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Abstract: Triple-negative breast cancers (TNBCs) are heterogeneous and metastatic, and targeted
therapy is highly needed for TNBC treatment. Recent studies showed that extracellular vesicles (EV)
have great potential to deliver therapies to treat cancers. This study aimed to develop and evaluate
a natural compound, verrucarin A (Ver-A), delivered by targeted EV, to treat TNBC. First, the sur-
face expression of epidermal growth factor receptor (EGFR) and CD47 were confirmed with im-
munohistochemistry (IHC) staining of patient tissue microarray, flow cytometry and Western blot-
ting. EVs were isolated from HEK 293F culture and surface tagged with anti-EGFR/CD47 mAbs to
construct mAb-EV. The flow cytometry, confocal imaging and live-animal In Vivo Imaging System
(IVIS) demonstrated that mAb-EV could effectively target TNBC and deliver the drug. The drug
Ver-A, with dosage-dependent high cytotoxicity to TNBC cells, was packed in mAb-EV. The anti-
TNBC efficacy study showed that Ver-A blocked tumor growth in both 4T1 xenografted immuno-
competent mouse models and TNBC patient-derived xenograft models with minimal side effects.
This study demonstrated that the targeted mAb-EV-Ver-A had great potential to treat TNBCs.

Keywords: triple-negative breast cancers; EGFR/CDA47 targeting; extracellular vesicle; verrucarin A

1. Introduction

Triple-negative breast cancers (TNBCs) are HER27/ER/PR- and highly aggressive,
metastatic, and heterogeneous (five subtypes, revised algorithm TNBCtype-IM) [1-3]. The
standard chemotherapies such as anthracycline-taxane are the main treatment strategy,
but TNBCs often regrow with recurrence rate of >50% and poor survival after primary
treatment [4-7]. Recently, the combined immunotherapy-chemotherapy, Atezolizumab
(immune checkpoint inibitor) and Abraxane (nab-paclitaxel), has been developed to treat
PD-L1* TNBC [8-10]. The antibody-drug conjugate, Sacituzumab Govitecan, has been
approved to treat trophoblast cell-surface antigen 2 (Trop-2)* TNBC [11-15]. The success
of these therapeutics demonstrated that targeted therapy or therapeutic combination has
great potential to treat TNBCs. Considering the challenges of early metastases and
relapses [16], heterogeneity of TNBCs, new targeted therapies are highly desired.

Extracellular nanovesicles (EVs) are natural nanoparticles that are secreted by cells
to facilitate the communication among cells through transporting endogenous RNA,
DNA, and proteins [17,18]. More importantly, EV has great potential to deliver therapies
for cancer treatment [17-22] due to its advantages of low immunogenicity and enhanced
circulation retention. For instance, the human dendritic cell-secreted EVs can activate the
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immunity of T and NK cells [23-25]. To achieve tumor-specific targeting by EV, cell engi-
neering technologies have been applied to surface display various peptides such as iRGD,
RVG, EGFR-GE11, or HER2/neu [19,21,26,27]. Our previous studies have established a
platform to produce cancer-targeted EV using a stirred-tank bioreactor and monoclonal
antibody (mAb) surface tagging technology [28,29]. Furthermore, we have developed a
dual-targeted EV to cover more patients than in the previous study [29].

It has been reported that the EGFR receptor, which enhances DNA replication [30-
33] and stimulates cancer cell proliferation via phosphorylating phosphatidylinositol 3-
kinase (PI3K) [34,35], is overexpressed in over 52% of TNBC patients [36,37], 40% of lung
cancer [38,39], and over 80% of head and neck cancers [36,37,40]. The glycoprotein CD47,
which provides a “don’t eat me” signal via signal regulatory protein alpha (SIRP«) [41,42],
is overexpressed on the surface of TNBC cells. The expression of CD47 can be upregulated
by standard chemotherapies such as gemcitabine and carboplatin [43-45], indicating that
CD47 is an ideal target to treat recurrent or drug-resistant TNBCs. In this study, we con-
firmed the overexpression of EGFR and CD47 receptors in TNBC patient tissues and con-
structed anti-EGFR/CD47 mAb tagged EV as a drug delivery vehicle.

We have recently identified a natural compound, Verrucarin A (Ver-A), and demon-
strated a high anti-cancer cytotoxicity to treat neuroendocrine tumors in our previous
study [29]. Ver-A was originally isolated from the metabolites of Myrothecium verrucaria
cultivated in saltwater culture [46]. The literature has reported various anti-proliferation
and pro-apoptosis mechanisms in breast cancer [47] and other cancers [48,49]. For in-
stance, Ver-A can arrest cells in the synthesis phase, inhibit cell cycle via regulatory pro-
teins such as cyclin D1, cyclin E and cyclin-dependent kinases, induce apoptosis by inhib-
iting Bcl-2 family proteins, cause mitochondrial inner membrane potential depolarization,
or downregulate the signaling proteins such as pro-survival phospho-Akt (p-Akt), nuclear
factor kB (NF-kB) and mammalian target of rapamycin (p-mTOR) [50]. Therefore, we eval-
uated the potential of the natural drug Ver-A to treat TNBCs.

The objective of this study was to develop and evaluate a new targeted therapy to
treat the highly aggressive TNBCs. Specifically, we constructed an EGFR/CD47 dual-tar-
geted mADb-EV to pack the highly potent Ver-A. The TNBC-targeting and anti-tumor effi-
cacy of mAb-EV-Ver-A were evaluated in both immunocompetent xenograft models and
patient-derived xenograft (PDX) models. The results demonstrated that mAb-EV-Ver-A
had great potential to target and treat TNBCs.

2. Materials and Methods
2.1. Cell Lines and Media

Multiple human TNBC cell lines, including MDA-MB-468, MDA-MB-231, BT-20
(ATCC, Manassas, VA, USA) and MDA-MB-231-FLuc (GenTarget, San Diego, CA, USA),
and mouse TNBC cell line 4T1-Luc (ATCC) were used to in vitro evaluate the TNBC tar-
geting and cytotoxicity of the developed dual-targeted therapeutics. The human TNBC
cells were maintained in a DMEM/F12 medium supplemented with 4 g/L of glucose, 4
mM of L-glutamine, and 10% of fetal bovine serum (FBS) in T25 or T75-flasks. The mouse
TNBC 4T1 cells were maintained in RPMI medium supplemented with the same levels of
glucose, L-glutamine, and FBS as DMEM/F12. The hybridoma cells for anti-CD47 mAb
production were adapted in Hybridoma-SFM (serum free medium) and maintained in
shaker flasks with an agitation (Agt) speed of 130 rpm. All cell cultures were incubated at
37 °C and 5% COz in a humidified incubator (Caron, Marietta, OH, USA). All media, sup-
plements, bioreagents and kits were purchased from Fisher Scientific (Waltham, MA,
USA) unless otherwise specified.

