ANOVA with Dunnett’s test. Bar, SD. ns, not significant. **, p-value <0.01.) (E) Fluorescence microscopy images of tumor
sections from mice in (C). Blue, DAPI. Red, Lipo-DiR. Scale bar = 10 pm. (F) The therapeutic efficacy of TsAb-Lipo-Dox was assessed with SCID mice
bearing s.c. tumors consisting of a mixture of MCF-7/HER2 cells and WS-1/FAP cells (TAF-rich tumor) or MCF-7/HER2 cells alone (TAF-free tumor).
Vehicle (PBS + 0.05%BSA) and the nanomedicines (2 mg kg™) were i.v. injected five times weekly (as indicated by the arrows), and tumor size was
measured twice per week. (n = 5, one-way ANOVA with Dunnett's test. Bar, SD. ns, not significant. *, p-value <0.05. **, p-value <0.01.)
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cells, liver function, or cardiotoxicity between the nano-
medicine groups (Fig. S4t). Collectively, these data indicated
that modification with anti-HER2/anti-FAP/anti-mPEG TsAb
improved the anti-tumor efficacy of Lipo-Dox in breast
tumors surrounded by fibroblasts and did not cause
additional adverse effects.

Specific targeting of TsAb to clinical breast cancer specimens

The clinical applicability of TsAb and BsAbs were evaluated by
the immunohistochemistry staining of tumor sections from
stage IT and IIT HER2" breast cancer patients (Fig. 6). The cell
membranes of breast tumor cells were strongly stained with
anti-HER2/anti-mPEG BsAb and anti-HER2/anti-FAP/anti-
mPEG TsAb but not anti-FAP/anti-mPEG BsAb. Surrounding
the tumor cells, spindle-shaped TAFs were stained with anti-
FAP/anti-mPEG BsAb and anti-HER2/anti-FAP/anti-mPEG but
not anti-HER2/anti-mPEG BsAb. These results demonstrated
that the anti-HER2/anti-FAP/anti-mPEG TsAb was able to sim-
ultaneously target the FAP' TAFs and HER2' breast cancer
cells in human clinical tumors, indicating the potential appli-

A
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cability of TsAb-modified nanomedicines for the future clinical
treatment of solid tumors.

Discussion

We investigated whether a TsAb specific to mPEG, HER2, and
FAP can assist mPEGylated liposomal drugs in effectively elim-
inating breast cancer cells and TAFs and, thus, in treating
breast solid tumors blended with fibroblasts. Our results show
that the TsAb can easily be anchored on the methoxy terminus
of mPEG in liposomes after a simple modification and that
this did not affect the liposomal formation or drug release.
The TsAb-Lipo-Dox exhibited specific cell targeting, as well as
improved drug accumulation and cytotoxicity both to HER2"
breast cancer cells and FAP" TAFs. Notably, the TsAb-Lipo-Dox
inhibited the growth of tumors containing TAFs more efficien-
tly than the anti-HER2-Lipo-Dox and anti-FAP-Lipo-Dox, and
had a safety profile and pharmacokinetics similar to those of
Lipo-Dox. By simultaneously targeting tumor cells and TAFs,
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Immunohistochemistry of human breast tumor tissues with TsAb and BsAbs. Clinical breast cancer tissue from (A) stage Il and (B) stage Il

patients was analyzed with HE or IHC staining with TsAb and BsAbs to reveal the presence of HER2* cancer cells and FAP* TAFs. Images were taken
at 100x (scale bar = 50 um) and 400X (scale bar = 200 pm) magnification. The red asterisks indicate tumor cells, and the green arrows indicate TAFs.
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the TsAb provides clinical mPEGylated nanomedicines with a
promising solution for treating solid tumors while overcoming
the obstacles caused by fibroblasts in cancer therapy.

