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ABSTRACT

Around 15% of breast cancers are triple-negative breast cancer (TNBC), which is
characterized by the absence of three common receptors—ER, PR, and HERZ2, and
therefore do not respond to hormonal or anti-HER2 therapies. It is urgent to explore
targeted therapeutic strategies for TNBC due to its poor prognosis and rare effective
targeted therapy. In this study, we developed a polyamidoamine (PAMAM) dendrimer-
based targeted gene delivery system—GDP-uPA, to utilize urokinase-type plasminogen
activator (UPA) to target uPA receptor (UPAR), which is highly expressed in both TNBC
cells and cancer-associated stromal cells. Our results of *H NMR spectrum, TEM
imaging, and MTT assay showed characterization of functionalized dendrimers (16.45
nm) and their high biocompatibility (25 pg/ml) in MDA-MB-231 TNBC cell line. Results
of flow cytometer and confocal microscopy showed that GDP-uPA improved the delivery
of GTI-2040 (GTI), an anticancer oligonucleotide, in MDA-MB-231 cell line and
HCC2218 fibroblast cell line up to 6-fold compared to the GTI only group. GDP-
uUPA/GTI killed cells by ~30% through knock-downing human ribonucleotide reductase
component (R2) by 35%. In addition, biodistribution and therapeutic studies showed a
significant inhibition of tumor growth in the TNBC orthotopic xenograft mice model with
GDP-uPA/GTI administration for 14 days. Collectively, GDP-uPA improved the
transfection efficiency of anticancer nucleic acids in both breast cancer cells and cancer-
associated stromal cells, showing the targeted capacity and attenuated tumor growth in
mice model. GDP-uPA has great potential in developing efficient targeted delivery

systems to treat TNBC.
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1. INTRODUCTION

Breast cancer is the most prevalent cancer (31%) among women in the United
States.!® Analysis of breast tumors using immunohistochemistry to determine the
expression of estrogen receptor (ER), progesterone receptor (PR), and human epidermal
growth factor receptor 2 (HER?2) is a widely accepted method in clinical settings and can
help make better treatment decisions.*® Based on these molecular characteristics, breast
cancer can be generally categorized into the following five subtypes: i) Luminal A (ER+,
PR+, and HER2-); ii) Luminal B (ER+,PR+/— and HER2+/-); iii) HER2-positive (ER—,
PR—, and HER2+); iv) Triple-negative (TNBC) or basal-like (ER—, PR—, and HER2-); v)
Other special subtypes.* "2 It is well known that patients with different subtypes of
breast cancers have different prognosis and need different treatments,* * as shown in
Table 1.1.

Additionally, numerous prognostic factors are related to poor survival of breast
cancer patients, such as late tumor detection, advanced-stage caner, larger tumor size,
higher-grade tumor, more lymph node involvement, receptor status and molecular
subtypes, and occurrence of recurrence and metastasis.’>'8 Breast cancer treatments
should be tailored to different molecular signatures, receptor expressions, and cancer
stages to improve treatment effectiveness. Based on these differences, breast cancer
patients may undergo various forms of treatment, including surgery, radiation therapy,
chemotherapy, hormonal therapy, and targeted therapy, as shown in Table 1.1.1%20
Targeted therapies for breast cancer have come a long way over the past 25 years. Figure
1.1 summarizes a timeline of breast cancer targeted therapy drug classes, organized by

year of U.S. Federal Drug Administration (FDA) approval.?



Table 1.1 Classification of molecular subtypes of breast cancer and therapies.

Molecular Ol )
Subtvpes Luminal A HER2+ TNBC
yp HER2— HER2+
ER+ ER+ ER+ ER- ER-
Biomarkers PR+ PR- PR+/— PR- PR-
HER2- HER2- HER2+ HER2+ HER2-
Frequency
Cases (%) 50 15 20 15
. . Well . . Little Little
Hlsécilggécal differentiated Moderaz%;r/a((jjzafflelgentlated differentiated differentiated
(Grade ) (Grade I11) (Grade I1I)
Prognosis Good Intermediate Poor Poor
Endocrine, . Chemotherapy,
Response to Endocrine Endocrine, Chemotherapy, A{E{érl:ERZ PARP
Therapies | Chemotherapy | Chemotherapy Anti-HER2 by inhibitors,
Chemotherapy
therapy Immunotherapy

papers.* 25 26

ER: estrogen receptor; PR: progesterone receptor; HER2: human epidermal growth factor receptor 2.
Endocrine therapy includes tamoxifen, letrozole, anastrozole, and exemestane. Chemotherapy includes
adriamycin/cyclophosphamide (AC), AC/paclitaxel (AC-T), and docetaxel/cyclophosphamide (TC).
Anti-HER?2 therapy: trastuzumab or pertuzumab. The table is modified and derived from three review

Around 15% of breast cancers are triple-negative breast cancer (TNBC), which is

the most aggressive subtype and characterized by the absence of three common

receptors—ER, PR, and HER2.8*2 Epidemiological studies show that TNBC mostly

occurs in premenopausal women under the age of 40.% 23 TNBC patients generally have

shorter survival compared with other breast cancer subtypes, with a mortality rate of 40%

within the first 5 years after diagnosis.?* TNBC is known for its highly aggressive nature,

with more than one-third of TNBC patients will develop distant metastases.?* 27-2°
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Figure 1.1. Timeline of US Federal Drug Administration approval of targeted therapy
drug classes/drugs for breast cancer. The figure was remade and derived from the review
parper.2!

Due to its special molecular phenotype, TNBC does not respond to endocrine
therapy or anti-HER?2 targeted therapy (Table 1.1). Chemotherapy has been the main
treatment for TNBC for a long time; however, there have been recent developments in
the treatment landscape. This includes the introduction of poly(ADP-ribose) polymerase
inhibitors (PARPIs) for patients with BRCA mutations (BRCAmut) and the combination
of immunotherapy and chemotherapy in tumors showing PD-L1 positivity (at least 1% of
PD-L1 expression in tumor-infiltrating immune cells).3%-33 These targeted therapies
improve overall survival of patients, whereas have shown incidence of adverse events,**
can be resistant by tumor cells, and are not suitable for patients without BRCAmut or PD-
L.1.30-3%.35 Owverall, it is urgently needed to develop a novel therapy to improve treatment

success in TNBC due to its poor prognosis and rare effective targeted therapy.
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Recently, the focus of TNBC treatment has been on nanocarriers for drug delivery
system to achieve enhanced availability, targeted cellular uptake, and minimal toxicity.%
These nanocarriers, such as liposomes, micelles, dendrimers, and polymeric
nanoparticles, carry all the necessary components (drugs, targeted ligands, tracking
probes) and are designed in a way to specifically target the TNBC cells in the field.*’
Most of these nano delivery systems for TNBC rely on the enhanced permeation and
retention (EPR) effect®® and receptor-ligand-mediated active targeting for targeted drug
delivery. Most targeted delivery approaches utilize the corresponding ligands of the
receptor that are highly expressed in TNBC, like epidermal growth factor receptor
(EGFR)* and cluster-determinant 44 receptor (CD44)%, to as targeted ligands. The use
of nanotechnology for drug delivery, combined with comprehensive systems of
complementary components such as drugs, ligands, and probes, has the potential to
improve diagnostic accuracy and therapeutic efficacy, and further enhance patient
survival and life quality.36: 37

In this thesis, we developed a polyamidoamine (PAMAM) dendrimer-based 444
targeted gene delivery system—GDP-uPA, to utilize urokinase-type plasminogen
activator (UPA) to target uPA receptor (UPAR),*%° which is highly expressed in both
TNBC cells and cancer-associated stromal cells.®*>® The GDP-uPA was evaluated for its
ability to target cancer and its microenvironment and improve the transfection efficiency

of an anticancer nucleic acid GTI-2040 (GTI).
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In summary, GDP-uPA improved the transfection efficiency of anticancer nucleic

acids in both breast cancer cells and cancer-associated stromal cells, showing the targeted
capacity and attenuated tumor growth in mice model. GDP-uPA has great potential in

developing efficient targeted delivery systems to treat TNBC.



