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ABSTRACT

Triple-negative breast cancer (TNBC) represents approximately 10-20% of all newly
diagnosed breast cancers and is classified as a subtype with the absence of ER, PR, and HER2
expression. TNBC displays high aggressiveness, a tendency to metastasize, a poor prognosis,
and a low survival rate. Unlike other breast cancer subtypes, TNBC has limited treatment
options due to the lack of targeted therapies. Therefore, there is a significant need to develop
new therapies for TNBC. IKBKE, also known as IKKe or IKKi, is a member of the IKK (IxB
kinase) family and exhibits high expression levels in various cancers. IKBKE functions as an
oncogene in breast cancer and is overexpressed in approximately 30% of breast carcinomas.
IKBKE is shown to be aberrantly amplified in TNBC and associated with proliferation,
migration, and survival in TNBC cells. Breast cancer also expresses high levels of CD24,
which is a heavily glycosylated glycosylphosphatidylinositol (GPI)-anchored surface protein
and plays an important role in tumor growth, invasion, and metastasis. Moreover,
overexpression of CD24 in tumors is associated with resistance to therapies.

Small interfering RNA (siRNA) can specifically knockdown the expression of target
genes. It represents a promising tool for cancer therapy as it can silence aberrant genes that are

essential for the progression of cancer cells. However, successful sSiRNA cancer therapy relies



on the development of safe and effective RNA delivery systems because naked siRNA is
unstable and has limited cellular uptake. Numerous delivery carriers have been investigated to
increase the stability and improve the cellular uptake of siRNAs. This dissertation focuses on
two primary research objectives. The first objective centered on discovering siRNAs targeting
IKBKE and CD24 for the treatment of TNBC. The second research objective aims to utilize a
recently discovered anti-PD-L1 human domain antibody as an immune checkpoint inhibitor
for cancer immunotherapy.

In Chapter 1, we briefly introduced the background of the research, the statement of
the problems, and research objectives.

In Chapter 2, we reviewed potential treatment options for TNBC and provided a
concise introduction to cancer immunotherapy, specifically focusing on PD-1/PD-L1 immune
checkpoint inhibitors.

In Chapter 3, we utilized a cholesterol peptide-based delivery system to condense
IKBKE siRNA to form nanocomplexes for the treatment of TNBC. The stability, cellular
uptake, and penetration capability of the cholesterol peptide/siRNA (CCP/siRNA)
nanocomplex was significantly increased. Importantly, the CCP/siRNA nanocomplex
significantly inhibited tumor growth in an orthotopic TNBC mouse model. These data suggest
that IKBKE siRNA could be a promising therapeutic strategy for TNBC.

In Chapter 4, we designed four CD24 siRNAs for the treatment of TNBC by targeting
different regions of human CD24 mRNA. The results showed the pre-designed siRNA reduced
the CD24 expression at both mMRNA and protein levels in TNBC cells. CD24 siRNA efficiently
inhibited the proliferation, migration, and invasion of TNBC cells. Moreover, silencing of

CD24 induced tumor cell apoptosis and cell cycle arrest. Further, we evaluated the association



of CD24 expression with doxorubicin resistance. We found that both CD24 mRNA and protein
levels were upregulated in doxorubicin-treated MDA-MB-231 cells and CD24 siRNA
sensitized MDA-MB-231 cells to doxorubicin which was reflected by a decreased 1C50 value.
Overall, targeting CD24 with siRNAs may be a promising therapeutic target for TNBC or other
cancers with overexpressed CD24.

In Chapter 5, we presented the work on the discovery of anti-PD-L1 human domain
antibodies (dAbs) using the phage display technique for cancer immunotherapy. In this study,
seven anti-PD-L1 domain antibodies were discovered. Among them, the CLV3 dAb showed
the highest binding affinity to human and mouse PD-L1 proteins with KD values of 137.5 nM
and 266.8 nM, respectively. The CLV3 dAb also exhibited potent binding affinity to PD-L1
overexpressing DU145 cells. CLV3 inhibited PBMC apoptosis in a co-culture system and
showed better tumor penetration compared to antibody. The CLV3 dAb significantly inhibited
tumor growth and increased the survival of CT26 tumor-bearing mice. The CLV3 dAb is

therefore a promising PD-L1 inhibitor that can be used for cancer immunotherapy.
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CHAPTER 1
INTRODUCTION
1.1 Overview