2.2. Patient Tissue Microarray (TMA) and Immunohistochemistry (IHC) Staining

To evaluate the expression of surface receptors, IHC staining [51] of the patient TMA
containing 150 cores and 50 cases of ER/PR/HER2- breast carcinoma (US Biomax,
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Derwood, MD, USA) was performed with anti-EGFR antibody and anti-CD47 antibody,
respectively. Specficially, the TMA slides were baked overnight at 60 °C, then de-
paraffinized in xylene and hydrated with ethanol and deionized water. The tissue sections
were subjected to antigen retrieval by 0.01 M Tris-1 mM EDTA buffer (pH 9) for EGFR
stain and by 0.01 M sodium citrate buffer (pH 6) for CD47 stain in a pressure cooker for 5
min. After being washed gently in deionized water, the TMA slides were transferred into
0.05 M Tris buffer with 0.15 M NaCl and 0.1% v/v Triton-X-100 (TBST, pH 7.6). The
endogenous peroxidase was blocked with 3% hydrogen peroxide for 15 min and slides
were incubated with 5% normal goat serum for 45 min at room temperature to reduce
further nonspecific background staining. All slides were then incubated at 4 °C overnight
with anti-EGFR (Abcam, Cambridge, UK, ab52894, Rabbit monoclonal, 1/100 dilution) or
anti-CD47 (Abcam, ab175388, Rabbit polyclonal, 1/100 dilution). After washing with TBST
(Tris-Buffered Saline, 0.05% Tween20), sections were incubated with the Goat Anti-Rabbit
IgG H&L secondary antibody conjugated with HRP (Abcam ab6721, 1:1000.) The
ImmPACT DAB Peroxidase (HRP) Substrate Kit was used as the chromogen and
hematoxylin (Richard-Allen Scientific, Kalamazoo, M1, USA) as the counterstain.

2.3. Anti-CD47 mAb Production

We developed the anti-CD47 mAb using hybridoma technology and produced and
evaluated mAb following our published procedure [52,53]. Briefly, the anti-CD47 mAb
(IgG2b/kappa) was produced using hybridoma culture at Temp 37 °C and Agt of 110 rpm,
which was fed with 4 g/L of glucose, 4 mM of L-glutamine, and 3.5 g/L Cell Boost #6 on
Day 3. The mAb purification was performed using a liquid chromatography system (Bio-
Rad, Hercules, CA, USA) equipped with Bio-Scale Mini UNOsphere SUPrA column.

2.4. Construction of mAb-EV-Ver-A, -Cy5 or -Cy7

The mAb-EV-Ver-A was generated following our previously established protocols
[28,29]. First, EV was produced using HEK 293F cell culture in FreeStyle™ 293 expression
medium at Temp 37 °C, pH 7.0 and Agt 70 rpm, purified using Vivaspin 300 kDa MWCO
concentrator, and stored in PBS containing 25 mM trehalose at —80 °C for up to 6 months.
Second, the anti-human EGFR and CD47 mAbs were tagged to EV via DSPE-PEG-NHS
linker to generate mAb-EV, which was further modified with mPEG-DSPE to improve its
circulation stability. The mAb-EV was titrated using NanoSight (Malvern Panalytical,
Malvern, UK) with SCMOS camera (5 captures per sample), a pump speed of 50 and a
detection threshold of 5. Third, the anti-cancer payload Ver-A was loaded to mAb-EV via
incubation using formulation of 1 x 101" EV and 0.101 mg (200 nmol) of Ver-A in 8.6 mL of
PBS. The mAb-EV was labelled with fluorescent dye (i.e., Cy5 or Cy7) to investigate TNBC
targeting or drug release by mixing 1 x 102 EV and 16.7 nmol of dye. The unpacked free
drug or unlabeled free dye was removed using Vivaspin 100 kDa column. The drug load-
ing capability was titrated using HPLC (Shimadzu, Columbia, MD) equipped with C18
column using mobile phase of 5-90% CHsCN/H20 containing 0.1% trifluoroacetic acid
following the protocol reported in literature [54], but we found that EV particle changed
the HPLC titration accuracy. The in vitro anti-cancer cytotoxicity assay of mAb-EV-Ver-A
and free Ver-A (control) showed the functional loading rate of Ver-A was ~50%.

2.5. In Vitro Anti-TNBC Cytotoxicity Assay

The anti-TNBC cytotoxicity assay was carried out in 96-well plates using MDA-MB-
231 and MDA-MB-468 cells with seeding density of 0.5 x 10° cells/mL in 200 pL of
DMEM/F12 complete medium with triplication. Multiple dosages of standard chemother-
apy GC (0-500 nM, control) or Ver-A (0-8 nM) were tested in a three-day assay. The cyto-
toxicity was measured using CellTiter-Glo Luminescent Cell Viability Assay (Promega,
Madison, MI, USA) and described as relative viability. The ICso value was calculated using
ED50V10 Excel add-in.
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2.6. Western Blotting

The TNBC cells were lysed with Thermo Scientific M-PER Mammalian Protein Ex-
traction Reagent and the lysate protein concentrations were titrated with a BCA Protein
Assay Kit. The protein samples (30 pg) were loaded to a non-reducing Bolt™ 4 to 12% Bis-
Tris Mini Protein Gel, electro-transferred to PVDF membrane using PowerEase™ Touch
350 W Power Supply, and blocked with 1x TBS, 5% dry skim milk and 0.01% Tween-20
for 1 h at room temperature. The target proteins were detected with 1:1000 diluted pri-
mary rabbit anti-human antibody overnight at 4 °C, followed by incubating with 1:3000
diluted HRP-conjugated secondary mouse anti-rabbit antibody. The target proteins were
detected using Luminata Forte Western HRP substrate (Millipore, Boston, MA, USA). The
Western blots were imaged with MyECL imager and quantified using ImageJ software
(NIH, Bethesda, MD, USA).

2.7. Flow Cytometry

The surface binding of anti-EGFR mAb and CD47 mAb to TNBC cells lines (MDA-
MB-231, MDA-MB-468, and BT-20) was analyzed using a BD LSRII flow cytometer (BD
Biosciences, San Jose, CA, USA). Briefly, 1 pg of mAb that was labelled with an Alexa
Fluor™ antibody 647 labelling kit (Life Tech, part of Fisher, Carlsbad, CA, USA) was
mixed with one million cells at room temperature for 30 min [29,55]. The AF647 signal
was detected with Alexa Fluor 700 laser and data were analyzed using Flow]o V5.0 (Tree-
Star, Inc., Ashland, OR, USA).

2.8. Live-Cell Confocal Imaging

The live-cell confocal microscopy imaging was collected to confirm the targeting and
internalization of mAb-EV following our established protocol [29,56]. The TNBC (MDA-
MB-468) cells were cultivated on 15-mm glass-bottom dish and transfected with BacMam
GFP virus to express eGFP in cytoplasm for 24 hrs. Then 33 pg of EGFR mAb-EV-Cy5 or
33 pg of CD47 mAb-EV-Cy5 was added to culture and incubated for 24 hrs. Finally, the
eGFP and Cy5 was imaged using a Nikon A1R-HD25 confocal microscope with a high-
speed resonance scanner (Nikon USA, Melville, NY, USA) with the 489 and 561 laser lines,
respectively. The confocal images were processed offline using Image]J software (National
Institutes of Health, Bethesda, MD, USA) for co-localization analysis.

2.9. In Vivo Imaging System (IVIS) Imaging

The animal study protocol (IACUC-22200) was approved by the Institutional Bi-
osafety Committee of University of Alabama at Birmingham on 11 January 2021. About 3
x 106 cells of human TNBC (MDA-MB-231-FLuc) were injected into the fourth mammary
fat pad of the NSG (NOD scid gamma) mice. Mice will develop tumors within 2 weeks
post cells injection. When tumor volume reached 50-100 mm?, 10 x 10'© mAbs-EV-Cy7
(construction details see Section 2.4) was intravenously (i.v.) administrated via tail vein
for TNBC-targeting analysis. At 24 hrs post mAb-EV-Cy?7 injection, mice were imaged
under IVIS Lumina Series III (PerkinElmer, Waltham, MA, USA) with wavelength of 660
nm/710 nm (excitation/emission) and exposure time of 3 s. The TNBC targeting was con-
firmed by the overlap of bioluminescence (FLuc) and fluorescence (Cy7). In addition, the
TNBC tumor and major organs (lung, heart, spleen, liver, and kidney) were extracted to
collect ex vivo images to detect possible off-target side effects.