PAPER

I. uPA-MEDIATED POLYAMIDOAMINE DENDRIMER-BASED TARGETED
GENE DELIVERY SYSTEM ON TRIPLE-NEGATIVE BREAST CANCER

ABSTRACT

Around 15% of breast cancers are triple-negative breast cancer (TNBC), which is
characterized by the absence of three common receptors—ER, PR, and HERZ2, and
therefore do not respond to hormonal or anti-HER2 therapies. It is urgent to explore
targeted therapeutic strategies for TNBC due to its poor prognosis and rare effective
targeted therapy. In this study, we developed a polyamidoamine (PAMAM) dendrimer-
based targeted gene delivery system—GDP-uPA, to utilize urokinase-type plasminogen
activator (UPA) to target uPA receptor (UPAR), which is highly expressed in both TNBC
cells and cancer-associated stromal cells. The GDP-uPA was evaluated for its ability to
target cancer and its microenvironment and improve the transfection efficiency of
anticancer nucleic acid. Our results of *H NMR spectrum, TEM imaging, and MTT assay
showed characterization of functionalized dendrimers (16.45 nm) and their high
biocompatibility (25 pg/ml) in MDA-MB-231 TNBC cell line. Results of flow cytometer
and confocal microscopy showed that GDP-uPA improved the delivery of GTI-2040
(GTI), an anticancer oligonucleotide, in MDA-MB-231 cell line and HCC2218 fibroblast
cell line up to 6-fold compared to the GTI only group. GDP-uPA carrying GTI (GDP-
uPA/GT]I) killed cells by ~30% through knock-downing human ribonucleotide reductase

component (R2) by 35%. In addition, biodistribution and therapeutic studies showed a
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significant inhibition of tumor growth in the TNBC orthotopic xenograft mice model with
GDP-uPA/GTI administration for 14 days. Collectively, GDP-uPA improved the
transfection efficiency of anticancer nucleic acids in both breast cancer cells and cancer-
associated stromal cells, showing the targeted capacity and attenuated tumor growth in
mice model. GDP-uPA has great potential in developing efficient targeted delivery
systems to treat TNBC.

Keywords: targeted gene delivery, antisense oligonucleotide, urokinase-type
plasminogen activator receptor (UPAR), polyamidoamine (PAMAM) dendrimer, triple-

negative breast cancer (TNBC)

1. INTRODUCTION

Breast cancer is the most prevalent cancer among women in the United States.!
Around 15% of breast cancers are triple-negative breast cancer (TNBC), which is the
most aggressive subtype and characterized by the absence of three common receptors—
estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor
receptor 2 (HER2),*® and therefore do not respond to hormonal or anti-HER2 therapies.
Conventional chemotherapies include anthracycline, alkylating agents, an anti-
microtubule agent taxane, and an anti-metabolite fluorouracil (5-FU), are the mainstay of
systemic treatment for TNBC.% 1° However, chemotherapies are cytotoxic to healthy
tissues and resistance occurs eventually in a significant portion of patients and lead to
relapse of them. It is urgent to explore targeted therapeutic strategies for TNBC due to its
poor prognosis and rare effective therapies ° 112, Targeted therapy is a promising pursuit

to reduce toxicity in patients by delivering drugs directly to tumor cells and overcome



drug resistance by increasing retention inside cells. Recently, a few newly targeted
therapies for TNBC have been approved, including the poly (ADP-ribose) polymerase
(PARP) inhibitors olaparib and talazoparib for germline BRCA mutation associated
breast cancer (JBRCAmM-BC)*38 and immune checkpoint inhibitors atezolizumab (anti-
programmed death ligand-1; PDL1) and pembrolizumab (anti-programmed cell death-1;
PD1) in combination with chemotherapy drugs.>*® These targeted therapies improve
overall survival of TNBC patients carrying a BRCA mutation or PDL1 by 2-8 months,’-
19 whereas have shown incidence of adverse events,?° can be resistant by tumor cells, and
only benefit 35% of TNBC patients.'*6 1% Hence, it is necessary to utilize other targets in
TNBC to develop a novel targeted drug delivery system.

Urokinase-type plasminogen activator receptor (UPAR), also known as CD87, is
encoded by the PLAUR gene.?! uPAR was first identified as the cell surface receptor for
urokinase plasminogen activator (uPA) ligand,?* 2 and mainly be responsible for
degradation of extracellular matrix (ECM) components by uPA proteolytic activity.?*
UPAR is involved in ECM degradation, invasion and metastasis of malignant tumors,
tumor angiogenesis and cell proliferation.?>?® High uPAR expression has been shown in
most solid tumor tissues, such as breast, lung, liver and pancreatic tumors.?®-3! High
levels of uPAR have been linked to worse prognosis of breast cancer patients.?’> MDA-
MB-231 cell line, which was derived from invasive human TNBC tumors, showed higher
uPAR expression compared to other types of breast cancer cells.?® Whereas MDA-MB-
453, which was derived from less aggressive breast tumors, showed low uPAR
expression.® Moreover, UPAR is overexpressed in cancer-associated stromal cells such

as fibroblasts, macrophages, and endothelial cells.33-* Therefore, this makes uPAR a



potential target for targeted drug delivery system to kill both cancer cells and cancer-
associated stromal cells.

Cationic polyamidoamine (PAMAM) dendrimers were widely used as nonviral
gene carriers.>*2° This nanostructure has been reported has high drug delivery efficacy
and is available for drugs, gene, and protein therapeutics and can carry multiple payloads
including imaging agent to endow multifunction.*®-*2 In addition, it has been shown that
hyperbranched generation 2 (G2) PAMAM dendrimer crosslinked via an amine-reactive,
cleavable, homobifunctional linker DSP (3,3’-Dithiodipropionic acid di(N-
hydroxysuccinimide ester)*® and polyethylene glycol (PEG)* % (i.e., G2-DSP-PEG, or
simply GDP) has a similar payload to generation 5 (G5) but has lower
cytotoxicity.*®After endocytosed through cell membrane, DSP of GDP can be readily
GSH-triggered cleaved in cytoplasm, making it degradable.*® GDP will have better
capacity for drug or gene delivery as high generation PAMAM dendrimers, but lower
cytotoxicity and GSH-triggered release profile.3 46 Collectively, we can utilize GDP as a
powerful vehicle to conjugate with uPA binding domain and deliver anticancer gene or
drug into tumor to yield an effective anticancer drug delivery system that has the
potential to be applied for treating TNBC.

GTI1-2040 (simply referred to as GTI) is a 20-mer phosphorothioate antisense
oligonucleotide (5’-GGCTAAATCGCTCCACCAAG-3’)* that is complementary to
coding region in the mRNA of ribonucleotide reductase 2 subunit (R2) to induce RNase
H cleavage.*®° Ribonucleotide reductase enzymes (R1 and R2)°% > are responsible for
the reduction of ribonucleotides to deoxyribonucleotides which is involved in DNA

replication and repair.>* > Increased R2 activity is highly associated with tumor cell
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growth and malignant transformation in breast cancers including TNBC and has emerged
as a key target for anticancer therapy.>®-%° R2 inactivation has been used as monotherapy
or a combination with chemotherapies for various cancers in clinical trials.> 6163
Recently, several R2 inhibitors including GTI through mRNA knockdown have entered
clinical trials for cancer treatment.®® %48 |t has been demonstrated that GT1 can decrease
mRNA and protein levels of R2 and inhibit tumor growth in vitro and in vivo.*
Phosphorothioate modification throughout the entire GTI expands the effective molecular
lifetime by minimizing intracellular nuclease degradation for over 24 hours.*?: 6% 70
Furthermore, GTI combined with other chemotherapies has been investigated in phase |
and phase I1 clinical trials for the promising treatment of cancers.”*"® However, antisense
oligonucleotide has low membrane permeability, and lacks an effective delivery system
to against cancer in clinics.”"® GTl is an ideal model drug to test whether our uPA-
mediated drug delivery system can improve GTI delivery and killing efficiency in TNBC.
Collectively, in this study, we synthesize uPA-mediated drug delivery system by
conjugating cross-linked G2 dendrimers and uPA binding domain to carry GTI antisense
oligonucleotide (GDP-uPA/GTI, Figure 1). Characterization and tumor-targeted capacity
of this system are tested and assessed in vitro and in vivo model. Overall, this uPA-
mediated drug delivery system may be a better vehicle for GTI to target TNBC cancer

cells and cancer-associated stromal cells and a potential way to improve the therapeutic

efficiency in the clinic and eliminate side effects.
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Figure 1. Schematic illustration of uPA-mediated targeted gene delivery system
preparation route and its proposed strategy on treating TNBC. (A) Synthesis process of
GDP-uPA/GTI complex. (B) GDP-uPA/GTI nanostructure is proposed to distribute to
UPAR highly expressed tumor site through blood stream. After being uptake by TNBC

cells and cancer-associated stromal cells via endocytosis, GTI can be released from GDP-
UPA/GTI complex and knockdown human R2 mRNA in cytoplasm, which leads to
reduced level of R2 protein and further results in cell death. G2: polyamidoamine
generation 2 dendrimers; DSP: disulfide containing linker; GDP: G2-DSP-PEG;
GDP/GTI: GDP carrying GTI; GDP-uPA/GTI: GDP-uPA carrying GTI. R2:
ribonucleotide reductase B2 subunit.