FAP has previously been considered a potential target of
immunotherapy to deplete TAFs in solid tumors, but the
single targeting of FAP has not been shown to be effective
enough to inhibit tumor growth. Sibrotuzumab and other anti-
FAP therapeutic antibodies require NK cells to trigger anti-
body-dependent cell-mediated cytotoxicity (ADCC), but NK cell
depletion may occur due to the negative impact of the
chemotherapy.’®*® Although more potent anti-FAP immu-
notherapies, such as antibody-drug conjugates (ADCs)’° and
chimeric antigen receptor T cells.*® are being developed, tar-
geting FAP alone also does not provide direct cytotoxic benefits
against tumor cells which are usually FAP-negative. The con-
flicting roles of TAF were also discovered in pancreatic tumor
models demonstrating that the depletion of stromal fibroblasts
resulted in angiogenesis and suppressor T cell infiltration
leads to a tumor-promoting environment.’>*> Hence, the deliv-
ery of cytotoxic agents by the dual targeting of FAP" TAFs and
TAA-expressing tumor cells is needed to address the complexity
and heterogeneity of tumor. Liposomes chemically conjugated
with anti-HER2 scFv and anti-FAP scFv have been found to
demonstrate the feasibility of delivering florescent dye into
tumor cells and TAFs.>® In this work, our non-chemical conju-
gate approach allowed clinical liposomal drugs to possess
HER2- and FAP-targeting ability, and to delivery chemothera-
peutic agents to tumor cells and TAFs (Fig. 4A and B). Unlike
the anti-tumor/anti-mPEG BsAb-modified liposomal drugs
only targeting tumor cells, the TsAb-modified liposomal drugs
exhibited enhanced cytotoxicity against the targeted cells even
when TAFs were more abundant than tumor cells (Fig. 4D),
suggesting a significant therapeutic potential in complex
environments of real solid tumors.

The non-covalently conjugation of TsAbs via the anti-
mPEG moiety is expected to be conveniently applied to any
mPEGylated nanomedicines. Traditional surface modification
of antibodies or ligands is a time-consuming and laborious
process and often leads the inconsistent direction or func-
tional damage of modified proteins. By contrast, the anti-
mPEG moiety of the TsAb developed in this study specifically
binds to the methoxy terminus of mPEG, leading to the
anchoring of the TsAb on the outer surfaces of mPEGylated
nanomedicines. Meanwhile, the outward orientation ensured
the functional binding ability of anti-HER scFv and anti-FAP
scFv. Well-prepared liposomes were directly used for the
modification with the TsAb or BsAbs, indicating that the man-
ufacturing process of mPEGylated liposomes does not need to
be changed for such modification. Notably, the TsAb-modifi-
cation did not dramatically change the physical characteristics
(Table 1 and Fig. 3A) and blood clearance rates (Fig. 5A), and
nor did increase non-specific cytotoxicity (Fig. 4C).
Additionally, the results of in vitro off-target toxicity and
in vivo toxicological studies support the view that the non-
covalent conjugation of TsAb does not alter the original safety
of the liposomal drugs (Fig. 4C and Fig. S4t). For extended
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applications, the anti-mPEG moiety of the TsAb has shown a
strong affinity to various mPEGylated molecules,>*® so the
TsAb can be used to modify a wide range of mPEGylated
nanomedicines, including liposomes, micelles, and inorganic
particles. Furthermore, the cancer indication can be expanded
to other types of solid tumors, such as pancreatic cancer, by
genetically engineering TsAbs with the appropriate anti-tumor
moieties.

We further found in this study that modifying a TsAb is a
better strategy than simultaneously using two types of BsAbs
(e.g., in dual BsAbs-armed nanomedicines). First, pharma-
cology and pharmacokinetics studies become simpler when
tracking only one type of antibody. Because two BsAbs share
the same amino acid sequence as anti-mPEG Fab, it would be
difficult to identify the contributions to the liposome targeting
and cytotoxicity, and to investigate the blood clearance of each
BsAb in in vivo studies. Second, the ratio of anti-HER2 and
anti-FAP moieties on TsAb-armed nanomedicines is always
1:1, while the ratios of two BsAbs anchored on dual BsAbs-
armed nanomedicine surfaces may be heterogeneous. Finally,
the TsAb was retained on liposomes in vivo longer than were
the BsAbs. One of possible explanations for this might be the
cross-pairing of the TsAb’s two scFv moieties (anti-HER2 scFv
and anti-FAP scFv). The cross-pairing interaction of VH and VL
of scFv moieties forms non-covalent scFv dimers, trimers, and
tetramers®® and results in higher avidity,>® supporting the view
that the scFv cross-pairing might provide advantages for the
anchoring of TsAb on mPEGylated liposomes. By contrast,
BsAbs only have one scFv moiety which has less opportunities
to engage in cross-pairing. Taken together, we believed that
these features indicate that using a TsAb, rather than two
BsAbs, is more suitable for the one-step modification of
mPEGylated nanomedicines.