2.10. Primary TNBC Xenograft Models and In Vivo Treatment

The primary TNBC xenograft mouse models were generated by injecting 1 x 10¢ cells
of 4T1-FLuc cells into the fourth mammary fat pad of the six-week-old BALB/cJ female
mice (Jackson Labs, Bar Harbor, ME, USA) [52,53,56]. Mice were randomized into eight
groups (n = 5-6) when tumor volume reached ~100 mm? within 10-14 days post cells im-
plantation. These models were used to analyze the possible toxicity, evaluate the dosage
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effect of mAb-EV-Ver-A and GC, and test the anti-TNBC efficacy of the dual-targeted
therapy. Specifically, the TNBC xenograft mice were treated with 2 mg/kg-BW of GC with
i.p. injection daily for the first six days. Then mice were treated with five dosages of
EGFR/CD47 mAb-EV-Ver-A (i.e, 0, 0.5, 1.5, 2, and 2.5 mg/kg), 0.5 mg/kg of EGFR mAb-
EV-Ver-A, 0.5 mg/kg of CD47 mAb-EV-Ver-A, and mAb-EV via i.v. injection on a Q3D x
4 schedule (i.e., three-day interval for four injections). Tumor volume was measured using
an electronic caliper and calculated as “width x width x length/2”. The body weight data
were collected every other day. The in vivo treatment study was ended when tumor vol-
ume reached >1000 mm? in the control (PBS) group. At the end of the experiment, mice
were euthanized and sacrificed to collect TNBC tumor and major organs for H&E staining
to evaluate the possible toxicity.

2.11. TNBC Patient-Derived Xenograft (PDX) Models and In Vivo Treatment

The TNBC PDX xenograft donor mice were purchased from The Jackson Laboratory
and maintained at low passages of 2—4 in host NSG mice following our established proto-
col [57]. Briefly, either fresh harvested tumor or fresh frozen tumor tissues were minced
into small fragments (<1 mm?) and subcutaneously (s.c.) injected into the right flank of
NSG mouse. After 100 mm? of tumor xenograft was detected, mice were randomized into
two groups and treated with 2 mg/kg GC via i.p. injection for six days followed with mAb-
EV or 4 mg/kg mAb-EV-Ver-A via tail vein injection on a Q3D x six schedule (1 =>5). Tumor
volume was measured by a caliper every two or three days and tumor volumes were cal-
culated as (width x width x length)/2 in millimeter with end point of volume > 1000 mm?3.

2.12. Hematoxylin and Eosin (H&E) Staining

The tumor tissue and/or important organs (lung, heart, spleen, liver, kidney) were
harvested, dehydrated in ethanol, cleared in xylene, embedded in paraffin, sectioned at 5
um with Leica microtome, and mounted on frosted microscope slides in University Pa-
thology Core. The paraffin sectioned slides were dewaxed with xylene and gradient hy-
drated with 100%-50% ETOH and dH2O. The hydrated slides were stained with hema-
toxylin, rinsed with deionized water, dipped in 1% HCl in 70% ETOH, immersed in 1%
NH4OH for blue color development overnight, and stained with eosin for 30 secs. The
stained slides were dehydrated in 95% and 100% ethanol and cleared in xylene.

2.13. Statistical Analysis

All experimental data were expressed as mean + standard error of the mean (SEM).
The significance of differences among groups was analyzed using a one-way ANOVA
followed by post-hoc (Dunnett’s) analysis. Statistical analysis was performed using
GraphPad Prism and p-values of <0.05 were considered to be significant.

3. Results

The relevant literature, in addition to [36,37,43,44,57] this study, revealed high ex-
pression of the surface receptors EGFR and CD47 in TNBC patient tissues. This study
constructed an EGFR/CD47 dual-targeted mAb-EV to deliver the natural compound Ver-
A for TNBC treatment. The anti-tumor efficacy was confirmed in both mouse TNBC xen-
ograft immunocompetent models and in a PDX model.

3.1. EGFR and CD47 Expression in TNBCs

The surface expressions of EGFR and CD47 in TNBCs were assessed using the IHC
staining of patient tissue microarray (150 cores and 50 cases, n = 3) with anti-EGFR anti-
bodies and anti-CD47 antibodies, respectively. The images of whole TMA slide and the
representative images of the tissues with high, medium and low/no expression of surface
receptor EGFR and CD47 were presented in Figure 1A. The Image ] analysis and quanti-
fication showed that 56% and 69% of TNBC tissues had high or medium level of EGFR
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and CD47, respectively. Western blotting analysis confirmed the expression of EGFR and
CD47 in MDA-MB-231, MDA-MB-468 and BT20 cell lines (Figure 1B). It is found that
EGFR has higher expression than CD47 in TNBC cells.
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Figure 1. Surface receptors of EGFR and CD47 in TNBCs. (A) IHC staining of TNBC TMA with
EGFR and CD47 antibody and the representative images of high, medium and low/no expression

of EGFR and CD47. Case of 50 and 150 cores. Scale bar equals 20 um. (B) Western blotting analysis
of EGFR, CD47 and B-tubulin in MDA-MB-231 (Lane 1), MDA-MB-468 (Lane 2) and BT-20 (Lane 3).

3.2. Construction of Dual-Targeted mAb-EV-Ver-A

The EGFR/CD47 mAb-Exo-Ver-A was constructed following our previously
developed platform, i.e., stirred-tank bioreactor-based EV production and mAb surface
tagging technology [29], with optimization (Figure 2A). Briefly, EVs were generated from
HEK?293F cells in serum free medium, purified with 300 kDa size exclusion column, and
surface tagged with anti-EGFR mAb (Cetuximab) and our anti-CD47 via NHS-PEG-DSPE
[45]. The mPEG-DSPE stabilizer was used to modify EV membrane to improve the
circulation stability [28]. NanoSight analysis showed EV particle size distribution of 78.2—
151.1 nm with mean size of 112.3 + 1.5 nm (Figure 2B). Western blotting analysis confirmed
the surface biomarkers of CD63 and HSP70 (Figure 2C).

B C
112.3 nm

25 o1 M Exo

cD63
2.0 - | (53-70 kDa)
151 - HSP70

. ' (53-75 kDa)

1.0

GAPDH
051 - (37 kDa)
O el

0 100 200 300
Size (nm)

Con. (x10° ptc/mL)

Figure 2. Construction and characterization of dual-targeted mAb-EV-drug. (A) Structure of anti-
EGFR/CD47 mAb-EV-Ver-A. (B) Size distribution analysis by NanoSight. (C) Western blotting of
EV biomarkers (CD63, HSP70, GAPDH).
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3.3. TNBC Targeting by EGFR/CD47 mAb-EV

Flow cytometry analysis was performed to evaluate the surface binding of EGFR and
CD47 mAbs in TNBC cell lines, including MDA-MB-231, MDA-MB-468 and BT20, with
staining conditions of 1 pg mAb-AF647 per million cells at room temperature. The results
showed that EGFR mAb had a surface binding rate of 99.6%, 100% and 99.8%, and CD47
mADb had surface binding rate of 78.3%, 57.7% and 50.3% to MDA-MB-231, MDA-MB-468
and BT20, respectively (Figure 3A). The lower surface binding of CD47 mAb than EGFR
mADb was consistent with the result of the lower surface expression of CD47 as presented
in Figure 1B. Furthermore, mAb-EV was labeled with fluorescent dye Cy?5 to test its TNBC
targeting and drug delivery capability (Figure 3B). The live-cell confocal microscopy im-
aging showed that both EGFR mAb-EV and CD47 mAb-EV (displayed as red) internalized
into the cytoplasm (displayed as green) of MDA-MB-468 cells, demonstrating its effective
drug delivery capability.