2. MATERIALS AND METHODS

2.1. MATERIALS
Disulfide containing linker (3,3" -dithiodipropionic acid-di(N-succinimidyl ester),
DSP) was synthesized in our lab. Polyamidoamine generation 2 dendrimer (PAMAM G2)

was purchased from Nanosynthons (Mt Pleasant, MI, USA). NHS-PEG [MW=3400



12
gmol™] and NHS-PEG-Maleimide [MW=3497 gmol*] were purchased from
RuixiBiotechCo.Ltd (Xi' An City, Shaanxi, China). uPA binding domain
(DCLNGGTCVSNKYFSNIHWCN, 21 amino acids) was synthesized by LifeTein
(Somerset, NJ, USA). GTI (5'- G*G*C*T*A*A*A*T*C*G*C*T*C*C*A*C*C*A*A*G
-3', 20 nucleotides, * = phosphorothioated backbone link) and 3'-end Cy5 modified GTI

were synthesized by Alpha AND (Montreal, Quebec, Canada).

2.2. CELL LINES & CELL CULTURE

MDA-MB-231 (#HTB-26, a TNBC cell line), MDA-MB-453 (#HTB-131, a non-
TNBC breast cancer cell line), and HCC2218 (#CRL-2343, a mammary gland carcinoma
fibroblast cell line) cell lines were purchased from American Type Culture Collection
(ATCC, Manassas, VA, USA). Cell lines were maintained with RPMI-1640 medium
(from ATCC) supplemented with 10% fetal calf serum (FCS) and 1%
Penicillin/Streptomycin (P/S) at 37°C and 5% CO2.The cell culture reagents described
above were purchased from Cytiva (Marlborough, MA, USA). Cells were passaged every

three to five days in flasks.

2.3. ANIMALS

5-week-old female athymic nude mice (J:Nu) were purchased from Jackson
Laboratory (Bar Harbor, ME, USA) and maintained at the S&T vivarium (Rolla, MO,
USA). The mice were maintained in microisolated cages on ventilated racks in 12 hours
light/dark cycle in a temperature-controlled room (18 — 22 °C) and given free access to

food and water. All maintenance and experiment procedures followed the instructions
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and regulations in an IACUC protocol approved by Institutional Animal Care and Use

Committee of Missouri University of Science and Technology (IACUC reference No.:

197-22).

2.4. SYNTHESIS AND FUNCTIONALIZATION OF DENDRIMERS

Four types of nanostructure were synthesized: cross-linked PAMAM G2 (G2-
DSP-PEG; or simply GDP), uPA-functionalized cross-linked PAMAM G2 (G2-DSP-
PEG-uUPA; or simply GDP-uPA), GDP carrying GTI (GDP/GT]I), and GDP-uPA carrying
GTI (GDP-uPA/GTI).

The final compound, GDP-uPA/GTI, was synthesized following the synthetic
route described in Figure 1A. Firstly, disulfide containing linker (DSP) was dissolved in
dimethyl sulfoxide (DMSO) and dropwise added into the PAMAM G2-containing PBS
solution to make a molecular ratio 1:1 mixture.*® The mixture was stirred at room
temperature overnight. An appropriate amount of NHS-PEG-Maleimide [MW=3497
gmol™] was added into the mixture to make the molar ratio of PEG and NH3 become
15:128 and stirred overnight.”® The mixture was then dialyzed against DI water using 3.5
kDa dialysis tubing (Repligen, Boston, MA, USA). Outside DI water was changed every
6~12 hr, for three times. After freeze-dried at -20°C overnight, the GDP was obtained as
a white powder, which was stored in -20°C for further use. Appropriate amount of GDP
powder was dissolved in DI water and mixed with GTI solution in DI water to make the
weight ratio of GDP and GTI become 5:1 and incubated for 30 min for electrostatic
interaction to form GDP/GTI complex. GDP/GTI was then mixed with uPA solution in

DI water to make the molar ratio of PEG-Maleimide and uPA become 1:1 and incubated
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for 15 min for conjugation through thiol-maleimide click reaction to form GDP-
uUPA/GTI.

Following similar procedures, nanostructure without uPA functionalization and/or

GTI (GDP, GDP/GTI or GDP-uPA) were synthesized for use as control.

2.5. CHARACTERIZATION OF FUNCTIONALIZED DENDRIMERS
Synthesized GDP in D>O were analyzed with proton nuclear magnetic resonance
(1H NMR; As-cend™400, from Bruker, Billerica, MA, USA). The biocompatibility of
GDP in TNBC cells was assessed with MTT assay as shown in the below section.
Transmission Electron Microscope (TEM; JEOL JEM-1400, at University of Missouri,
Columbia) was performed to assess morphology and size distribution of the final
compound GDP-uPA/GTI in DI water. Size distribution of GDP-uPA/GTI in TEM
images taken from six different imaging fields (with total n=725 nanoparticles) was then

measured by ImageJ software and presented in a histogram by SigmaPlot software.

2.6. GEL RETARDATION ANALYSIS

GDP (0.25~20 pg) and GTI (1 pug) were mixed at various weight ratios from
0.25:1to 20:1 at pH 7.4 in PBS buffer and incubated at room temperature for 30 min. The
GDP/GTI complex was mixed with 6X loading buffer and then analyzed using
electrophoresis assay on 1.2% aga-rose gel that contained ethidium bromide (EtBr) in
TBE buffer. The electrophoresis was performed at a voltage of 100V for 10 min. The
GTI bands were detected by ChemiDoc XRS+ System (Bio-Rad, Hercules, CA, USA).

Naked GTI was used as a control.
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2.7. STABILITY OF GDP/GTI COMPLEX AGAINST DNASE I
The naked GTI and GDP/GTI complex were both incubated with DNase 1 (0.25
ug/mL) for 10, 30, or 60 min at room temperature. Each sample was mixed with 6X
loading buffer and then analyzed using electrophoresis assay on 1.2% agarose gel that
contained ethidium bromide (EtBr) in TBE buffer. The electrophoresis was performed at
a voltage of 100V for 10 min. The GTI bands were detected using ChemiDoc XRS+

System.