Worldwide, female breast cancer is the fifth leading cause of death. In the United
States, Breast cancer is the most diagnosed cancer and the second most common cause of death
among women. About 1 in 8 women in the U.S. will be diagnosed with breast cancer in their
lifetime. * According to the expression of molecular receptors namely estrogen receptor (ER),
progesterone receptor (PR), and human epidermal growth factor receptor-2 (HER2), breast
cancer typically can be divided into four subtypes: luminal A, luminal B, HER2-positive, and
triple-negative subtypes 3. Breast cancers with the absence of ER, PR, and HER2 as assessed
by immunohistochemical (IHC) staining are subtyped as triple-negative breast cancer (TNBC)
accounting for approximately 15-20% of all cancer cases *. TNBC is more likely to metastasize
to organs such as lungs, liver, and brain but less frequent bone metastasis. In addition, this
tumor subtype has the poorest prognosis among all breast cancer subtypes, especially those
with advanced-stage diseases °.

Cancer immunotherapy has been developed to improve the survival and quality of life
of patients with cancers and tremendous studies have demonstrated that cancer immunotherapy
has significantly improved the outcome of various human cancers . Several negative
regulators of T cell activation have been discovered to act as a “brake” role in immune
functions. Immune checkpoint blockade as the immunotherapeutic approach has been
developed to “release the brakes” of T cell functions ’. PD-L1 is one of the most widely studied
inhibitory checkpoint molecules. Expression of programmed cell death ligand 1 (PD-L1) has

been identified in a broad range of human cancers. Ligation of PD-L1 with its receptor,



programmed cell death protein 1 (PD-1), primarily expressed on activated T cells mediates
tumor immune escape &. Hence, the PD-1/PD-L1 axis is a potential target in cancer treatment
and the blockade of PD-1/PD-L1 with checkpoint inhibitors could be a new therapeutic
approach.

1.2 Statement of problem

Unlike other breast cancer subtypes, the therapeutic approaches for patients with TNBC
are few due to the lack of tumor-specific therapeutic targets. Currently, chemotherapy is the
primary systemic treatment option for patients with TNBC, however, it is notable that the
resistance of tumor cells to chemotherapy in TNBC frequently occurs °. The risk of early
relapse in TNBC patients within 5 years after diagnosis is nearly 3-fold higher than non-TNBC
patients *°. Moreover, compared to other breast cancer subtypes, patients with TNBC have a
fourfold higher risk of developing visceral metastasis. Metastasis is the main death cause for
the vast majority of TNBC patients. Therefore, more efforts need to be made to address the
major challenges in the treatment of TNBC.

IKBKE has been identified to be highly expressed in various human cancers, such as
glioma, ovarian cancer, breast cancer, and pancreatic cancer . Overexpression of IKBKE is
associated with tumorigenesis, metastasis, and chemoresistance 23, Specifically, IKBKE has
been identified as a breast cancer oncogene and is overexpressed in approximately 30% of
breast carcinomas 4. In our previous work, we have demonstrated the in vitro antitumor
activities of IKBKE siRNA in non-TNBC cell lines *°. Recently, IKBKE has been linked to
TNBC and our group reported that the IKBKE siRNA demonstrated a promising in vivo

antitumor effect in the MDA-MB-231 tumor-bearing xenograft mouse model . In this



dissertation, we aimed to explore whether IKBKE siRNA can be applied to treat TNBC and
be potentially combined with other therapies in particular immunotherapy.

CD24 is overexpressed in a variety of human cancers and plays a critical role in tumor
progression and metastasis 1" 8. Recently, accumulating evidence indicated that CD24 is not
only expressed on the cell surface but also exhibits a cytoplasmic accumulation, and both
intracellular and surface CD24 can promote tumor progression. In addition, CD24 expression
has been correlated with poor prognosis. Particularly, CD24 expression is much higher in
TNBC in comparison with ER+PR+ breast cancer and healthy breast cells and CD24
overexpression is associated with poor prognosis in triple-negative breast cancer * 20,
Furthermore, an association of CD24 expression with resistance to chemotherapy and targeted
therapies in breast cancer and other cancers has been noted ® 2!, These findings suggest that
CD24 is overexpressed across different types of tumors, and it might be a potential therapeutic
target for cancer treatment.

Small interfering RNA (siRNA) can be exploited to silence specific genes for
therapeutic purposes. However, the application of siRNAs remains challenging due to fast
degradation and clearance in the body. Naked siRNAs are difficult to cross biological
membranes due to the large molecular weight (~13 kDa) and intrinsic negative charges.
siRNAs are unstable in the bloodstream, and they can be rapidly degraded by nuclease %. To
overcome the challenges and widen the applications of sSiRNA as a therapeutic agent, a variety
of approaches have been developed to facilitate the successful delivery of siRNA into specific
sites 2324, Cholesterol peptide can spontaneously form the micelle-like structure and condense

the siRNA to form nanocomplexes 2°. In this dissertation, we aimed to determine whether



cholesterol peptide can protect IKBKE siRNA from degradation in serum and enhance cellular
uptake and tumor penetration.