Control: no mAb

C Bioluminescencex
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MDA-MB-468 mAb-EV-Cy5 MDA-MB-468 MAb-EV-Cy5 : 3'4 o 8 .
: &
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-3.0 ..

2.8

-- P SN ;

Figure 3. Evaluations of in vitro surface binding, internalization and in vivo TNBC targeting of
mAb-EV. (A) Flow cytometry analysis of surface binding of anti-EGFR mAb and anti-CD47 mAb to
TNBC cells (MDA-MB-231, MDA-MB-468 and BT-20). (B) Live-cell confocal microscopy imaging of
internalization of EGFR mAb-EV-Cy5 and CD47 mAb-EV-Cy5. Cytoplasm of TNBC cells was la-
beled with GFP (green) and mAb-EV was labeled with fluorescent dye Cy5 (red). Scale bar equals
10 pm. (C) Live-animal and ex vivo IVIS imaging to confirm TNBC targeting of EGFR/CD47 mAb-
Cy7 at 24 h post tail vein injection.

It is found that EGFR mAb and CD47 mAb target human and mouse TNBC cells in
our previous studies [56], so the immunocompromised TNBC xenograft mouse models
were used to evaluate TNBC targeting in vivo. In this study, the MDA-MB-231-FLuc xen-
ograft NSG model was i.v. injected with dual-targeted EGFR/CD47 mAb-EV-Cy?7. Live-
animal IVIS imaging revealed that mAb-EV (indicated by Cy7 fluorescence) targeted and
accumulated in TNBC tumor (indicated by FLuc bioluminescence) at 24 h (Figure 3C). Ex
vivo imaging confirmed that there was no obvious off-targeting of mAb-EV in major or-
gans such as the brain, heart, lung and spleen. As consistent with the literature [17-22],
Cy7 was detected in the liver and kidney. Altogether, the designed EGFR/CD47 mAb-EV
can target TNBC and effectively deliver payloads.

3.4. In Vitro Anti-TNBC Cytotoxicity

The in vitro anti-TNBC cytotoxicity of Ver-A and GC (standard chemotherapy, con-
trol) was evaluated in TNBC MDA-MB-231 and MDA-MB-468 cells to collect ICso curves.
The Ver-A cytotoxicity assay showed that the relative viabilities were 100%—25% in MDA-
MB-231 and 100%-10% in MDA-MB-231 cells at dosages of 0-8 nM, respectively (Figure
4A). The GC cytotoxicity assay showed relative viabilities of 100%-8% in MDA-MB-231
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and 100%-8% in MDA-MB-468 at dosages of 0-500 nM (Figure 4A). The calculated ICso
values were 82-114 nM for GC and 2—4 nM for Ver-A in these two treated TNBC cells.
These data showed that the natural compound Ver-A was more efficient to treat TNBC
than GC. Western blotting of MDA-MB-468 cells treated with 5 nM of Ver-A demonstrated
that the expressions of proliferation protein cyclin D1 was significantly reduced and ex-
pression of cyclin dependent kinase inhibitor p27 was increased at 48 hrs post treatment
(Figure 4B).
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Figure 4. In vitro anti-TNBC cytotoxicity of Ver-A. (A) ICs curves of Ver-A in TNBC cells with GC
as control. o: MDA-MB-468, and A: MDA-MB-231. (B) Western blotting analysis of proliferation
biomarkers (cyclin D1, P27, B-tubulin) post EV-Ver-A treatment with PBS as control. Data represent
mean + SEM, n =3.

3.5. Tolerated Dosage (TD) and Anti-Tumor Efficacy in Immunocompetet Models

Both TD and anti-tumor studies in mouse TNBC (4T1-FLuc) were evaluated in xen-
ograft BALB/c] models. When tumor volumes reached >250 mm?, mice were treated with
2 mg/kg-BW of GC with i.p. injection daily for 6 days in the treatment groups. Total of
four dosages of EGFR/CD47 mAb-EV-Ver-A (i.e., 0.5, 1.5, 2.0, 2.5 mg/kg) and 0.5 mg/kg of
EGFR mAb-EV-Ver-A and 0.5 mg/kg of CD47 mAb-EV-Ver-A were i.v. injected via tail
vein on Days eight, 10, 13 and 15 with PBS and EV as controls (free drug was not tested in
vivo). The tumor volume profiles showed that mAb-EV-Ver-A effectively inhibited TNBC
tumor growth while EV had no effect (Figure 5A). The increase of Ver-A dosage to 2.5
mg/kg had similar anti-tumor efficacy as 0.5 mg/kg, indicating that Ver-A could not kill
all TNBC cells in vivo and combination with other therapy is needed to eliminate TNBC
tumors. In addition, dual targeting did not show obvious advantages other than single
targeting in 21-day treatment. The change of mouse body weight in all groups was in the
range of 5-10% (Figure 5B), and no obvious changes in water intake, breathing, locomo-
tion, and survival were observed. When tumor volume reached 1000 mms3, mice were sac-
rificed to collect the brain, heart, lung, liver, kidney and spleen for sectioning and H&E
staining. None of these organs in mice treated with 2.5 mg/kg EGFR/CD47 mAb-EV-Ver-
A had any obvious morphology change or necrosis compared to PBS group (Figure 5C).
These results indicated that the mAb-EV-delivered Ver-A had no evident off-target effects
in vivo, and the potential toxicity was minimal, consistent with the TNBC-targeting results
observed in IVIS imaging.
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Figure 5. In vivo anti-TNBC efficacy in 4T1 xenografted BALB/c] mice. (A) Profile of tumor volume
in xenograft models that were treated with targeting delivered Ver-A. Four dosages of EGFR/CD47
mAbs-EV-Ver-A (0, 0.5, 1.5, 2 and 2.5 mg/kg) and three controls (EGFR mAb-EV-Ver-A, CD47 mAb-
EV-Ver-A, and mAbs-EV) were i.v. injected on Days 8, 10, 13 and 15. ** p < 0.05. Data represent mean
+ SEM, n =5-6. (B) Body weight change of mice in groups of PBS, EV, 0.5 mg/kg of EGFR mAb-EV-
Ver-A, 0.5 mg/kg of CD47 mAb-EV-Ver-A, 0.5, 1.5, 2.0 and 2.5 mg/kg of EGFR/CD47 mAb-EV-ver-
A. (C) H&E staining of important organs, including brain, heart, lung, liver, kidney, and spleen, of
mouse in 2.5 mg/kg EGFR/CD47 mAb-EV-Ver-A treatment group. Scale bar equals to 20 um.