The optimization of antibody density on nanomedicine sur-
faces is critical for optimal drug stability, targeting, and killing
ability. Increasing the amount of antibody on a nanomedicine
may reduce the cellular uptake,”® or the steric stabilization
effect of PEG that causes poor in vivo pharmacokinetics and
targeting efficiency.”” Similarly, this study shows that higher
amounts of TsAb or BsAb during modification resulted in
enhanced specific targeting and cytotoxicity, but the excessive
amount caused the presence of unbound antibody or nega-
tively affected the stability of liposomal structure. The modifi-
cation ratios ranging from 200 : 1 to 2000 : 1 resulted in signifi-
cant enhanced cellular targeting of modified Lipo-Dox
(Fig. S1At) without excessive unbound TsAb in solution
(Fig. S1BY). Therefore, it is expected that the TsAb-Lipo-Dox
maintained specific targeting even when only about 29% of
the TsAb was retained on the nanomedicine surface at 72 h
after its administration (Fig. 5B). Besides, our previous work
on the modification of a mPEGylated lecithin-stabilized micel-
lar drug delivery system (LsbMDDs) with anti-HER2/anti-mPEG
BsAb showed that the mPEG : BsAb ratios of 100:1 and 500: 1
did not result in the presence of unbound BsAb,*” indicating
that the modification ratio can be optimized for different
mPEGylated nanomedicines.

This journal is © The Royal Society of Chemistry 2022
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Experimental

Reagents

DMEM/F21 medium, MEM medium, Expi293 Expression
System Kit, and bicinchoninic acid (BCA) Protein Assay Kit
were purchased from Thermo Fisher Scientific (Waltham, MA,
USA). FBS and HisTrap HP columns were purchased from GE
Healthcare Life Sciences (Little Chalfont, UK). FITC-conjugated
goat anti-human IgG F(ab’), and HRP-conjugated goat anti-
human IgG F(ab’), were purchased from Jackson
ImmunoResearch Laboratories (West Grove, PA, USA). Anti-
PEG monoclonal antibody (clone AGP4) and biotin-conjugated
AGP4 antibody (AGP4-biotin) were kindly provided by Dr Steve
R. Roffler (Institute of Biomedical Science, Academia Sinica,
Taiwan). Sesame oil, p-estradiol 17-valerate, and 2,2-azino-bis
(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) were pur-
chased from Sigma-Aldrich (St Louis, MO, USA). Matrigel (high
concentration) was purchased from Corning (Corning, NY,
USA). ATPlite 1step luminescence assay kit was purchased
from PerkinElmer (Waltham, MA, USA). Skim milk was pur-
chased from BD Biosciences (San Jose, CA, USA). Lipo-Dox was
purchased from TTY Biopharm Co. Ltd (Taipei, Taiwan).

Cell lines

MCF-7/HER2 cells were human HER2-overexpresing breast
cancer cells established via retroviral infection of MCF-7
cells,”® which were generously provided by Dr Mien-Chie Hung
(Department of Molecular and Cellular Oncology, University of
Texas, M. D. Anderson Cancer Center, Houston, TX, USA), and
were maintained in DMEM/F12 medium with 10% (v/v) fetal
bovine serum (FBS) and 1% (v/v) penicillin-streptomycin.
WS-1/FAP cells were human fibroblasts WS-1 engineered to
overexpress human FAP by lentiviral infection, and were main-
tained in MEM medium containing 10% FBS, 1% penicillin/
streptomycin, 0.1 mM non-essential amino acid and 1 mM
sodium pyruvate. HaCaT cells were HER2-/FAP-human kerati-
nocytes used as negative control cell line in cellular experi-
ments, and were maintained in DMEM medium containing
10% cosmic calf serum, and 1% penicillin/streptomycin. WS-1
cells and HaCaT cells were purchased from Bioresource
Collection and Research Center (BCRC), Hsinchu, Taiwan.