Monoclonal antibody-based cancer immunotherapy targeting PD-1/PD-L1 signaling
has been widely applied to cancer treatment and demonstrated promising clinical efficacy in
various therapeutic fields over the past decades. However, limitations of traditional antibodies
(~150 kDa) caused by poor penetration and immunogenicity in solid tumors still need to be
improved %8, To address these limitations, smaller antibody fragments such as single domain
antibody (also named VHH or nanobody, ~15 kDa) displaying similar blocking activity as the
classic antibodies attract great interest ’. Identification of anti-PD-L1 domain antibodies may
potentially be used in cancer immunotherapy.

1.3 Objectives

The objectives of this dissertation are:

1. To assess the silencing and biological activities of IKBKE siRNA. RT-qgPCR will be
conducted to determine the silencing effect of IKBKE siRNA in EMT-6 cells. Next, we will
assess tumor cell proliferation using CellTiter-Glo reagent after IKBKE siRNA transfection.
Then, a transwell chamber system will be used to evaluate the migration and invasion
capabilities of tumor cells after the downregulation of IKBKE. The capability of the IKBKE
SiRNA to induce tumor cell apoptosis and cell cycle arrest will be determined by flow
cytometry.

2. To characterize the cholesterol peptide/siRNA nanocomplex (CCP/siRNA nanocomplex).
First, the condensation of siRNA with cholesterol peptide will be evaluated by a gel
retardation assay. Then, the particle size of the nanocomplex at different N/P ratios will be

measured using a Malvern Zetasizer Nano-ZS and transmission electron microscopy. The



stability of siRNA nanocomplex will be evaluated by incubation with 50% mouse serum at
different time intervals at 37°C. To evaluate the penetration of CCP/siRNA nanocomplex, a
3D spheroid model formed by EMT-6 cells will be used. To determine the cellular uptake,
Cyb-labeled siRNA will be incubated with EMT-6 cells and measured using flow cytometry
and fluorescent microscopy.

3. To assess the in vivo anti-tumor activity of the sSiRNA nanocomplex in an orthotopic TNBC
mouse model. EMT-6 cells will be implanted into the second mammary fat pad of female
Balb/c mice to establish an orthotopic mouse model. The siRNAs will be administered at 0.5
mg/kg every 3 days for a total number of five injections. The tumor size will be measured,
and PD-L1 expression will be tested in collected tumors. Cytotoxic T lymphocytes
demonstrate an association with the therapeutic outcome of immunotherapy. We will evaluate
the density of CD3+ and CD8+ T cells in the tumor microenvironment with
immunohistochemical (IHC) staining.

4. To evaluate the silencing effect and biological activities of CD24 siRNA using different
assays. Here, we will design four siRNAs targeting different regions of human CD24 mRNA
with online siRNA design tools. The silencing effect of designed siRNAs will be evaluated in
two TNBC cells (MDA-MB-231 and MDA-MB-468) with RT-gPCR and western blotting.
The proliferation of TNBC cells will be evaluated using CellTiter-Glo reagent after CD24
silencing. We will perform the transwell chamber assays to assess the migration and invasion
capabilities of TNBC cells after SIRNA transfection. Apoptosis and cell cycle distribution of
siRNA-transfected TNBC cells will be determined by flow cytometry. The association of
CD24 expression with doxorubicin resistance in MDA-MB-231 cells will be assessed with

various methods.



5. To assess the purification and biological activities of discovered anti-PD-L1 domain
antibody with different assays. We will run SDS-PAGE and SEC to evaluate the expression
and purification of anti-PD-L1 domain antibody (CLV3). Next, we will determine the binding
affinity of CLV3 against the PD-L1 protein and PD-L1 overexpressing tumor cells. The ability
of the CLV3 domain antibody to reverse apoptosis of immune cells co-cultured with DU145
cancer cells will be assessed by flow cytometry. Also, cytokine secretion by T cells cocultured
with DU145 cells in addition to CLV3 will be assessed using flow cytometry. Tumor

penetration of CLV3 will be investigated in a 3D tumor spheroid model.