3.6. In Vivo Anti-Tumor Efficacy in PDX Models

Patient-derived xenograft (PDX) models can capture the heterogeneity and microen-
vironment of TNBC and maintain the biological behavior of patient tumors, which is im-
portant in in vivo evaluations of the developed new therapy. We have successfully pas-
saged and propagated TNBC PDX xenograft (JAX, J000103634) in NSG female mice. The
established PDX models were treated with PBS (negative control), EV (vehicle control), or
0.5 mg/kg mAb-EV-Ver-A on a Q4D x six schedule (1 =5), i.e., Days 0, 4, 9, 15, 21 and 26.
The tumor volume and mouse body weight of PDX models were monitored twice a week.
As described in Figure 6A, Ver-A delivered with mAb-EV effectively inhibited the PDX
tumor growth, similar to the results in immunocompetent models (Figure 5A). The
changes of mouse body weight in all eight control or treatment groups were less than 10%
(Figure 6B). IHC staining of PDX tissue section confirmed the high surface expression of
EGFR and CD47 (Figure 6C). In addition, the pathologic assessment of H&E-stained im-
portant organs, including brain, heart, lung, liver, kidney and spleen, did not show any
signs of acute or chronic inflammation or apoptotic or necrotic regions in the PBS control
group and the mAb-EV-Ver-A treatment group (Figure 6D). These data indicated that the
targeting delivered Ver-A can effectively treat TNBC with minimal toxicity.
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Figure 6. In vivo anti-tumor efficacy of mAb-EV-Ver-A in TNBC PDX models. (A) Tumor volume
post treatment (1 = 5). Arrow indicates the i.v. injection of PBS, EV and mAb-EV-Ver-A on Days 0,
4,9, 15, 21 and 26. ** p < 0.05 vs. PBS using ANOVA followed by Dunnett’s t-test. (B) The relative
body weight after treatment. (C) IHC staining of PDX xenograft tissues showing positive expression
of EGFR and CD47. Scale bar equals to 100 nm. (D) H&E staining of important organs. Scale bar
equals to 40 um.

4. Discussion

The high heterogeneity of HER2/ER/PR- TNBCs and lack of suitable targeting re-
ceptors are the major challenges to develop targeted therapy for TNBC treatment. This
study and/or previous studies [56] revealed that EGFR is overexpressed in 56% TNBC
patient tissues and CD47 is overexpressed in 69% of TNBC patient tissues. The tumor-
targeting analysis confirmed both EGFR and CD47 are good targets of TNBC. Moreover,
the CDA47 expression is up-regulated by chemotherapy [43,44] and it could be an ideal
candidate target in drug-resistant or recurrent TNBC. Therefore, the EGFR/CD47 dual-
targeted drug delivery vehicle, i.e., mAb-EV constructed in this study, has multiple ad-
vantages: (1) it covers most TNBC subtypes by targeting EGFR and CDA47 surface recep-
tors than single targeting; (2) bypasses the relapse caused by receptor loss during treat-
ment; (3) treats newly diagnosed and drug-resistant TNBCs, and (4) has low off-target
toxicity. For the EGFR-/CD47- TNBC patients, we can consider targeting alternative sur-
face receptors, such as CD276 (B7-H3) [58-61], Trop-2 [11-15], or GPR56 [62,63], which
have been reported to overexpress in TNBC. In addition, mAb conjugation technology
enables tagging multiple antibodies or peptides on EV to target tumors and covering
higher portion of patients. Also it is more convenient and flexible to use in cancer treat-
ment as compared to the cell engineering to produce targeted EV.

This study indicated that verrucarin A is involved in the cell cycle downregulation
via cyclin D1/p27 signaling pathways in TNBC treatment, which is consistent with the
anti-proliferation effect observed in other studies [29]. Further study is needed to analyze
other possible anti-TNBC mechanisms such as the pro-survival signaling pathway of
Akt/NF-kB/mTOR and mitochondrial depolarization. In future studies, verrucarin A and
other therapies with synergetic anti-TNBC mechanisms can be co-delivered by mAb-EV
to further improve the anti-tumor efficacy and avoid the reduced efficacy due to drug
resistance development in monotherapy.

Multiple nanoparticles have been developed to facilitate drug delivery. For example,
the peptide linked liposomes have been applied to deliver doxorubicin to breast cancers
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[57,64,65]. The polymeric nanoparticles and solid lipid nanoparticles have also been de-
veloped to deliver chemotherapies or gene therapies [66—68]. As compared to these nano-
particles, EVs have the advantages of high circulation stability and low immune toxicity.
This study evaluated one drug (verrucarin A), but mAb-EV could pack and deliver mul-
tiple therapies such as chemotherapy, siRNA and gene therapy [29]. Furthermore, the pre-
viously reported immune therapeutic functions of EGFR mAb (e.g., antibody-dependent
cell cytotoxicity) and CD47 mAb (e.g., reactivation of phagocytosis) could offer additional
benefits in TNBC treatment besides directing targeted delivery, but it needs further inves-
tigation.

5. Conclusions

The natural extracellular vesicles used in this study had great potential for targeted
delivery of a highly potent drug, facilitated with tumor-targeting mAb, for cancer treat-
ment. The natural compound verrucarin A showed high anti-TNBC efficacy with minimal
toxicity. Despite the promising results, both the targeted delivery vehicle (mAb-EV) and
the therapeutic effect of verrucarin A need full evaluations in preclinical animal models,
in terms of pharmacokinetics, pharmacodynamics, biodistribution, toxicology, and anti-
TNBC efficacy, in the future.

Author Contributions: Conceptualization, L.Z. and X.L.; Methodology, Y.S., K.C,, ].S.G. and
H.G.N.; Validation, J.5.G. and A.T.; Formal Analysis, Y.S., K.C., Z.Z. and X.L.; Investigation, X.L.;
Data Curation, Y.S. and K.C.; Writing—Original Draft Preparation, L.Z. and X.L.; Writing—Review
& Editing, S.K., T.K,, L.Z. and X.L.; Supervision, X.L.; Funding Acquisition, L.Z. and X.L. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Institutes of Health (NIH) 1R01CA238273-01A1,
Department of Defense (DoD) W81XWH2110066 and W81XWH2110067.

Institutional Review Board Statement: The study was conducted according to the guidelines of
Care and Use of Laboratory Animals published by the National Institutes of Health (NIH Publica-
tion No. 85-23), and approved by the Institutional Biosafety Committee of University of Alabama at
Birmingham on January 11, 2021. The approved animal project number is IACUC-22200. This study
did not involve human project.

Informed Consent Statement: Not applicable.
Data Availability Statement: The data presented in this study are contained within the article.

Acknowledgments: The authors would like to thank the UAB Pathology Core Research Labora-
tory/Department of Pathology directed by Dezhi Wang for the service of tissue section and staining,
the UAB High-Resolution Imaging Facility for the service of high-resolution imaging, and the UAB
Small Animal Imaging Facility. We also thank Ya Zhang and Qing Wang’s kind support during
their research training in our laboratory.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Espinosa Fernandez, ].R.; Eckhardt, B.L.; Lee, J.; Lim, B.; Pearson, T.; Seitz, R.S.; Hout, D.R.; Schweitzer, B.L.; Nielsen, T.J.; Law-
rence, O.R.; et al. Identification of triple-negative breast cancer cell lines classified under the same molecular subtype using
different molecular characterization techniques: Implications for translational research. PLoS ONE 2020, 15, e0231953.
https://doi.org/10.1371/journal.pone.0231953.

2. Mayer, LLA;; Abramson, V.G.; Lehmann, B.D.; Pietenpol, ].A. New strategies for triple-negative breast cancer--deciphering the
heterogeneity. Clin. Cancer Res. 2014, 20, 782-790. https://doi.org/10.1158/1078-0432.CCR-13-0583.

3. Metzger-Filho, O.; Tutt, A.; de Azambuja, E.; Saini, K.S.; Viale, G.; Loi, S.; Bradbury, L; Bliss, ].M.; Azim, H.A,, Jr.; Ellis, P.; et al.

Dissecting  the

heterogeneity ~of triple-negative breast cancer. ]. Clin. Oncol. 2012, 30, 1879-1887.

https://doi.org/10.1200/JCO.2011.38.2010.

4.  Liedtke, C.; Mazouni, C.; Hess, KR.; Andre, F.; Tordai, A.; Mejia, J.A.; Symmans, W.F.; Gonzalez-Angulo, A.M.; Hennessy, B.;
Green, M; et al. Response to neoadjuvant therapy and long-term survival in patients with triple-negative breast cancer. J. Clin.
Oncol. 2008, 26, 1275-1281. https://doi.org/10.1200/JCO.2007.14.4147.