2.8. HEPARIN-COUPLED ETHIDIUM BROMIDE FLUORESCENT ASSAY

The release of GTI from GDP/GTI at neutral (7.4) and acidic (5.6 and 6.8) pH
conditions were assessed using heparin-coupled EtBr fluorescent assay. In a black 96
well plate, GTI (1 pg/well) and EtBr (1 pug/well) were mixed in PBS buffer to achieve a
total volume of 30 pL/well. The plate was incubated at room temperature for 15 min.
GDP (5 pg/well) was then added into each well to achieve a total volume of 60 pL/well
and incubated for 15 min. The 40 pL heparin solution with different concentrations (0, 2,
4, 8, 10, 20, 30, 40, or 50 U/mL) was added to GDP/GTI to achieve the final volume of
100 pL/well. Finally, the plate was incubated for 30 min. The fluorescence intensity of
EtBr (Ex=360 nm/Em=590 nm) was determined with a microplate reader (FLUOstar
Omega, from BMG Labtech, Cary, NC, USA). The fluorescence values were normalized

to GDP/GT]I without heparin group.
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2.9. CELLULAR UPTAKE STUDIES

To study cellular uptake mechanism of GDP/GTI, pharmacological inhibitors of
endocytic pathways®® were used. MDA-MB-231 cells (8x10* cells/well) were seeded in a
24-well plate and incubated overnight. Cells were treated with either one inhibitor:
chlorpromazine (clathrin-mediated endocytosis inhibitor),8 82 nystatin (caveolae-
mediated endocytosis inhibitor),® or EIPA (5-[N-ethyl-N-isopropyl] amiloride;
macropinocytosis inhibitor)®*  in completed medium at 37°C for 1 hr and washed with
PBS for three times. Cells were then treated with GDP/GTI (25 pg/mL FITC-labeled
GDP with 5 ug/mL GTI) at 37°C for another 1 hr. Cells were collected and washed with
PBS for three times before analyzed by CytoFLEX Flow Cytometer (Beckman Coulter,
Indianapolis, IN, USA). To test cellular uptake of GDP and GDP-uPA by different cell
lines, MDA-MB-231, MDA-MB-453, and HCC2218 cells (2x10° cells/well) were seeded
in a 6-well plate and incubated overnight. Cells were treated with GDP or GDP-uPA
(both labeled with FITC) for 24 hr, and then collected and washed with PBS for three
times before analyzed by CytoFLEX Flow Cytometer.

For cellular uptake of dendrimers and GTI, MDA-MB-231 cells (2x10° cells/well)
were seeded in a 6-well plate and incubated overnight. Cells were treated with PBS, GTI
only, GDP, GDP/GTI, or GDP-uPA/GTI (dendrimer was labeled with FITC; GTI was
labeled with Cy5) for 6 hr, and then collected and washed with PBS for three times
before analyzed by CytoFLEX Flow Cytometer.

Intracellular trafficking and visualization of cellular uptake were performed using
confocal microscopy (A1R HD/Ti2E, from Nikon Instruments Inc., Melville, NY, USA).

For intracellular trafficking, MDA-MB-231 cells (3x10* cells/well) were seeded in an 8-
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well chambered cover-glass system and incubated overnight. After the incubation
GDP/GTI (25 pg/mL GDP with 5 pg/mL Cy5-labeled GTI) for 2 or 6 hr, cells were
stained with a mixture of Hoechst3342 (1 ug/mL) and LysoTracker™ Deep Red (50 nM,
from Invitrogen) at 37°C for 30 min and washed with PBS for three times before imaging
by confocal microscopy.

For visualization of cellular uptake by different cell lines, MDA-MB-231, MDA-
MB-453, or HCC2218 cells (3x10* cells/well) were seeded in an 8-well chambered
cover-glass system and incubated overnight. After the incubation with FITC-labeled
GDP/uPA (25 pug/mL) for 1, 6, or 24 hr, cells were stained with Hoechst3342 (1 ug/mL)
at 37°C for 30 min and washed with PBS for three times before imaging.

For visualization of GTI cellular uptake, MDA-MB-231 cells (3x10* cells/well)
were seeded in an 8-well chambered cover-glass system and incubated overnight. After
the incubation with PBS, GTI only, GDP/GTI, or GDP-uPA/GT]I (25 pg/mL dendrimers;
5 ug/mL Cyb-labeled GTI) for 24 hr, cells were stained with a Hoechst3342 (1 ug/mL) at
37°C for 30 min and washed with PBS for three times before imaging. NIS-Elements AR

Software (Nikon) was used for image analysis.

2.10. WESTERN BLOT

Cells were harvested and lysed with RIPA supplemented with protease inhibitor
cocktail (1:100) and phosphatase (1:100). Following incubation for 30 min at 4°C, cell
lysates were centrifuged for 15 min at 11,000 g (Micromax RF Centrifuge, from Thermo
Fisher Scientific, Waltham, MA, USA) at 4°C. The concentrations of protein were

measured using the BCA assay. Equal amounts of protein (20 pg protein with 2x loading
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dye/well) were electrophoretically separated by SDS-PAGE (12%) and transferred to
PVDF membranes by Power Blotter XL System (Invitrogen, Waltham, MA, USA).
Membranes were then blocked with 5% skimmed milk in Tris-buffered saline with 0.1%
Tween-20 (TBST) for 2 hr at room temperature. After washing with TBST three times
for 5 min, membranes were incubated with primary antibodies (anti-human uPAR, from
Invitrogen; anti-human beta-actin, from Cell Signaling, Danvers, MA, USA) overnight at
4°C, followed by a 1-hr incubation with HRP-conjugated secondary antibodies. ECL
substrate was added on the PVDF membrane before analyzed by ChemiDoc XRS+

System.

2.11. MTT ASSAY

Biocompatibility of GDP and killing efficiency of GTI complex were determined
using thiazolyl blue tetrazolium bromide (MTT assay, purchased from Bio-Techne,
Minneapolis, MN, USA). For biocompatibility test, MDA-MB-231 cells were seeded at
1x10% cells/well in a 96-well plate and incubated overnight. Cells were then treated with
various concentrations (0-400 pg/mL) of GDP for 24 hr. For killing efficiency test,
MDA-MB-231 cells were seeded at 1x10* cells/well in a 96-well plate and incubated
overnight. Cells were then treated with PBS, GTI only, GDP/GTI, or GDP-uPA/GTI
group for 6 hr. After the treatment, 20 uL of MTT solution (to final concentration 0.5
mg/mL) was added to each well of 96-well plate and incubated at 37°C for 2 hr. To
solubilize the purple formazan crystals, 200 pL of DMSO was added to each well after

removing the medium and MTT solution. The optical density (OD) of each sample at 570
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nm was measured using a microplate reader. Cell viability was normalized with PBS

treated group.

2.12. REVERSE TRANSCRIPTION-QUANTITATIVE POLYMERASE CHAIN
REACTION (RT-QPCR)

Total RNA extraction of cells was performed with TRIzol™ Plus RNA
Purification Kit (Invitrogen) with DNase | treatment at room temperature for 15 min and
stored in nuclease-free water at -80°C. The quality and concentration of RNA were
determined using a microvolume spectrophotometer (NanoDrop™ OneC, from Thermo
Fisher Scientific). RT-gPCR of template RNA was performed with TagMan™ RNA-to-
CT™ 1-Step Kit (Applied Biosystems, Foster City, CA, USA). Each reaction was
prepared on a total volume of 10 pL, including RNA template (40 ng), TagMan RT-PCR
Mix (2X), TagMan Gene Expression Assay (20X; beta-actin, #Hs99999903 m1; human
R2, #Hs00357247 _g1), TagMan RT Enzyme Mix (40X), and nuclease-free H.O. The
mixtures were heated at 48°C for 15 min and 95°C for 10 min, followed by 40 cycles
(95°C for 15 sec, 60°C for 1 min) using a QuantStudio 3 Real-Time PCR System
(Applied Biosystems). Data was analyzed with QuantStudio™ Design and Analysis
Software (Applied Biosystems). Gene expression of human beta-actin was used for

normalization.

2.13. ESTABLISHMENT OF TNBC ORTHOTOPIC XENOGRAFT MICE
MODEL

6-week-old female nude mice were weighed and then anesthetized with

isoflurane. When adequate anesthesia had been achieved, MDA-MB-231 cells (5x10°
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cells/200 pL in 10% Matrigel; Corning, NY, USA) were injected into the 4th right
mammary fat pad in each mouse with an insulin syringe with fixed needle (31G x 5/16’,
from Medline, Northfield, IL, USA) for generating mammary gland tumor 8. Tumor
diameters were serially recorded with a digital caliper every 2 days, and tumor volumes
were calculated with the formula: tumor volume (mm?®) = 0.5xlength (mm) x width x
width (mm?). Body weights were recorded every 2 days. These mice develop orthotopic

tumors to 40 mm? in around 4 weeks.