CHAPTER 2
LITERATURE REVIEW

2.1 TNBC and treatment options
2.1.1 Characteristics of TNBC

Triple-negative breast cancer (TNBC) represents approximately 10-20% of all newly
diagnosed breast cancers and is classified as a subtype with the absence of ER, PR, and HER2
expression *. Compared with other subtypes, TNBC shows a high occurrence rate in young
women under 40 and in women with African ancestry 2. TNBC is a highly heterogeneous
disease categorized into six subtypes according to the gene expression profiling in tumor
samples from TNBC patients 2°. Among all TNBC subtypes, around 75% is basal-like subtype
characterized by the expression of basal-associated markers such as cytokeratin, cadherin,
vimentin, and epidermal-like growth factor (EGFR) . Besides, mutations in breast cancer
gene 1 and breast cancer gene 2 (BRCA1/BRCA?2) are commonly associated with the basal-like
subtype of TNBC. About 35% of TNBC patients carry the BRCA1 mutation and 8% of patients
have the BRCA2 mutation 2. TNBC is high-grade invasive ductal carcinoma and is associated
with a high risk of visceral metastasis such as brain, lung, and liver, with a lower prevalence
of bone metastasis. When TNBC is diagnosed, the majority of the patients are in stage T2 or
T3 (T2: tumor size is 2-5cm; T3: tumor size is more than 5cm) and show locoregional
metastasis such as lymph node metastasis and lymph vascular invasion 3. A vast majority of
TNBC patients die from tumor metastasis. Due to its aggressive features, TNBC has been

linked to poor prognosis and low survival rates °.



2.1.2 Risk of TNBC

Multiple potential risk factors for TNBC have been identified in studies. A median age
of women diagnosed with breast cancer is 62 years old and the incidence rate increases after
the age of 40 (1.5% risk at age 40, 3% at the age of 50 years, and >4% risk at age 70) *2. By
contrast, TNBC occurs more frequently in younger women under 40. Race has been linked to
the recurrence of breast cancer. The incidence rate of TNBC in African American women is
almost three-fold higher than in their white American counterparts 2. Genetic mutations are
reported to have a strong association with TNBC. BRCA1/BRCA2 are tumor-suppressive genes
in breast cancer and play an important role in DNA repair. Mutation of BRCA1/BRCA2 leads
to the dysfunction of the BRCA-mediate DNA repair mechanism. Compared with other
subtypes of breast cancer, TNBC shows a prevalence of BRCA mutations, and the mutations
have been selected as biomarkers to predict the efficacy of PARP inhibitors (PARPi) in TNBC
patients®3. Apart from BRCA, some common mutations in TP53, PTEN, CDH1, and STK11 are
also linked with breast cancer and TNBC incidence. Other potential risk factors for TNBC also
have been reported including obesity, history of radiation therapy, exposure to drugs, physical
activity, breast tissue density, alcohol intake, and smoking 3.
2.1.3 Diagnosis of TNBC

Classification of TNBC mainly relies on immunohistochemical (IHC) staining to assess
the expression of ER, PR, and HER2. TNBC is a subgroup of breast cancer lacking the
expression of these three receptors. American Society of Clinical Oncology/College of
American Pathologists (ASCO/CAP) updated the guideline for ER, PR, and HER2 testing in
breast cancer providing a more specific definition of TNBC 4. For ER and PR receptors, if

less than 1% of tumor cells show immunostaining in the IHC assay, the sample is considered



ER and PR negative %*. For HER2, if the result is IHC 0 or 1+, the sample is considered as
HER2 negative. If the result is IHC 2+, a fluorescence in situ hybridization technique needs to
be applied to evaluate the gene amplification of HER2. HER?2 is defined as negative if an
average HER2 copy number is < 4.0 signals per cell and the HER2/CEP17 ratio is <2.0 *°.
2.1.4 Treatment options of TNBC
2.1.4.1 Surgery

Surgery is the most conventional treatment option for locoregional breast cancer or
early-stage breast cancer with sentinel lymph node metastasis. For early-stage TNBC
management, a lumpectomy (surgical removal of the tumor tissue but preserving the breast) or
a mastectomy (surgical removal of the entire breast or lymph dissection) can be performed
according to the grade of cancer *. Surgery followed by radiotherapy is recommended when
the tumor size is large, or regional metastasis in the lymph node is observed. Moreover,
chemotherapy as a neoadjuvant or adjuvant therapy may be used with surgery for early-stage
TNBC to improve the treatment efficiency or prevent the recurrence . A study reveals that
patients with TNBC treated by breast-conserving therapy do not have a worse prognosis than
those treated by mastectomy. A recent analysis of database data demonstrates that patients with
lumpectomy followed by radiotherapy show improved survival rates *. Patients with a family
history of breast cancer or identified with gene mutations associated with TNBC such as
BRCAL may benefit more from a mastectomy to prevent cancer recurrence. For patients with
TNBC, the risk of early relapse within 3-5 years after surgery is higher in comparison with

other breast cancer subtypes 2.