Animals

BALB/cByJNarl (BALB/c) mice and CB17/ler-Prkdc*/CrlNarl
(SCID) mice were purchased from National Laboratory Animal
Center, Taipei, Taiwan. All mice were kept in a specific-patho-
gen-free (SPF) facility, and the protocol of animal experiments
performed (LAC-2014-0253) were approved by the Institutional
Animal Care and Use Committee (IACUC) of Taipei Medical
University (Taipei, Taiwan).

Genetic construction of engineered antibodies

The anti-HER2/anti-mPEG anti-FAP/anti-mPEG BsAbs were
constructed by genetic engineering as previously detailed**
with minor modifications. Briefly, the light chain and heavy
chain of humanized anti-mPEG Fab (clone h15-2b) were

This journal is © The Royal Society of Chemistry 2022
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genetically linked with an internal ribosome entry site (IRES)>®
for co-expressing in a single plasmid. The Fv fragment of a
humanized anti-HER2 (trastuzumab)®® or a humanized anti-
FAP antibody (sibrotuzumab) was genetically linked after the
heavy chain of humanized anti-mPEG Fab. To construct anti-
HER2/anti-FAP/anti-mPEG TsAb, the anti-HER2 scFv and the
anti-FAP scFv were respectively fused after the light chain and
heavy chain of the anti-mPEG Fab. The genes of the engin-
eered antibodies were added with a 6xHis tag for protein puri-
fication and subcloned into pLNCX vector for mammalian cell
expression.

Antibody production

TsAb and BsAbs were produced by transient transfection of
PLNCX plasmid into Expi293 mammalian expression cells,
according to the instructions of the Expi293 Expression System
Kit. Cell supernatant was harvested at 5 days post-transfection
for protein purification. Antibodies were purified using
HisTrap HP columns, dialyzed in phosphate-buffered saline
(PBS, pH 7.4, 10 mM), and sterilized by using 0.2 pm filter
discs. Antibody concentrations were determined by BCA assay.

SDS-PAGE analysis

To assess the molecular weight and antibody folding, purified
TsAb and BsAbs were separated by electrophoresis in 10%
(w/v) reducing or non-reducing SDS-PAGE gels and stained
with EBL Easy Blue-Plus CBB Stain Reagent (EBL
Biotechnology, New Taipei City, Taiwan). In reduced condition,
the light chain and heavy chain of the BsAbs were expected to
have molecular weights of approximately 25 kDa and 55 kDa,
respectively, and both chains of TsAb were expected to have
molecular weights of approximately 55 kDa. In non-reduced
condition, the intact BsAbs and TsAb with the correct for-
mations of inter-chain disulfides were expected to have mole-
cular weights of 80 kDa and 110 kDa, respectively.

Anti-mPEG ELISA

ELISA plates were coated with mPEG;,0o-NH, (20 pg per well)
diluted in coating buffer (0.1 M NaHCO;, pH 9.0) at 37 °C for
2 h, and then blocked with 5% (w/v) skim milk (dissolved in
PBS, pH 7.4) at 4 °C overnight. TsAb and BsAbs were serially
diluted with 2% (w/v) skim milk (dissolved in PBS, pH 7.4) to
the same molar concentrations, and then incubated in the
wells (50 pL per well). After being washed with PBS, the wells
were sequentially incubated with 50 pL of HRP-conjugated
goat anti-human IgG F(ab’), and ABTS substrate. Color devel-
opment was measured at 405 nm with an Epoch microplate
reader (BioTek Instruments, Winooski, VT, USA).

Flow cytometry

MCF-7/HER2 cells (HER2'/FAP™), WS-1/FAP cells (HER2/FAP")
and HacCaT cells (HER27/FAP™) were used to evaluate the anti-
HER2 and anti-FAP function of TsAb and BsAbs. Cells were
harvested and suspended in polystyrene tubes (2 x 10> cells
per tube) with PBS/BSA buffer (0.05% (w/v) BSA dissolved in
cold PBS, pH 7.4), and stained with 20 pg mL™" of TsAb and
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BsAbs on ice for 1 h. After being washed with PBS/BSA buffer,
cells were sequentially stained with FITC-conjugated goat anti-
human IgG F(ab’), on ice for 1 h and counterstained with pro-
pidium iodide. The FITC signal of viable cells was detected by
a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA,
USA) and analyzed using the CellQuest software (BD
Biosciences, San Jose, CA, USA).