2.14. BIODISTRIBUTION STUDY

After the tumor grew to 40 mm?, mice were then randomized into groups and
received different treatments (PBS or GDP-uPA) by intravenous (1V) injection into the
lateral tail vein. GDP-uPA (200 ug/20 g mice) was labelled with IRDye800cw (weight
ratio 10:1; Ex:745/Em:810). Biodistribution of GDP-uPA was monitored at different time
points (2, 6, 24, and 48 hr) after the IV injection using an AMI HTX imaging system
(Spectral Instruments Imaging, Tucson, AZ, USA). Organs were collected after sacrifice
of mice at 48 hr time point. The mice were anesthetized with isoflurane inhalation prior

imaging.

2.15. THERAPEUTIC STUDY

When tumors grew to approximately 40 mma3, mice were randomized into groups
and received different treatments (PBS or GDP-uPA/GT]I) by IV injection into the lateral
tail vein every day for two weeks (n=4~5). The dosage of GTI was 40 ug/20 g mice per

day. Body weights were monitored every 2 days during the administration duration for
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short-term safety evaluation. Tumor diameters were serially recorded with a digital
caliper every 2 days, and tumor volumes were calculated as above. On the 15th day after
injection, the mice were sacrificed, and xenograft tumors were dissected. The tumors
were stained with hematoxylin-eosin (H&E) following standard protocols for histology

analysis.

2.16. STATISTICAL ANALYSIS
All values are shown as mean + standard deviation (SD). Comparisons between
groups were evaluated using Student’s t-test, and *: p < 0.05, **: p <0.01, or ***: p <

0.001 was considered statistically significant.

3. RESULTS

3.1. CHARACTERIZATION OF FUNCTIONALIZED NANOSTRUCTURES

As shown in Figure 1A, multiple steps were involved in the synthetic route of
GDP-uPA/GTI. G2 were crosslinked by the DSP to form a larger particle (G2-DSP). The
bonds formed in this reaction can be readily cleaved in the cytoplasm, making it
degradable.?” 8 Subsequently, a heterobifunctional polyethylene glycol, NHS-PEG-
Maleimide, was conjugated to the surface of the G2-DSP via NHS-amine chemistry® to
form G2-DSP-PEG (GDP) nanostructure. GTI antisense oligonucleotide was added to be
carried by GDP through electrostatic interaction (GDP/GT]). Finally, the targeted ligand
uPA binding domain was introduced to the surface of the GDP/GTI by the click reaction

between the thiol groups on the uPA and the terminal maleimide®® to form GDP-
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uUPA/GTI complex. Following similar procedures, nanostructure without uPA
functionalization and/or GTI (GDP, GDP/GT]I, or GDP-uPA) was synthesized for use as
a control.

The synthesized GDP was the basic material in this study and was characterized
by *H NMR spectrum. As shown in Figure 2A, GDP had characteristic peaks for
PAMAM G2 dendrimer (Ha—d for G2 scaffold methylene protons, Hb’ and Hd’ for G2
surface methylene protons adjacent to protonated NH2 groups), DSP linker (He-f), and
PEG (Hg). MTT result showed that GDP had a high biocompatibility (25 pg/ml) in
MDA-MB-231 cells (Figure 2B), so 25 pug/ml concentration of dendrimers including
GDP, GDP-uPA, GDP/GTI, GDP-uPA/GT]I was used in all the following experiments.
The morphology and size of our final compound GDP-uPA/GTI was assessed by TEM
with 20000X and 120000X magnification (Figure 3A). The average diameter was
measured to be approximately 16.45 nm (n=725, from six different imaging fields; Figure
3B), which was 5.6-fold larger than a single G2 particle. It suggests that the synthesized

GDP-uPA/GTI had a completed nanostructure and united morphology and size.

3.2. GDP-uPA HAS A TARGETED CAPACITY TO uPAR HIGHLY EXPRESSED
CELLS

To study the targeted capacity of GDP-uPA to uPAR highly expressed cells,
cellular uptake of non-targeted dendrimer (GDP) or GDP-uPA in various cell lines that
have different uPAR levels were tested. Expression of uPAR in different cell lines was
quantified by western blot. Western blot results showed strongly high expression of
UPAR in both MDA-MB-231 cells (TNBC cells) and HCC2218 cells (fibroblast cells)

compared to MDA-MB-453 cells (non-TNBC cells) (Figure 4).



DSP linker
(Cheng, et al., 2012)

.. Lol ] <
h o0q “
NN~ -

PEG

G2-DSP (1:1)

44 42 40 38 36 34 32 30 28 26 24 22 20 18 16 14 12
Chemical Shift (ppm)

B 120 -

100 1 oy - == ————

80 - gt

60 1

40 -

Cell viability (%)

20 -

Q 63'6 ’\1.‘3 % ,\QQ ,LQQ b‘gﬁ
GDP (ug/ml)

Figure 2. Characterization of the GDP. (A) 1H NMR spectrum analysis showed a
uniform nanostructure of the GDP. (B) MTT assay showed the GDP had high
biocompatibility (25 pg/ml) in MDA-MB-231 cells. All data are shown as mean + SD
(n=4). *: p < 0.05; ***: p < 0.001, compared with the control group.
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Figure 3. Morphology and size of the GDP-uPA/GTI. (A) TEM images and (B) the
histogram of its size distribution showed the GDP-uPA/GTI had a uniform morphology
and an average size of 16.45 nm diameter. magnification: 20000X (left) and 120000X
(right). Scale bar: 200 nm (left) and 20 nm (right).
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Figure 4. uPAR protein levels in different cell lines. (A) Western blot and (B) its
quantification results showed that TNBC cells (MDA-MB-231) and fibroblast cells
(HCC2218) highly expressed uPAR, whereas non-TNBC cells (MDA-MB-453)
expressed low UPAR level. Actin was represented as a loading control. Quantification of
UPAR was normalized with actin and then divided by the MDA-MB-231 group.

Images taken from confocal microscopy showed the faster and better uptake of
GDP-uPA in MDA-MB-231 cells and HCC2218 cells than that in MDA-MB-453 cells
(Figure 5A). In addition, flow cytometer analysis showed that GDP-uPA had a better
uptake by MDA-MB-231 cells compared to non-targeted dendrimer (GDP) (Figure 5B).
These results reveal that GDP-uPA has a targeted capacity and improved uptake

efficiency in TNBC cells and fibroblast cells that highly express uPAR.

3.3. MECHANISMS OF UPTAKE AND RELEASE OF THE GDP/GTI
COMPLEXES

To investigate the optimal mass ratio of GDP/GTI complex, the complexes were
prepared at different mass ratios (0.25:1 to 20:1). Gel retardation results showed that

dendrimers form stable complexes with GT1 above the mass ratio of 5:1 (Figure 6A),
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which was an appropriate ratio to be used in the following experiments. The
electrophoresis results showed that GDP can protect GTI against DNase | (0.25 mg/ml)
degradation (Figure 6B), which showed the potential to reduce the risk of the enzymatic

degradation on GTI in future in vivo studies.
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Figure 5. GDP-UPA has a targeted capacity to UPAR highly expressed cells. (A) Images
taken by confocal microscopy and (B) flow cytometry results showed faster and better
uptake of GDP-uPA in high-uPAR level cell lines including MDA-MB-231 and
HCC2218. Also, GDP-uPA showed better uptake than non-targeted dendrimer (GDP) in
MDA-MB-231 cells. Green: GDP-uPA; magnification: 60X; scale bar: 10 um. All data
are shown as mean + SD (n=3). ***: p < 0.001, compared with the GDP group.

FITC intensity mean




27

A GDP/GTI (w/w)

GTI GDP/GTI
(min) 0 10 30 0O 10 30 60

Figure 6. Optimal weight ratio of the GDP/GTI complexes. (A) Gel retardation results
showed weight ratio 5:1 of GDP/GTI completely carry GTI. (B) GDP could protect GTI
against DNase degradation. Lane 1: DNA ladder.