2.1.4.2 Radiotherapy

Radiotherapy uses high-energy radiation to destroy the remaining breast cancer cells in
the cancer area and shrink tumors in the body. Radiotherapy is commonly used in the adjuvant
setting in TNBC ', Radiotherapy after surgery reduces local recurrence in patients with TNBC.
Abdulkarim et al. found that TNBC patients who received radiotherapy post-mastectomy
showed a lower locoregional recurrence compared to patients treated with mastectomy alone.
Moreover, radiotherapy improved overall survival rates of patients with hormone-receptor
positive breast cancer 4°. However, whether radiotherapy has significant survival benefits for
patients with TNBC is controversial. One study revealed the pNO TNBC patients without
radiotherapy treatment did not show worse outcomes **. Data from another study indicate that
TNBC patients who received adjuvant radiotherapy after surgery showed improved survival
than patients without radiation treatment %%, The effect of radiotherapy in TNBC can be affected
by the sequence used in the combination therapies. A study demonstrated that the sequence of
radiotherapy and chemotherapy is critical for therapeutic efficacy in breast cancer patients.
Compared to patients treated with radiotherapy after chemotherapy, patients who received
radiotherapy between two chemotherapies (cyclophosphamide and taxane) showed lower
locoregional recurrence but no difference in distant metastasis. In this study, the overall
survival rate was not associated with radiotherapy sequence regardless of subtypes of breast
cancer 2. Many preclinical data reveal that there is a synergic effect between immunotherapy
and radiotherapy in breast cancer. Combinations of radiotherapy and immunotherapy in early-
stage and metastatic breast cancer including TNBC are currently investigated under clinical

trials **. Radiotherapy can be affected by gene mutations in patients with TNBC. A study

10



revealed that TNBC patients who harbor BRCA1 mutation are potentially radiosensitive 8.
However, radioresistance is the major challenge of radiation therapy in TNBC %4,
2.1.4.3 Chemotherapy

TNBC treatment remains challenging owing to its aggressive and heterogeneous
nature. Unlike hormonal and HER2-positive breast cancers, TNBC is not sensitive to the
targeted therapies due to the lack of related receptor markers. Currently, chemotherapy is still
the dominant systemic treatment for patients with TNBC and many studies have demonstrated
the effectiveness of chemotherapy 8. Cytotoxic chemotherapy drugs commonly used in TNBC
include anthracycline, alkylating agents (e.g., cisplatin and cyclophosphamide), taxane, and 5-
fluorouracil (5-FU) °. Anthracycline and taxane are two standard chemotherapy regimens for
TNBC and are used in neoadjuvant and adjuvant settings. Anthracycline drugs (e.g.,
Doxorubicin and Epirubicin) treat cancers via different mechanisms: disrupting the replication
of DNA, activating immune responses, and generating oxygen-free radicals. Taxane drugs
(e.g., Paclitaxel, Docetaxel, and Cabazitaxel) are known as microtubule inhibitors that inhibit
tumor cell mitosis and angiogenesis 4. Chemotherapy as a neoadjuvant can achieve higher pCR
rates (30-40%) in the early stage of TNBC than non-TNBC *. A meta-analysis of 9 randomized
trials found that the addition of platinum to neoadjuvant chemotherapy increased the pCR rate
from 37% to 52.1%. In a phase Il clinical trial with 634 TNBC patients, adding carboplatin to
Paclitaxel-based neoadjuvant significantly improved the pCR rate of patients “°.

A large body of literature has demonstrated that TNBC patients show better
chemotherapy responses than non-TNBC patients 3. For example, in a cohort of patients with
breast cancer who received taxane and cyclophosphamide as the neoadjuvant chemotherapy,

the pCR rate in TNBC patients is much higher than in patients with luminal subtype breast
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cancers °. However, increasing evidence indicates that the current chemotherapeutic drugs are
more effective in patients with early-stage TNBC but less effective in patients with advanced-
stage or relapsed TNBC #'. Furthermore, even though patients with TNBC have a higher
likelihood of responding to chemotherapy, many patients still suffer cancer recurrence due to
the development of drug resistance 6. Several mechanisms of chemoresistance have been
identified “°. The risk of early relapse in patients with TNBC is higher than non-TNBC patients
10, The selection of appropriate chemotherapy or development of chemotherapy-based
combination therapies is important to improve the outcomes of TNBC patients.
2.1.4.4 Targeted therapies