Pharmaceutics 2022, 14, 146 12 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Silver, D.P.; Richardson, A.L.; Eklund, A.C.; Wang, Z.C,; Szallasi, Z.; Li, Q.; Juul, N.; Leong, C.O.; Calogrias, D.; Buraimoh, A.;
et al. Efficacy of neoadjuvant Cisplatin in triple-negative breast cancer. |. Clin. Oncol. 2010, 28, 1145-1153.
https://doi.org/10.1200/JCO.2009.22.4725.

Nedeljkovic, M.; Damjanovic, A. Mechanisms of Chemotherapy Resistance in Triple-Negative Breast Cancer-How We Can Rise
to the Challenge. Cells 2019, 8, 957. https://doi.org/10.3390/cells8090957.

Wein, L.; Loi, S. Mechanisms of resistance of chemotherapy in early-stage triple negative breast cancer (TNBC). Breast 2017, 34
(Suppl. 1), S27-530. https://doi.org/10.1016/j.breast.2017.06.023.

Romero, D. Benefit in patients with PD-L1-positive TNBC. Nat. Rev. Clin. Oncol. 2019, 16, 6. https://doi.org/10.1038/s41571-018-
0127-7.

Marra, A.; Viale, G.; Curigliano, G. Recent advances in triple negative breast cancer: The immunotherapy era. BMC Med. 2019,
17, 90. https://doi.org/10.1186/s12916-019-1326-5.

Zhu, X.; Zhang, Q.; Wang, D.; Liu, C.; Han, B.; Yang, ].M. Expression of PD-L1 Attenuates the Positive Impacts of High-level
Tumor-infiltrating Lymphocytes on Prognosis of Triple-negative Breast Cancer. Cancer Biol. Ther. 2019, 20, 1105-1112.
https://doi.org/10.1080/15384047.2019.1595282.

Bardia, A.; Hurvitz, S.A.; Tolaney, S.M.; Loirat, D.; Punie, K.; Oliveira, M.; Brufsky, A.; Sardesai, S.D.; Kalinsky, K.; Zelnak, A.B.;
et al. Sacituzumab Govitecan in Metastatic Triple-Negative Breast Cancer. N. Engl. |. Med. 2021, 384, 1529-1541.
https://doi.org/10.1056/NE]Mo0a2028485.

Bardia, A.; Mayer, I.A.; Vahdat, L.T.; Tolaney, S.M.; Isakoff, S.J.; Diamond, J.R.; O’Shaughnessy, J.; Moroose, R.L.; Santin, A.D.;
Abramson, V.G.; et al. Sacituzumab Govitecan-hziy in Refractory Metastatic Triple-Negative Breast Cancer. N. Engl. ]. Med.
2019, 380, 741-751. https://doi.org/10.1056/NEJMoa1814213.

McGuinness, J.E.; Kalinsky, K. Antibody-drug conjugates in metastatic triple negative breast cancer: A spotlight on sacituzumab
govitecan, ladiratuzumab vedotin, and trastuzumab deruxtecan. Expert Opin. Biol. Ther. 2020, 21, 903-913.
https://doi.org/10.1080/14712598.2021.1840547.

Seligson, ].M.; Patron, A.M.; Berger, M.].; Harvey, R.D.; Seligson, N.D. Sacituzumab Govitecan-hziy: An Antibody-Drug Con-
jugate for the Treatment of Refractory, Metastatic, Triple-Negative Breast Cancer. Ann. Pharmacother. 2021, 55, 921-931.
https://doi.org/10.1177/1060028020966548.

Wahby, S.; Fashoyin-Aje, L.; Osgood, C.L.; Cheng, J.; Fiero, M.H.; Zhang, L.; Tang, S.; Hamed, S.S.; Song, P.; Charlab, R.; et al.
FDA Approval Summary: Accelerated Approval of Sacituzumab Govitecan-hziy for Third-line Treatment of Metastatic Triple-
negative Breast Cancer. Clin. Cancer Res. 2021, 27, 1850-1854. https://doi.org/10.1158/1078-0432.CCR-20-3119.

Carey, L.A. Directed therapy of subtypes of triple-negative breast cancer. Oncologist 2011, 16 (Suppl. 1), 71-78.
https://doi.org/10.1634/theoncologist.2011-S1-71.

Bobrie, A.; Colombo, M.; Raposo, G.; Thery, C. Exosome secretion: Molecular mechanisms and roles in immune responses.
Traffic 2011, 12, 1659-1668. https://doi.org/10.1111/j.1600-0854.2011.01225 x.

Thery, C; Zitvogel, L.; Amigorena, S. Exosomes: Composition, biogenesis and function. Nat. Rev. Immunol. 2002, 2, 569-579.
https://doi.org/10.1038/nri855.

Alvarez-Erviti, L.; Seow, Y.; Yin, H.; Betts, C.; Lakhal, S.; Wood, M.]. Delivery of siRNA to the mouse brain by systemic injection
of targeted exosomes. Nat. Biotechnol. 2011, 29, 341-345. https://doi.org/10.1038/nbt.1807.

Gyorgy, B.; Fitzpatrick, Z.; Crommentuijn, M.H.; Mu, D.; Maguire, C.A. Naturally enveloped AAV vectors for shielding neu-
tralizing antibodies and robust gene delivery in vivo. Biomaterials 2014, 35, 7598-7609. https://doi.org/10.1016/j.biomateri-
als.2014.05.032.

Tian, Y.; Li, S.; Song, J.; Ji, T.; Zhu, M.; Anderson, G.J.; Wei, ].; Nie, G. A doxorubicin delivery platform using engineered natural
membrane vesicle exosomes for targeted tumor therapy. Biomaterials 2014, 35, 2383-2390. https://doi.org/10.1016/j.biomateri-
als.2013.11.083.

Johnsen, K.B.; Gudbergsson, ].M.; Skov, M.N.; Pilgaard, L.; Moos, T.; Duroux, M. A comprehensive overview of exosomes as
drug delivery vehicles—endogenous nanocarriers for targeted cancer therapy. Biochim. Biophys. Acta 2014, 1846, 75-87.
https://doi.org/10.1016/j.bbcan.2014.04.005.

Ikarashi, Y.; Mikami, R.; Bendelac, A.; Terme, M.; Chaput, N.; Terada, M.; Tursz, T.; Angevin, E.; Lemonnier, F.A.; Wakasugi,
H.; et al. Dendritic cell maturation overrules H-2D-mediated natural killer T (NKT) cell inhibition: Critical role for B7 in CD1d-
dependent NKT cell interferon gamma production. J. Exp. Med. 2001, 194, 1179-1186.

Hao, S.; Bai, O.; Yuan, J.; Qureshi, M.; Xiang, J. Dendritic cell-derived exosomes stimulate stronger CD8+ CTL responses and
antitumor immunity than tumor cell-derived exosomes. Cell. Mol Immunol 2006, 3, 205-211.

Pitt, .M.; Andre, F.; Amigorena, S.; Soria, ].C.; Eggermont, A.; Kroemer, G.; Zitvogel, L. Dendritic cell-derived exosomes for
cancer therapy. J. Clin. Investg. 2016, 126, 1224-1232. https://doi.org/10.1172/JCI81137.