To study uptake and release mechanism of GDP/GTI complex, flow cytometer
and EtBr fluorescent assay were performed, respectively. After chlorpromazine, nystatin,
or EIPA was applied for 1 hr in priority to the GDP/GT] treatment, a significant reduction
in the cell uptake of GDP/GTI complex was observed (Figure 7). The results suggest that
clathrin-mediated endocytosis, caveolae-mediated endocytosis, and macropinocytosis are

all actively involved in uptake of the GDP/GTI complex.
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Figure 7. Internalization mechanisms of GDP/GTI in TNBC cells. Flow cytometry
results showed that 1-hr pretreat of inhibitors of micropinocytosis, clathrin-mediated
endocytosis, and caveolae-mediated endocytosis pathways significantly reduced the

uptake of the GDP/GTI complex in MDA-MB-231 cells. It suggests micropinocytosis,
clathrin-mediated endocytosis, and caveolae-mediated endocytosis pathways were all
actively involved in the uptake of the GDP/GTI complex in MDA-MB-231 cells.
Inhibitors: EIPA (macropinocytosis), chlorpromazine (clathrin-mediated endocytosis),
and nystatin (caveolae-mediated endocytosis). All data are shown as mean + SD (n=3~4).
*: p < 0.05, compared with the control.

As shown in Figure 8, GDP/GTI complex forms easily and stably at neutral pH
but disassembles readily under acidic conditions (pH 6.8 and 5.6). Also, the release
potency of GTI from the complex was pH-dependent. It suggests that GDP/GTI may be
stable in the blood, while being unstable and further disassemble in the acidic
environment such as cancer microenvironment (pH 5.6~6.8),% °! endosomes, and

lysosomes, which enables dendrimer to release GTI when delivered into tumor site.
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Figure 8. Release profile of GTI from GDP/GTI complex. Ethidium bromide fluorescent

assay results showed that GDP/GTI complex was unstable in acidic environment (pH 5.6

and 6.8) and readily and easily disassembled compared to under the neutral condition (pH
7.4).

To study intracellular trafficking of GDP/GTI complex, the subcellular
localization was assessed with confocal microscopy. Images taken by confocal
microscopy showed the colocalization (yellow dots) of GDP/GTI complex (red) and
Lysotracker (green) in MDA-MB-231 cells at the 2 hr time point, which reveals the

trafficking of GDP/GTI complex into endosomes after 2 hr of treatment (Figure 9).
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GDP/GTI  LysoTracker Merge Bright Field
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Figure 9. Subcellular localization of the GDP/GTI complex in TNBC cells. Images were
taken by a confocal microscopy. The colocalization (yellow dots) of GDP/GTI and
LysoTracker in MDA-MB-231 cells was observed after 2 hrs of treatment. After 6 hrs,
GDP/GTI showed separation from the LysoTracker signals and remained in cytoplasm.
Red: GTI; green: Lysotracker, representing lysosomes and endosomes; blue: nucleus;
magnification: 60X; scale bar: 20 pm.

At the 6 hr time point, the red signal showed separation from the green signal of
LysoTracker (Figure 9). Also, the reduced and shrinking green signals indicated a
dissociation of endosomal caused by the proton sponge effect and led to endosomal
escape.? The result represents the GDP/GTI getting into cells by endocytosis and the
effective release of Cy5-labeled GTI from endosomes into cytoplasm. Release and
separation of GDP/GTI from endosomes to cytoplasm are important for mMRNA
knockdown. It enables GTI to hybridize to the R2 mRNA in cytoplasm and further lead

to R2 knockdown.*®
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3.4. GDP-uPA IMPROVES GTI DELIVERY AND KILLING EFFICIENCY ON
TNBC CELLS

Flow cytometer results showed GDP-uPA/GTI had approximate 1.75 times better
uptake of dendrimers by MDA-MB-231 cells than that of GTI only group and non-
targeted GDP/GTI group (Figure 10A). Moreover, GDP-uPA/GTI improved the delivery
efficiency of GTI up to 6-fold and 3-fold compared to the GTI only group and non-
targeted GDP/GTI group, respectively (Figure 10B). The confocal microscopy images
(Figure 10C) showed similar results that, after 6-hr treatment, GDP-uPA/GT]I apparently
enhanced delivery efficiency of GTI in MDA-MB-231 cells compared with the GTI only
and GDP/GT]I groups. Besides, a little more Cy5 signals could be observed in the
GDP/GTI group compared to the GTI only group, which was consistent to the data from

flow cytometry.

MTT results showed that GTI delivered by GDP or GDP-uPA significantly
reduced cell viability of MDA-MB-231 cells by about 30% compared to the PBS group
after 6-hr treatment, while the GTI only group had no difference with the PBS group
(Figure 11). The results suggest that GDP-uPA can improve the killing efficacy of GTI in
TNBC cells. The RT-qPCR results showed decreased human R2 protein expression on
MRNA level by 95% in the GDP-uPA/GTI treated group compared to the PBS group,
while other groups showed no significant differences (Figure 12). Collectively, it
suggests that GTI delivered by GDP-uPA killed cells by 30% through knock-downing R2

MRNA expression.



32

A 6 hr 6 hr
P 40000 1
% S5e+5 % -
Q * %k k Q ¥k ¥
E e T £ 30000 ;
>
T 3e+5 %
c 20000
[ 2
E 2e+5 - (=
B v 1910000 |
E e+ o
0 = - ™ R 0 v . ; . .
Q© et o® ?\G‘ ?\G« ?65 " (',0? ?\0‘\ ?\G“\
® P O ®
Rig Ria
c Hoechst 33342 GTI Merge Bright fiel

PBS

GTI

GDP/GTI

GDP-uPA/GTI

Figure 10. GDP-uPA/GTI improves GTI delivery in TNBC cells. Flow cytometry results
showed (A) the GDP-uPA/GT]I group had better uptake in TNBC cells and (B) further
improved GTI delivery compared to the naked GTI and GDP/GTI groups. (C) Images
taken by a confocal microscopy showed that GDP-uPA/GTI improved GTI delivery in
TNBC cells compared to other groups. FITC: GDP or GDP-uPA; Cy5: GTI. Red: GTI,;
blue: nucleus; magnification: 60X; scale bar: 50 um. All data are shown as mean + SD

(n=3~4); ***: p < 0.001.
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Figure 11. GDP-uPA/GTI improves killing efficiency on TNBC cells. MTT results
showed that GTI delivered by dendrimers (GDP/GTI and GDP-uPA/GT]I) significantly
killed cells by ~30% after 6-hr treatment, whereas GT1 only group did not. All data are

shown as mean £ SD (n=3~4). *: p < 0.05; ***: p < 0.001, compared with the PBS.
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Figure 12. R2 knockdown by GDP-uPA/GTI in TNBC cells. GDP-uPA/GTI significantly
knockdowned human ribonucleotide reductase component (R2) level in MDA-MB-231
cells after 6-hr treatment, while other groups did not. All data are shown as mean + SD

(n=3). **: p <0.01, compared with the PBS.
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3.5. GDP-UPA/GTI SHOWS TUMOR-TARGETED EFFICACY AND RESULTS
IN TUMOR GROWTH INHIBITION IN THE TNBC XENOGRAFT MODEL

To investigate the tumor-targeted capacity and delivery efficiency of GDP-uPA,
biodistribution of GDP-uPA was assessed in the TNBC orthotopic xenograft model
generated from athymic nude mice. As shown in Figure 13A, IRDye-labeled GDP-uPA
signals mainly distribute to the tumor site after 2 hr of 1V injection at the tail and can
accumulate at the tumor site for at least 48 hr. The other signals mainly distribute to the
kidneys and liver (Figure 13B). Also, some signals are also observed in the lungs (Figure
13B), which may be due to the tumor metastasis occurring in the lungs that happens in
TNBC model. These results suggest that GDP-uPA has tumor-targeted capacity and great

retention in tumor and may be excreted by kidneys and liver in the future.

2hr 6 hr 24 hr 48 hr 48 hr
GDP-uPA

PBS GDP-uPA PBS GDP-uPA pPBS GDP-uPA PBS GDP-uPA

Figure 13. GDP-uPA/GTI shows tumor-targeted efficacy in the TNBC xenograft mice
model. Biodistribution results including (A) whole body and (B) organs images taken by
AMI HTX imaging system showed that GDP-uPA could be distributed by blood stream

and targeted to tumor site in orthotopic TNBC xenograft mice model after 48 hr of IV.

Injection. GDP-uPA signals were also observed in the liver and kidneys. Purple circle:

tumor site. IRDye: GDP-uPA. Rainbow colors represent the live signal level.
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For the therapeutic study of GDP-uPA/GTI, body weight and tumor size of TNBC
xenograft mice model were monitored during the administration duration (Figure 14).