Many studies have focused on the identification of molecular targets that can be
targeted in TNBC including surface receptors, intracellular receptors, signaling pathways, cell
cycle checkpoints, and DNA damage response . Different protein targets are overexpressed
in TNBC such as the epidermal growth factor receptor (EGFR), vascular endothelial growth
factor (VEGF), and fibroblast growth factor receptor (FGFR). Targeting these overexpressed
membrane receptors provides a new therapeutic approach for TNBC. A comprehensive
overview of the molecular features in the key signaling pathways associated with TNBC is
critical to identify potential therapeutic targets to explore targeted therapies in TNBC.
Emerging targeted therapy as a strategy to treat TNBC is being developed by targeting highly
activated pathways in tumor progression including PIBK/AKT/mTOR pathway, receptor
tyrosine kinases associated pathways, and Ras/MAPK pathway 5L,

In addition, significant aberrant alterations in gene expression or mutant genes have
been noted in TNBC such as mutations in BRCA1 or BRCA2. BRCA mutation is a diagnostic

marker in TNBC and about 20% of TNBC harbors germline BRCAL1/2 mutations. The FDA
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has approved two poly ADP-ribose polymerase (PARP) inhibitors (Olaparib and Talazoparib)
for the treatment of metastatic breast cancer with BRCA mutations and the potential
therapeutic effect in TNBC patients is under evaluation in multiple ongoing clinical trials 2.
For example, in a phase Ill OLYMPIAD trial, analysis of the TNBC subgroup showed that
patients with Olaparib treatment had higher response rates than those in the control group.
However, no significantly improved overall survival was observed in the Olaparib treatment
group *°. Inhibitors of DAN damage checkpoint kinases (e.g., CHK1/2) and cell cycle
checkpoints (e.g., CDK1/2, CDK4/6) have been explored. These inhibitors interfere with cell
cycle progression or DNA repair pathways leading to cancer cell death %2,

2.1.4.5 Immunotherapy

Immunotherapy is a critically important approach to treating patients with cancers by
utilizing patients’ immune systems and now is widely indicated in a broad range of tumors 4.
Immune checkpoint inhibitors are a type of immunotherapies by targeting inhibitory immune
checkpoints such as PD-1/PD-L1 and CTLA-4. Checkpoint inhibitors targeting these
immunosuppressive receptors to augment immune activation have shown remarkable clinical
efficacy and durable response in numerous human cancers °.

A number of studies have revealed that TNBC has some unique immunogenic features
such as a high level of tumor-infiltrated lymphocytes, higher PD-L1 expression in tumor cells
and immune cells, and tumor mutational burden and high genomic instability which are
associated with better responses to immune checkpoint inhibitors compared with other breast
cancer subtypes >°. These findings suggest that patients with TNBC may benefit more from
immunotherapy. From this perspective, immune checkpoint inhibitors targeting PD-1/PD-L1

for early-stage and advanced stages of TNBC have been developed and are under clinical

13



evaluation % %7, However, immunotherapy remains a challenge in TNBC due to the limited
specific targets and complexity of the tumor microenvironment in TNBC %8, Moreover, a vast
majority of patients with TNBC treated with monotherapy show primary resistance or early
progression after treatment *°. To improve therapeutic benefits in TNBC patients treated with
immunotherapies, subsequent studies shift to combination therapy with immunotherapy and
other modalities such as chemotherapy. For example, a phase 111 IMpassion 130 clinical trial
investigated the therapeutic effect of the atezolizumab (Anti-PD-L1 antibody) and nab-
paclitaxel in patients with PD-L1-positive metastatic TNBC and demonstrated improved
median overall survival in patients who received both treatments. However, another phase 111
clinical trial (IMpassion 131) failed to meet the primary endpoint (progression-free survival
and overall survival) after administration of atezolizumab and paclitaxel, which has been
withdrawn in the US %,

Immune checkpoint inhibitors targeting PD-1/PD-L1 have led to a new era of
immunotherapy in TNBC. Besides the immune checkpoint inhibitors targeting PD-1/PD-L1,
other immunomodulators are currently in development for TNBC such as cancer vaccines,
adoptive cell therapies (e.g., CAR-T), oncolytic virus therapy, and cytokine gene therapy °8.
CTLA-4 receptor is another inhibitory checkpoint highly expressed in TNBC. CTLA-4 protein
binds to B7 molecules by competing with CD28 to suppress tumor immune responses. The
therapeutic effect of CTLA-4 inhibitors in TNBC is under evaluation, currently, no inhibitors
are approved for TNBC treatment ©°.