Ohno, S.; Takanashi, M.; Sudo, K.; Ueda, S.; Ishikawa, A.; Matsuyama, N.; Fujita, K.; Mizutani, T.; Ohgi, T.; Ochiya, T.; et al.
Systemically injected exosomes targeted to EGFR deliver antitumor microRNA to breast cancer cells. Mol. Ther. 2013, 21, 185-
191. https://doi.org/10.1038/mt.2012.180.

Hartman, Z.C.; Wej, J.; Glass, O.K.; Guo, H.; Lei, G.; Yang, X.Y.; Osada, T.; Hobeika, A.; Delcayre, A.; Le Pecq, J.B.; et al. Increas-
ing vaccine potency through exosome antigen targeting. Vaccine 2011, 29, 9361-9367. https://doi.org/10.1016/j.vac-
cine.2011.09.133.



Pharmaceutics 2022, 14, 146 13 of 14

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Si, Y.; Kim, S.; Zhang, E.; Tang, Y.; Jaskula-Sztul, R.; Markert, ].M.; Chen, H.; Zhou, L.; Liu, X.M. Targeted Exosomes for Drug
Delivery: =~ Biomanufacturing,  Surface  Tagging, and  Validation.  Biotechnol.  ]. 2020, 15, e1900163.
https://doi.org/10.1002/biot.201900163.

Si, Y.; Guan, J.; Xu, Y.; Chen, K; Kim, S.; Zhou, L.; Jaskula-Sztul, R.; Liu, X.M. Dual-Targeted Extracellular Vesicles to Facilitate
Combined Therapies for Neuroendocrine Cancer Treatment. Pharmaceutics 2020, 12, 1079.

Yu, Y.L; Chou, R.H,; Liang, ].H.; Chang, W.].; Su, KJ.; Tseng, Y.J.; Huang, W.C.; Wang, S.C.; Hung, M.C. Targeting the
EGFR/PCNA signaling suppresses tumor growth of triple-negative breast cancer cells with cell-penetrating PCNA peptides.
PLoS ONE 2013, 8, e61362. https://doi.org/10.1371/journal.pone.0061362.

Beniey, M.; Haque, T.; Hassan, S. Translating the role of PARP inhibitors in triple-negative breast cancer. Oncoscience 2019, 6,
287-288. https://doi.org/10.18632/oncoscience.474.

Nowsheen, S.; Cooper, T.; Stanley, J.A.; Yang, E.S. Synthetic Lethal Interactions between EGFR and PARP Inhibition in Human
Triple Negative Breast Cancer Cells. PLoS ONE 2012, 7, e46614.

Yang, E.S.; Nowsheen, S.; Rahman, M.A.; Cook, R.S.; Xia, F. Targeting BRCA1 localization to augment breast tumor sensitivity
to poly(ADP-Ribose) polymerase inhibition. Cancer Res. 2012, 72, 5547-5555. https://doi.org/10.1158/0008-5472.CAN-12-0934.
Shen, M.; Jiang, Y.Z.; Wei, Y.; Ell, B.; Sheng, X.; Esposito, M.; Kang, J.; Hang, X.; Zheng, H.; Rowicki, M.; et al. Tinagl1 Suppresses
Triple-Negative Breast Cancer Progression and Metastasis by Simultaneously Inhibiting Integrin/FAK and EGFR Signaling.
Cancer Cell 2019, 35, 64-80.€67. https://doi.org/10.1016/j.ccell.2018.11.016.

Ali, R;; Wendt, M.K. The paradoxical functions of EGFR during breast cancer progression. Signal Transduct. Target Ther. 2017, 2,
16042. https://doi.org/10.1038/sigtrans.2016.42.

Masuda, H.; Zhang, D.; Bartholomeusz, C.; Doihara, H.; Hortobagyi, G.N.; Ueno, N.T. Role of epidermal growth factor receptor
in breast cancer. Breast Cancer Res. Treat. 2012, 136, 331-345. https://doi.org/10.1007/s10549-012-2289-9.

Nakai, K.; Hung, M.C.; Yamaguchi, H. A perspective on anti-EGFR therapies targeting triple-negative breast cancer. Am. J.
Cancer Res. 2016, 6, 1609-1623.

Bethune, G.; Bethune, D.; Ridgway, N.; Xu, Z. Epidermal growth factor receptor (EGFR) in lung cancer: An overview and update.
J. Thorac. Dis. 2010, 2, 48-51.

Charakidis, M.; Boyer, M. Targeting MET and EGFR in NSCLC-what can we learn from the recently reported phase III trial of
onartuzumab in combination with erlotinib in advanced non-small cell lung cancer? Transl. Lung Cancer Res. 2014, 3, 395-396.
https://doi.org/10.3978/j.issn.2218-6751.2014.09.03.

Nielsen, T.O.; Hsu, F.D.; Jensen, K.; Cheang, M.; Karaca, G.; Hu, Z.; Hernandez-Boussard, T.; Livasy, C.; Cowan, D.; Dressler,
L.; et al. Inmunohistochemical and clinical characterization of the basal-like subtype of invasive breast carcinoma. Clin. Cancer
Res. 2004, 10, 5367-5374. https://doi.org/10.1158/1078-0432.CCR-04-0220.

Weiskopf, K. Cancer immunotherapy targeting the CD47/SIRPalpha axis. Eur. ]. Cancer 2017, 76, 100-109.
https://doi.org/10.1016/j.ejca.2017.02.013.

Huang, Y.;Ma, Y.; Gao, P.; Yao, Z. Targeting CD47: The achievements and concerns of current studies on cancer immunotherapy.
J. Thorac. Dis. 2017, 9, E168-E174. https://doi.org/10.21037/jtd.2017.02.30.

Samanta, D.; Park, Y.; Ni, X; Li, H.; Zahnow, C.A.; Gabrielson, E.; Pan, F.; Semenza, G.L. Chemotherapy induces enrichment of
CD47(+)/CD73(+)/PDL1(+) immune evasive triple-negative breast cancer cells. Proc. Natl. Acad. Sci. USA 2018, 115, E1239-E1248.
https://doi.org/10.1073/pnas.1718197115.

Nigro, A.; Ricciardi, L.; Salvato, I.; Sabbatino, F.; Vitale, M.; Crescenzi, M.A.; Montico, B.; Triggiani, M.; Pepe, S.; Stellato, C.; et
al. Enhanced Expression of CD47 Is Associated With Off-Target Resistance to Tyrosine Kinase Inhibitor Gefitinib in NSCLC.
Front. Immunol. 2019, 10, 3135. https://doi.org/10.3389/fimmu.2019.03135.

Si, Y.; Zhang, Y.; Guan, J.-S.; Ngo, H.; Totoro, A.; Singh, A.; Chen, K.; Xu, Y.; Yang, E.; Zhou, L.; et al. Anti-CD47 Monoclonal
Antibody-drug Conjugate: A Targeted Therapy to Treat Triple-negative Breast Cancers. Vaccines 2021, 9, 882.

Amagata, T.; Rath, C.; Rigot, J.F.; Tarlov, N.; Tenney, K.; Valeriote, F.A.; Crews, P. Structures and cytotoxic properties of
trichoverroids and their macrolide analogues produced by saltwater culture of Myrothecium verrucaria. J. Med. Chem. 2003, 46,
4342-4350. https://doi.org/10.1021/jm030090t.

Palanivel, K.; Kanimozhi, V.; Kadalmani, B. Verrucarin A alters cell-cycle regulatory proteins and induces apoptosis through
reactive oxygen species-dependent p38MAPK activation in the human breast cancer cell line MCF-7. Tumour Biol. 2014, 35,
10159-10167. https://doi.org/10.1007/s13277-014-2286-1.