Non-covalent modification of Lipo-Dox with TsAb or BsAbs

Modified Lipo-Dox was freshly prepared for each experiment.
Lipo-Dox was incubated with TsAb or BsAbs in serum-free
medium or PBS buffer containing 0.05% of BSA (DMEM/F12 +
BSA or PBS + BSA) at RT for 1 h. The DSPE-mPEG,, of Lipo-
Dox : antibody molar ratio was 2000: 1, 1000:1, 500: 1, 200:1
or 100: 1. In most of the experiments, the ratio of 200:1 was
chosen for the balance between the maximal cellular targeting
and the minimal free antibody amount determined by cell-
based ELISA and mPEG-coated ELISA, respectively (Fig. S17).
Lipo-Dox contains 2 mg mL~" (3.68 mM) doxorubicin HCI and
4.2 mg mL™" (1.497 mM) DSPE-mPEG,,q, according to the
compositions provided by the manufacturers.® The number of
doxorubicin HCl per nanoparticle was estimated at about
13 000 doxorubicin molecules,® so we inferred that there are
approximately 5289 mPEG and 26 TsAb (or BsAb) molecules
on each modified Lipo-Dox nanoparticle with the mPEG : TsAb
molar ratio of 200: 1.

Drug release

The release rates of doxorubicin from the nanomedicines
(Lipo-Dox, anti-HER2-Lipo-Dox, anti-FAP-Lipo-Dox, and anti-
HER2/anti-FAP-Lipo-Dox) were measured with a previously
described dialysis method.®* One ml of free doxorubicin and
the nanomedicines (equivalent to 0.1 mg mL ™" of doxorubicin)
was placed into a dialysis bag of MWCO 6000 (Cellu-Sep V T1,
Orange Scientific, Seguin, TX) and dialyzed against 20 mL of
pre-warmed 50 mM PBS (containing 0.1% (v/v) Tween 80, pH
7.4) at 37 °C with shaking at a speed of 100 rpm. At the indi-
cated time points, released doxorubicin in the dialysis buffer
was quantified by high-performance liquid chromatography
(HPLC) assay, and the dialysis buffer was replaced with fresh
buffer to maintain the sink condition. The HPLC conditions
were as follows: a Discovery® C;g column (250 x 4.6 mm,
5 um; SUPELCO, Bellefonte, PA, USA) maintained at 40 °C; the
composition of the mobile phase was water : acetonitrile :
methanol : acetic acid (650 :250: 100 : 2, v/v/v/v) adjusted to pH
3.6 by using 2 N NaOH; the flow rate was 1 mL min~'; and the
fluorescence detector was set at A, 480 nm/Ae, 550 nm. All
measurements were performed in triplicate.

Physical analysis of TsAb-Lipo-Dox

To measure the average particle size and polydispersity index,
the nanomedicines were diluted with DDW and then analyzed
by an N5 submicron particle size analyzer (Beckman Coulter,
Brea, CA, USA). Each measurement was performed at 25 °C
with a detection angle of 90°. To measure zeta potentials, the
nanomedicines were diluted with DDW and then analyzed

212 | Biomater. Sci, 2022, 10, 202-215

View Article Online

Biomaterials Science

with a Zetasizer
Worcestershire, UK).

(Nano ZS) (Malvern Instrument,

Sandwich ELISA

To measure the amount of TsAb or BsAbs on liposome surface,
anti-PEGpackbona antibody (clone AGP3) (5 pg per well) was
coated in ELISA plates with coating buffer (0.1 M NaHCO3, pH
9) at 37 °C for 4 h and then at 4 °C overnight. The plates were
blocked with 5% skim milk (dissolved in PBS, pH 7.4) at 37 °C
for 3 h. The nanomedicines were serially diluted with 2% (w/v)
skim milk (dissolved in PBS, pH 7.4) to 300, 100, and 33.3 pg
mL™", and then incubated in the wells for 1 h (50 uL per well).
After being washed with PBS, the wells were sequentially incu-
bated with 50 pL of mouse anti-His antibody and HRP-conju-
gated goat anti-mouse IgG Fc and ABTS substrate. Color devel-
opment was measured at 405 nm with the microplate reader.