2.2 IKBKE as a therapeutic target in cancer
IKK (IxB kinase) family consists of five members: IKKa, IKKf, IKKy, IKBKE, and

TBK1. The IKK family is a key activator of the nuclear factor-kappa B (NF-kB) signaling
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pathway and plays important roles in NF-kB-mediated biological processes such as immune
cell activation, inflammatory reactions, and metabolic diseases . IKBKE (also known as
IKKe or IKKi) and TBKI1 are referred to as non-canonical IKKs. IKBKE shares 67%
homology with TBK1 in the amino acid sequence, and shares about 30% homology with IKKa,
and IKKp in the corresponding domains. Studies demonstrated that IKBKE and TBK1 are
differentially regulated, and different substrates have been reported in both kinases 1. IKBKE
has been identified as an oncogene in breast cancer and is overexpressed in approximately 30%
of breast carcinomas *. The expression of IKBKE has been linked to tumorigenesis,
metastasis, and chemoresistance %% 83, IKBKE expression has been reported to induce aberrant
activation of NF-«xB signaling in breast cancers including TNBC via multiple ways. For
example, IKBKE phosphorylates Ser 418 of the tumor suppressor CYLD to induce cell
transformation ®*. Overexpression of IKBKE translocates NF-kB subunits (c-Rel and p65) to
the nucleus in primary breast tumors. Silencing of IKBKE inhibits NF-kB activation and breast
cancer cell proliferation 2. In TNBC, tumor-associated macrophages (TAMs) upregulate
IKBKE expression to activate the NF-kB pathway and subsequently enhance breast cancer cell
resistance to BET inhibitors ®°. These studies indicate the important role of IKBKE in tumor
progression, and the suppression of IKBKE expression may provide a novel approach to cancer
treatment.
2.3 CD24 as a therapeutic target in cancer

CD24, a heavily glycosylated glycosylphosphatidylinositol (GPI)-anchored surface
protein, is overexpressed in a variety of cancers, such as breast, ovarian, prostate, glioma, lung,
and colorectal cancers " 8, Surface CD24 has been shown to play an important role in

tumorigenesis and metastasis of various cancers %%, Recent studies indicated that CD24
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exhibits a cytoplasmic accumulation and intracellular CD24 is also important in tumor
progression. In a study, intracellular CD24 was demonstrated to promote the growth of prostate
tumor cells, and silencing CD24 with shRNA reduces tumor growth and prevents functional
inactivation of p53 '°. In another study, Wei Zhang et al. reported that CD24 is co-expressed
with mutant p53 in metastatic prostate tumors. Silencing CD24 enhances the restoration of
mutant p53 in human PCa cells and subsequently inhibits tumor growth and metastasis ’*. More
recently, a study has demonstrated that the presence of nuclear CD24 in aggressive cancer cells
with the absence of surface CD24 is positively associated with reduced survival of patients 2.
In addition, an association of CD24 expression with resistance to chemotherapy and targeted
therapies in breast cancer and other cancers has been noted indicating a beneficial effect of
targeting CD24 with other therapies may be obtained & 2!, Notably, CD24 overexpression has
been associated with poor prognosis in breast cancers including early invasive breast cancer
and TNBC 73, For example, the authors in a study revealed that CD24 amplification is
strongly correlated with CD24 mRNA expression. Particularly, CD24 amplification was
enriched in patients with basal-like breast cancer which has a poorer prognosis . These data
reveal that CD24 is overexpressed across different tumor types, and it might be a potential
therapeutic target for cancer treatment.
2.4 Cancer immunotherapy and PD-1/PD-L1 signaling
2.4.1 Cancer immunotherapy

The immune system can be classified into two parts: known as the innate immune
system and the adaptive immune system. The innate immune system is the first fundamental
line of defense to fight foreign substances already entering the body which is a nonspecific

response. A collection of cells involved in the innate immune response include macrophages,
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natural killer cells, dendritic cells, mast cells, basophils, eosinophils, and neutrophils .
Whereas the adaptive immune system defends against specific invaders. T lymphocytes (T
cells) and B lymphocytes (B cells) are two major cell populations to respond to the attack of
specific invaders and memorize the invaders they previously encountered ©.