Woldemichael, G.M.; Turbyville, T.J.; Vasselli, ].R.; Linehan, W.M.; McMahon, J.B. Lack of a functional VHL gene product sen-
sitizes renal cell carcinoma cells to the apoptotic effects of the protein synthesis inhibitor verrucarin A. Neoplasia 2012, 14, 771-
777. https://doi.org/10.1593/neo0.12852.

Yan, F.; Yu, Y.; Chow, D.C,; Palzkill, T.; Madoux, F.; Hodder, P.; Chase, P.; Griffin, P.R.; O'Malley, B.W.; Lonard, D.M. Identifi-
cation of verrucarin a as a potent and selective steroid receptor coactivator-3 small molecule inhibitor. PLoS ONE 2014, 9, e95243.
https://doi.org/10.1371/journal.pone.0095243.

Deeb, D.; Gao, X; Liu, Y.; Zhang, Y.; Shaw, ].; Valeriote, F.A.; Gautam, S.C. The inhibition of cell proliferation and induction of
apoptosis in pancreatic ductal adenocarcinoma cells by verrucarin A, a macrocyclic trichothecene, is associated with the inhibi-
tion of Akt/NF-small ka, CyrillicB/mTOR prosurvival signaling. Int. ]. Oncol. 2016, 49, 1139-1147.
https://doi.org/10.3892/ij0.2016.3587.



Pharmaceutics 2022, 14, 146 14 of 14

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Si, Y.; Kim, S.;; Ou, J; Lu, Y.; Ernst, P.; Chen, K.; Whitt, ].; Carter, A.M.; Markert, ].M.; Bibb, ].A.; et al. Anti-SSTR2 antibody-drug
conjugate for neuroendocrine tumor therapy. Cancer Gene Ther. 2020, 28, 799-812. https://doi.org/10.1038/s41417-020-0196-5.
Ou, J.; Si, Y.; Goh, K; Yasui, N.; Guo, Y.; Song, J.; Wang, L.; Jaskula-Sztul, R.; Fan, J.; Zhou, L.; et al. Bioprocess development of
antibody-drug conjugate production for cancer treatment. PLoS ONE 2018, 13, €0206246. https://doi.org/10.1371/jour-
nal.pone.0206246.

Xu, N.; Oy, J; Si, Y.; Goh, K.Y.; Flanigan, D.D.; Han, X,; Yang, Y.; Yang, S.-T.; Zhou, L.; Liu, X. Proteomics insight into the
production of monoclonal antibody. Biochem. Eng. . 2019, 145, 177-185. https://doi.org/10.1016/j.bej.2019.02.022.

Ji, X.; Xu, H.; Zhang, H.; Hillery, C.A.; Gao, H.Q.; Pritchard, K.A., Jr. Anion exchange HPLC isolation of high-density lipoprotein
(HDL) and on-line estimation of proinflammatory HDL. PLoS ONE 2014, 9, €91089. https://doi.org/10.1371/journal.pone.0091089.
Ou, J; Si, Y.; Tang, Y.; Salzer, G.E; Lu, Y.; Kim, S.; Qin, H.; Zhou, L.; Liu, X. Novel biomanufacturing platform for large-scale
and high-quality human T cells production. J. Biol. Eng. 2019, 13, 34. https://doi.org/10.1186/s13036-019-0167-2.

Si, Y.; Xu, Y.; Guan, J.; Chen, K.; Kim, S.; Yang, E.S.; Zhou, L.; Liu, X.M. Anti-EGFR antibody-drug conjugate for triple-negative
breast cancer therapy. Eng. Life Sci. 2021, 21, 37-44. https://doi.org/10.1002/elsc.202000027.

Si, Y.; Zhang, Y.; Ngo, H.G,; Guan, ].S.; Chen, K,; Wang, Q.; Singh, A.P.; Xu, Y.; Zhou, L.; Yang, E.S,; et al. Targeted Liposomal
Chemotherapies to Treat Triple-Negative Breast Cancer. Cancers 2021, 13, 3749. https://doi.org/10.3390/cancers13153749.

Sun, J.; Guo, Y.D.; Li, X.N.; Zhang, Y.Q.; Gu, L.; Wu, P.P.; Bai, G.H.; Xiao, Y. B7-H3 expression in breast cancer and upregulation
of VEGF through gene silence. Onco. Targets Ther. 2014, 7, 1979-1986. https://doi.org/10.2147/OTT.563424.

Bachawal, S.V.; Jensen, K.C.; Wilson, K.E; Tian, L.; Lutz, A.M.; Willmann, J.K. Breast Cancer Detection by B7-H3-Targeted
Ultrasound Molecular Imaging. Cancer Res 2015, 75, 2501-2509. https://doi.org/10.1158/0008-5472.CAN-14-3361.

Liu, C; Liu, J.; Wang, J.; Liu, Y.; Zhang, F.; Lin, W.; Gao, A.; Sun, M.; Wang, Y.; Sun, Y. B7-H3 expression in ductal and lobular
breast cancer and its association with IL-10. Mol. Med. Rep. 2013, 7, 134-138. https://doi.org/10.3892/mmr.2012.1158.

Seaman, S.; Zhu, Z; Saha, S.; Zhang, X.M.; Yang, M.Y.; Hilton, M.B.; Morris, K.; Szot, C.; Morris, H.; Swing, D.A.; et al. Eradica-
tion of Tumors through Simultaneous Ablation of CD276/B7-H3-Positive Tumor Cells and Tumor Vasculature. Cancer Cell 2017,
31, 501-515.e508. https://doi.org/10.1016/j.ccell.2017.03.005.

Yang, L.; Xu, L. GPR56 in cancer progression: Current status and future perspective. Future Oncol. 2012, 8, 431-440.
https://doi.org/10.2217/fon.12.27.

Lynch, J.R.; Wang, J.Y. G Protein-Coupled Receptor Signaling in Stem Cells and Cancer. Int. ]. Mol. Sci. 2016, 17, 707.
https://doi.org/10.3390/ijms17050707.

Lehtinen, J.; Raki, M.; Bergstrom, K.A.; Uutela, P.; Lehtinen, K.; Hiltunen, A.; Pikkarainen, J.; Liang, H.; Pitkanen, S.; Maatta,
A.M,; et al. Pre-targeting and direct immunotargeting of liposomal drug carriers to ovarian carcinoma. PLoS ONE 2012, 7, e41410.
https://doi.org/10.1371/journal.pone.0041410.

Kim, S.K.; Huang, L. Nanoparticle delivery of a peptide targeting EGFR signaling. J. Control Release 2012, 157, 279-286.
https://doi.org/10.1016/j.jconrel.2011.08.014.

Masserini, M. Nanoparticles for brain drug delivery. ISRN Biochem. 2013, 2013, 238428. https://doi.org/10.1155/2013/238428.
Lopez-Bertoni, H.; Kozielski, K.L.; Rui, Y.; Lal, B.; Vaughan, H.; Wilson, D.R.; Mihelson, N.; Eberhart, C.G.; Laterra, J.; Green,
J.J. Bioreducible Polymeric Nanoparticles Containing Multiplexed Cancer Stem Cell Regulating miRNAs Inhibit Glioblastoma
Growth and Prolong Survival. Nano Lett. 2018, 18, 4086—4094. https://doi.org/10.1021/acs.nanolett.8b00390.

Qu, J.; Zhang, L.; Chen, Z.; Mao, G.; Gao, Z.; Lai, X.; Zhu, X.; Zhu, J. Nanostructured lipid carriers, solid lipid nanoparticles, and
polymeric nanoparticles: Which kind of drug delivery system is better for glioblastoma chemotherapy? Drug Deliv. 2016, 23,
3408-3416. https://doi.org/10.1080/10717544.2016.1189465.