Cell-based ELISA

MCF-7/HER2, WS-1/FAP, or HaCaT cells were seeded in 96-well
plates (2 x 10° cells per well). On the next day, the cells were
treated with 50 pL of the nanomedicines (serially diluted with
serum-free medium containing 0.05% BSA) at 37 °C for 1 h.
After being washed with serum-free medium, the wells were
sequentially incubated with 50 pL of anti-PEG mAb (AGP4-
biotin, 5 pg mL~") HRP-conjugated streptavidin (1 pg mL™")
and ABTS substrate. Color development was measured at
405 nm with the microplate reader.

Deconvolution microscopy of cellular uptake

MCF-7/HER2 cells or WS-1/FAP cells were seeded in 35 mm
glass bottom dishes. On the next day, the cells were treated
with phenol red-free medium containing 0.05% BSA and 20 pg
mL™" of the nanomedicines at 37 °C. After 10 min, the cells
were washed with phenol red-free medium and analyzed with
a DeltaVision Elite microscope (GE Healthcare, USA). The fluo-
rescence of doxorubicin was imaged with a filter set of A
475 nm/Aer 597 nm.

In vitro cytotoxicity

MCF-7/HER2, WS-1/FAP, or HaCaT cells were seeded in 96-well
plates at 4 x 10? cells per well. On the next day, the cells were
treated with 50 pL of the nanomedicines (serially diluted with
serum-free medium containing 0.05% BSA) at 37 °C for 1 h.
After the removal of the drugs, the cells were further cultured
in growth medium at 37 °C for 72 h. Cell survival was deter-
mined with ATPlite assay. To investigate the cytotoxicity
against tumor cell/fibroblast co-culture, MCF-7/HER2 cells and
WS-1/FAP cells were mixed with at the indicated cell ratios
(1:0.2, 1:1, and 1:5) and seeded into 96-well plates (4000
cells per well). On the next day, the cells were treated with the
nanomedicines, and cell survival was determined as described
above.

Pharmacokinetics of TsAb-Lipo-Dox

TsAb-Lipo-Dox and anti-HER2-Lipo-Dox were i.v. injected into
5-week-old female BALB/c mice. At the indicated timepoint

This journal is © The Royal Society of Chemistry 2022
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(10 min and 6, 24, 48, and 72 h), blood from the tail vein was
collected in a heparinized microhematocrit tube and centri-
fuged to obtain plasma. The plasma concentration of the
nanomedicines was measured with a commercial anti-PEG
sandwich ELISA. The plasma samples were diluted with 2%
skim milk and incubated in ELISA plates coated with an anti-
PEG capture antibody (clone AGP4). After being washed with
PBS, the plates were sequentially incubated with an anti-PEG
detection antibody (clone 6-3), HRP-conjugated goat anti-
mouse IgG Fc, and ABTS substrate. Color development was
measured at 405 nm with the microplate reader.

To measure the resident TsAb and BsAbs bound on Lipo-
Dox after i.v. injection, the plasma samples were diluted with
2% skim milk at an equivalent concentration of 0.5 ug mL ™",
and the resident TsAb and BsAbs were measured with a sand-
wich ELISA. Anti-PEG antibody AGP4 and HRP-conjugated
goat anti-human IgG F(ab’), were used as a capture/detection
antibody pairing. The freshly prepared nanomedicines were
serially diluted and used as standards to calculate the
amounts of the resident TsAb and BsAbs on Lipo-Dox in the
plasma samples.

In vivo imaging of TsAb- or BsAb-modified Lipo-DiR

Female 5-week-old SCID mice were weekly s.c. injected with
B-estradiol 17-valerate (25 pg per mice, dissolved in sesame
oil). MCF-7/HER2 cells and WS-1/FAP cells (3 x 10° cells for
each cell line) were mixed together with Matrigel and s.c.
injected into the right abdominal mammary fat pads of the
mice. After the tumor size reached 100 mm?®, Lipo-DiR
(F60203F-DR, FormuMax Scientific Inc., Sunnyvale, CA, USA)
modified with TsAb or BsAbs was i.v. injected (1 pg per mice).
After 24 h, non-invasive imaging was performed by IVIS
Lumina XRMS (PerkinElmer, Waltham, Massachusetts, USA)
with a filter set of Ao, 740 nm/Aer, 790 nm. Tumor tissues were
embedded in OCT compound and cut at 10 pm. The slides
were fixed in 4% paraformaldehyde, stained with DAPI, and
then imaged with fluorescent microscopy.