There is no significant body weight drop during the GDP-uPA/GTI administration, which

means the complex is safe for mice in a short-term study (Figure 14A). In addition, GDP-

UPA/GTI significantly inhibits tumor growth during the administration compared to the

PBS treated group (Figure 14B).
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Figure 14. GDP-uPA/GTI results in tumor growth inhibition in the TNBC xenograft
model. (A) There was no significant body weight drop during the GDP-uPA/GTI
administration, which meant the complex was safe to mice in a short-term study. (B)
GDP-uPA/GTI complex significantly inhibited tumor growth during the administration
duration. Data are shown as mean = SD (n=4~5). ***: p < 0.001, compared with the PBS

group.

As shown in Figure 15, histology image of tumor in GDP-uPA/GT] treated group
demonstrated much more apoptotic cells (arrow site: shrink nucleus surrounding by
empty space) and incomplete tumor structure with fewer stromal cells (long shaped light

pink cells), while the PBS group had solid structure and full of condensed stromal cells.
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Collectively, it reveals that GDP-uPA/GT]I can distribute and deliver GTI into tumor

through blood circulation and inhibited tumor progression in the TNBC mice model.

Figure 15. H&E histological images of tumor sections. The histological images showed

that GDP-uPA/GT]I group had more apoptotic cells and less stromal cells compared with

the PBS group. Purple circle: tumor site. Scale bar: 50 um. Magnification: 20X. Arrow:
apoptotic cells.

4. DISCUSSIONS

In this study, we hypothesized that GDP-uPA nanostructure would have a targeted
delivery capacity to uPAR highly expressed cells and tissues and would improve the
delivery and killing efficiency of GTI in TNBC cells.

The western blot results showed that both MDA-MB-231 and HCC2218 cell lines
expressed high uPAR level (Figure 4) and took more GDP-uPA compared to MDA-MB-
453 cells did (Figure 5). However, MDA-MB-231 cells also demonstrated a higher uPAR

level than HCC2218 cells did, whereas HCC2218 cells took more GDP-uPA than MDA-
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MB-231 cells did (Figure 5). We speculate that it is because HCC2218 is a suspension
cell line, while MDA-MB-231 is an adherent cell line. It is easier for nanoparticles to
attach and be taken by HCC2218 cells, which have more available surface area and three
dimensions morphology compared to adherent cells. Anyway, it does not change the fact
that GDP-UPA has a targeted capacity and better uptake than non-targeted GDP
nanostructure in TNBC cells. To overcome this kind of impediment in in vitro study to
test targeted capacity, it is preferable to perform 3D culture spheroid model or organoid
model that recapitulates many aspects of the complex structure and function of the
corresponding in vivo tissue.®® Still, in vivo study in an animal model for biodistribution
is the best way to investigate the targeted capacity of drug delivery system.

The duration of treatment of cells with nanocomplexes and the time point at
which samples are collected for analysis are important but are always difficult to
determine. While GDP-uPA was taken up by TNBC cells and stromal cells after 1 h of
treatment (Figure 5A), significant R2 mRNA knockdown by GDP-uPA/GT]I occurred
after 6 h of treatment (Figure 12).Thus, we analyzed samples by flow cytometry and cell
viability assay at the 6-h post-treatment time point to obtain cell uptake and killing
efficiency data. To obtain the most appropriate and consistent data, longer treatment
durations (e.g., 12, 24, or 48 hours) could be conducted and studied in future studies to
obtain more significant results.

To investigate the delivery improvement and killing efficiency of GDP-uPA/GTI
in TNBC cells compared with the naked GTI and non-targeted GDP/GT]I groups, cellular
uptake studies and cell viability assay were performed. Our flow cytometry and confocal

results showed that, after a 6-hr treatment, GDP-uPA/GTI group had significantly better
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delivery of GTI (3-fold) in TNBC cells compared to naked GTI and non-targeted
GDP/GTI groups did (Figure 10). Based upon these results, we initially anticipated that
GDP-uPA/GTI group would lead to much more reduction in cell viability than GTI and
GDP/GTI groups would do. However, the MTT results showed that both GDP/GTI and
GDP-uPA/GTI could significantly reduce viability (by ~30%) of TNBC cells after 6-hr
treatments, while the GT1 only group could not (Figure 11). Taken together, this shows
that the delivery efficiency of the GDP/GTI group may be sufficient for GT1 to kill
TNBC cells, although its delivery efficiency is only one-third that of the GDP-uPA/GTI
group. Even so, GDP represents nonspecific delivery, whereas GDP-uPA has shown
targeting ability to uPAR-high-expressing TNBC cells and stromal cells (Figures 4 and
5). Furthermore, the situation in the mouse model of TNBC will be different compared to
the cell model, as it imposes more stringent conditions on the nanostructures in terms of
blood circulation, tumor penetration, and retention.®* *® Therefore, in addition to cell
models, it is necessary to examine the targeting ability and tumor inhibition efficiency of
GDP/GTI and GDP-uPA/GTI nanocomplexes in TNBC mice models.

Our in vivo results demonstrated the biodistribution and a 48-hr retention of GDP-
uPA nanostructure into the tumor site of a TNBC xenograft model (Figure 13). GDP-
UPA/GTI showed a significant tumor growth inhibition (58.09% reduction compared to
the PBS group) after the administration by IV injection for 14 days (Figure 14B). For
further investigation of tumor-targeted and delivery efficacy between non-targeted GDP
and GDP-uPA, more groups (PBS, GTI, GDP/GTI, GDP-uPA/GTI) were performed in
the TNBC mice model (Figure Al and A2). To be noted, this TNBC xenograft mice

model was established by the same procedures written in the MATERIALS AND
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METHODS section but using mice with older age (13-week-old) and they were 1V
injected with the nanostructures every two days, instead of every day, for two weeks, so
this data was just a preliminary assessment of tumor-targeted and delivery efficacy using
more treatment groups (n=5~6/group) and did not be included in the main content. As
shown in Figure A1, only the GDP-uPA/GTI group, instead of the non-targeted GDP/GT]I
group, could distribute to the tumor site (purple circle in Figure A1A) and retain in the
tumor for at least 48 hours. In addition, other signals could be observed mainly in the
kidneys and liver at the 48 hr time point after the injection (Figure A1B), which
suggested it might be excreted by kidneys and liver in the future. For the therapeutic
study, body weight and tumor size of the TNBC xenograft mice model were monitored
during the administration duration (Figure A2). There was no significant body weight
drop during the administration of GTI, GDP/GTI, and GDP-uPA/GT]I, which referred to
the nanocomplexes were safe for mice in a short-term study (Figure A2A). As shown in
Figure A2B and A2C, the GDP-uPA/GTI group significantly inhibited the tumor growth
(51.89% reduction) during the administration compared to the PBS treated group, while
no significant difference was observed among the PBS, GTI, and GDP/GT]I groups.
These preliminary studies showed that GDP-uPA nanostructure had a tumor-targeted
capacity (Figure Al) and exhibited a better anti-tumor efficacy (Figure A2) when
carrying GTI, whereas the non-targeted GDP nanostructure did not target the tumor and
had less anti-tumor efficacy. It enables us to know the differences in tumor-targeted
capacity and anti-tumor efficacy between the non-targeted GDP/GTI and GDP-uPA/GTI

nanocomplexes.
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To transform GDP-uPA/GT] into a clinically feasible treatment for TNBC, there
is a critical need to determine the delivery mechanism of GDP-uPA into TNBC cells and
the anti-tumor mechanism of GDP-uPA/GT]I. Our future directions (Figure A3) are
exploring the delivery mechanisms of GDP-uPA and the molecular mechanisms of R2
knockdown resulting from GDP-uPA/GTI, including the following five research aspects:

1) The intracellular degradation and dissociation of GDP. Disulfide cleavage of
GDP is essential for the high releasing efficacy of GTI.#¢ It has been known that
glutathione (GSH) can cleave disulfide bonds, and GSH’s intracellular concentration is
100-1000 times higher than extracellular.8” 8% |t has been shown that GSH promoted
GDP degradation by digesting crosslinkers among the nanostructure after getting into
cytoplasm.*® To verify whether the disulfide bonds of the GDP are degradable with GSH
presence, DLS will be used to assess the size differences after incubation with different
concentrations (1, 10, 100, 1000, and 10000 pM)® of GSH in DI water for 10, 30, or 60
min. The hydrodynamic size of degraded GDP is expected to decrease from 13.09 nm to
2.9 nm (single G2) after incubation with GSH.