In vivo treatment against fibroblast-containing breast tumor

SCID mice bearing TAF-rich tumors consisting of mixes of
MCF-7/HER2 cells and WS-1/FAP cells were established as
above. After the tumor size reached 100 mm?, Lipo-Dox modi-
fied with TsAb or BsAbs was i.v. injected into the mice weekly
at a dose of 2 mg kg™ 5 times. Tumor size and body weight
were measured once weekly. Two weeks after the last dose, col-
lagen amount in tumor sections was evaluated with Masson’s
trichrome stain. To evaluate the efficacy of TsAb- or BsAb-Lipo-
Dox in the absence of human TAFs (TAF-free tumor), SCID
mice received a s.c. injection of MCF-7/HER2 cells alone and
the same therapeutic regiment.

Immunohistochemistry

Frozen breast tumor sections of anonymous patients were
obtained from the biobanks of the Taipei Medical University
(Taipei, Taiwan), and were examined according to a protocol
approved by the Taipei Medical University-Joint Institutional

This journal is © The Royal Society of Chemistry 2022
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Review Board (TMU-JIRB N 201501029). The sections were
fixed with 4% (v/v) formaldehyde for 15 min, and were
immersed in 3% (v/v) hydrogen peroxide (H,O,) for 5 min to
block endogenous peroxidase activity. Then, the slides were
incubated in 0.1% BSA and gelatin blocking buffer for 15 min.
The TsAb or BsAbs were incubated with the slides in a humidi-
fied chamber at 4 °C overnight. The staining then was devel-
oped according to Dako REAL EnVision detection system
(Glostrup, Denmark). The sections were also stained with
hematoxylin and eosin (HE).

Toxicological evaluation of TsAb- and BsAb-Lipo-Dox

Healthy BALB/c mice were i.v. injected weekly with Lipo-Dox,
anti-HER2-Lipo-Dox, or anti-HER2/anti-FAP-Lipo-Dox (6 mg
kg™") three times for a total cumulative dose of 18 mg kg™,
which is a known dosage of free doxorubicin to cause cardio-
myopathy in mice.®* Whole blood via submandibular bleeding
was collected in EDTA-coated microcollection tubes prior to
the administration and 2 weeks after the last dose for sub-
sequent measurements. Red blood cells (RBC), hemoglobin
level, white blood cells (WBC), neutrophils, and lymphocytes
for myelotoxicity were measured by a ProCyte Dx Hematology
Analyzer (IDEXX, Westbrook, ME, USA). Serum aspartate ami-
notransferase (AST) and alanine aminotransferase (ALT) levels
for liver toxicity were measured by VetTest Chemistry Analyzer
(IDEXX, Westbrook, ME, USA). Serum troponin I level after the
administration for cardiac toxicity was measured by an ELISA
kit (E-EL-M0086, Elabscience, Wuhan, PRC).

Statistical analysis

Data was analyzed by using GraphPad Software Prism (San
Diego, CA, USA). Comparisons were determined using one-way
or two-way analysis of variance (ANOVA) with Bonferroni’s test
for two groups or with Dunnett’s test for three or more groups.
Tumor sizes and relative body weights were compared at the
end of the 6th week. A significant difference was defined as a p
value <0.05.

Conclusions

According to the results in this study, we developed an engin-
eered antibody binding to three targets, mPEGylated nanome-
dicines, breast tumor cells, and TAFs, to provide clinical nano-
medicines with a dual targeting ability to treat TAF-rich solid
tumors. The rapid and non-covalent conjugation of TsAb on
mPEGylated nanomedicines constitutes a one-step modifi-
cation without damaging the stability of the drugs. The TsAb-
armed nanomedicines exhibited enhanced cellular specificity
and simultaneously destroyed HER2" breast tumor containing
heterogeneously distributed FAP" TAFs. Since TAFs hinder the
therapeutic effects of clinical mPEGylated nanomedicines in
diverse types of solid tumors, the modification with TsAb
could be a feasible approach for enabling such drugs to elim-
inate TAFs while also treating tumors.
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