2) To identify the interaction of GDP-uPA and uPAR on the cell membrane,
competitive binding assay of GDP-uPA and uPA to uPAR will be adapted. MDA-MB-
231 cells have been shown to express high uPAR levels and will be split into four groups
(1x 108 cells in 100 pL of staining buffer/group) in centrifuge tubes. His-tagged pro-uPA,
GDP-uPA, and APC-conjugated anti-His antibody will be used for the aompetitive
binding assay. Pro-uPA-bound cells will be detected using flow cytometry. We anticipate

that a competitive binding assay will show the ability of GDP-uPA to inhibit APC-His-



41
tagged pro-uPA binding to UPAR, which reveals the interacting capacity of GDP-uPA to
uPAR.

3) Our current data has shown some promising and supportive results of GDP-
uPA and GDP-uPA/GTI compared to naked GTI and non-targeted GDP and GDP/GTI
groups. However, it’s necessary to include more control groups, such as scrambled GTI
(sGTI) and Lipofectamine/sGTI (Lipo/sGTI) as negative controls, and
Lipofectamine/GTI (Lipo/GT]) as a positive control to ensure a rigorous and reliable
outcome. We will conduct the previous and future experiments (cellular uptake, R2
knockdown, and killing efficiency studies) with these control groups. We will obtain
three scrambled sequences, including sGTI 1 (5’- ACGCACTCAGCTAGTGACAC -
3°),%8 sGTI 2 (5’- ACGCCTCAATAGTACGAGCC- 3°), and sGTI 3 (5°-
ACTGCCTAATCGAACGGCCA -3°), that are not complementary to human R2 mRNA
but retain the same base composition ratio to GTI (5’- GGCTAAATCGCTCCACCAAG
-3”). These sGTIs are generated randomly and have the weakest (or no) match with any
MRNA in the mRNA pool for humans. To ensure the sGTIs do not affect R2 expression
and cell viability in TNBC cells, the preliminary RT-qPCR and MTT assays will be
conducted. One sGTI, two if available, will be chosen according to the results and used in
the following experiments.

4) Molecular mechanism of R2 knockdown on killing TNBC cells will be
determined (Figure A3). Based on the studies about R2 inactivation in other cancer
models, R2 inactivation can lead to cell cycle arrest and apoptosis induction due to its
inhibition in DNA synthesis.®? %7-1%2 Flow cytometry analysis will be conducted using the

Dead Cell Apoptosis Kit with Annexin V Alexa Fluor 488 & Propidium lodide (PI) and
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Cell Cycle Analysis Kit to study the molecular mechanism of R2 knockdown by GTlI in
TNBC cells.

5) Effects of R2 knockdown on proliferation- and apoptosis-related signaling
pathways will be determined (Figure A3). R2 inactivation has been reported to
downregulate MAPK and PI3K/AKT/mTOR signaling pathways related to cell
proliferation,®-°° and induce apoptosis involving pathways such as Bcl-2, BAX/BAK,
and caspases pathways'%1% in various cancer types including breast cancer, pancreatic
cancer, lung cancer, cervical cancer, and leukemia. ELISA Kits of MAPK, PI3K, AKT/p-
AKT, mTOR/p-mTOR, Bcl-2, BAX/BAK, caspase-3/cleaved caspase-3, caspase-
9/cleaved caspase-9 will be performed to study the effects of R2 knockdown by GTI on
its downstream signaling pathways. Tumor samples from in vivo studies will also be
processed and analyzed with these ELISA kits for signaling pathway studies.

The accomplishment of the future directions will give us a better understanding of
molecular mechanisms results from R2 knockdown by GDP-uPA/GT]I in anti-tumor
effects in vitro and in vivo. In addition to the understanding of GDP-uPA/GTI delivery
mechanisms, it will bring us more knowledge of possible combination therapies with R2
inhibitors, like GTI, to treat TNBC by combining R2 inhibitors with therapies that target
signaling pathways that are complementary to those of R2 inactivation to achieve
synthetic lethality in tumors. These outcomes can also be expanded into other types of

cancer expressing high levels of R2.
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5. CONCLUSIONS

In this study, uPA-mediated polyamidoamine dendrimer-based targeted drug
delivery system was successfully synthesized and was easily prepared. GDP-uPA can be
uptake faster and better by both TNBC cells and stromal cells that highly express uPAR,
compared to lower uPAR expressing cells. In addition, GDP-uPA improved the
transfection efficiency of anti-tumor nucleotic acids including GTI compared to non-
targeted dendrimers (GDP) in TNBC cells and enhanced R2 knockdown efficiency. In an
orthotopic TNBC xenograft mice model, GDP-uPA/GTI could be distributed by blood
circulation and target to tumor site, and further significantly inhibited tumor growth
during the administration duration.

Our study demonstrates that this GDP-uPA has great potential to become an
efficient targeted delivery system and can be expanded and applied with different anti-

tumor gene or drug to treat UPAR overexpressed cancers including TNBC.
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SECTION

2. CONCLUSION

This thesis demonstrates that this GDP-uPA has great potential to become an
efficient targeted delivery system to improve the therapeutic effectiveness of GTI for
TNBC treatment. Enhanced R2 knockdown can be achieved by GDP-uPA/GTI in TNBC
model through its better delivery of GTI, tumor-targeted capacity, and increased
penetration and retention in tumor.

GDP-uPA can also carry various anti-cancer nucleic acids (e.g.,
siRNA/miRNA/plasmid/antisense oligonucleotide) and be applied to other types of
cancer with high uPAR level including TNBC. Besides, the strategy of utilizing uPA
binding domain as a targeted ligand can be practiced with different kinds of vehicles such
as liposomes and lipid nanoparticles for diverse usages in cancer therapies. It is expected
that this thesis can bring us more knowledge of possible therapies with GDP-uPA in

UPAR highly expressed cancers including TNBC and benefit more patients



APPENDIX

ADDITIONAL FIGURES FROM PAPER I
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Figure Al. Biodistribution studies of PBS, GTI, GDP/GTI, and GDP-uPA/GTI in an
TNBC xenograft model with older age. (A) Whole body and (B) tumor and organs
images taken by AMI HTX imaging system. Purple circle: tumor site.
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Figure A2. Therapeutic studies of PBS, GTI, GDP/GTI, and GDP-uPA/GTI ina TNBC
xenograft model with older age. (A) Body weight and (B) tumor volume were monitored
during the administration duration. (C) Tumors were collected after elimination of mice.

Data are shown as mean £ SD (n=5~6). *: p < 0.05, compared with the PBS group.
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Figure A3. A schematic diagram of the proposed future direction. The TNBC xenograft
model is used to evaluate the tumor suppression resulting from enhanced R2 knockdown
by our GDP-uPA/GTI nanocomplex and identify the signaling pathways regulated by the

enhanced R2 knockdown. GDP-uPA/GTI nanostructure is our strategy to explore the
mechanisms of R2 knockdown in TNBC tumor suppression. GDP-uPA/GT] is proposed
to distribute to uPAR highly expressed tumor site through blood stream due to its uPA
targeting ligand. After being taken by TNBC cells and cancer-associated stromal cells via
endocytosis, GTI-2040 (GTI) can be released from GDP-uPA/GTI complex and
knockdown human R2 mRNA in cytoplasm, which leads to reduced level of R2 protein
and further results in cell death. The effects of R2 knockdown on cell proliferation-
related pathways (e.g., MAPK, PI3BK/AKT/mTOR), and apoptosis-related pathways (e.g.,
Bcl-2, BAX/BAK, caspases) are proposed to assess by ELISA assays. R2: ribonucleotide
reductase 2 subunit. GDP-uPA/GTI: G2-DSP-PEG-uPA carrying GTI; GTI: an
antisense oligonucleotide of human R2 mRNA.
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