In cancer progression, the tumor cells with various genetic and cellular alterations can
be recognized and distinguished from their normal counterparts by the immune system leading
to the eradication of cancer cells by T-cell responses. However, durable immune responses and
elimination of cancers by T cells can be affected by diverse factors. To exert effective
anticancer immunity, a series of events must be initiated and proceed. Daniel S. Chen and his
colleague proposed a concept named cancer immunity cycle to demonstrate the process of
antitumor immune response. The cycle can be divided into multiple steps: tumor cells release
the antigen and are presented by APCs to T cells; after the antigen capture, T cells are activated;
activated T cells traffic and infiltrate into the tumor sites; T cells recognize and kill the tumor
cells /- 78, Besides, cancer cells can evade attacks from the immune surveillance by different
mechanisms such as defective antigen presentation, low tumor immunogenicity, inhibition of
T cell activation, and expression of immune checkpoints > 77,

Immunotherapy utilizing the patients’ immune systems to augment tumor immunity
and fight cancers has become a new pilar of cancer treatment. Immunotherapy was first
attempted to treat cancer by harnessing the immune system in the late 19" century. In 2013,
cancer immunotherapy was named “Breakthrough of the Year” by the Science magazine. The
importance of immunotherapies was further acknowledged after James P Allison and Tasuku
Honjo were awarded the Noble Prize in Physiology or Medicine in 2018 for the discovery of

cancer immunotherapy by immune checkpoint blockade . Now cancer immunotherapy has
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been successfully applied to treat numerous human cancers and durable immune responses
have been reported *°.
2.4.2 The immunosuppressive effect of PD-1/PD-L1 signaling pathway

A big breakthrough in cancer immunotherapy is the discovery of inhibitory checkpoint
receptors, which act as suppressors of the immune system. The most widely studied inhibitory
immune checkpoint pathways are Cytotoxic T lymphocyte antigen 4 (CTLA4), programmed
cell death 1 (PD-1), and programmed cell death ligand-1 (PD-L1). Ipilimumab was the first
approved anti-CTLA monoclonal antibody drug by the U.S. Food and Drug Administration
(FDA) in 2011 and now has been used in a variety of malignancies . PD-1, characterized as
a negative regulator of both innate and adaptive immune responses, is induced in a variety of
immune cells such as activated T cells, and non-T cell subsets, including B cells, natural Killer
cells, macrophages, and dendritic cells. It shows 20% amino acid identify to CTLA4 8%, PD-1
has two ligands, PD-L1 and PD-L2. High expression levels of PD-L1 have been observed on
tumor cells, antigen-presenting cells (APCs), and T cells. Upregulation of PD-L1 can be
induced by cytokines such as interferon-y (IFN-y) and TNF-a. PD-L2 expression is mainly
limited on activated macrophages, mast cells, and dendritic cells & &, It has been reported that
the binding affinity of PD-1 to PD-L1 is three-fold higher than that of PD-1 to PD-L2. PD-L2
interacts with RGMB protein on macrophages and the function of PD-1/PD-L2 interaction may
be not critical due to the rare expression of PD-L2 on tumor cells 8. Engagement of PD-1 and
PD-L1 promotes tumor immune evasion by inhibiting T cell functions, including T cell
activation, proliferation, cytokine secretion, inducing apoptosis, and cytotoxic T cells
cytotoxicity &. Recent evidence demonstrated that in addition to PD-1, another molecule CD80

(B7-1) expressed on activated T cells and APCs also interacts with PD-L1 to negatively
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regulate T cell activation 8 Therefore, PD-1/PD-L1 is emerging as a promising target for
cancer treatment. Consequently, PD-1/PD-L1 blockade may be an effective cancer
immunotherapy.

2.4.3 PD-1/PD-L1 inhibitors

Immune checkpoint inhibitors have been developed to block the interaction of PD-
1/PD-L1 and successfully applied to the treatment of various cancers in patients. Monoclonal
antibodies are a major class of drugs developed targeting PD-1/PD-L1 and have exhibited
dramatic therapeutic outcomes in a variety of human malignancies 8 8. Currently, there are
six monoclonal antibodies targeting PD-1 or PD-L1 approved by the FDA: three anti-PD-1
(Nivolumab, Pembrolizumab, and Cemiplimab) antibodies and three anti-PD-L1
(Atezolimumab, Durvalumab, and Avelumab) antibodies 8 8. The antibodies block the PD-
1/PD-L1 interaction and subsequently restore the immune cell-killing ability 8. Compared to
conventional cytotoxic chemotherapy, monoclonal antibodies demonstrate significantly
reduced toxicity and improved overall survival in patients. However, large molecular size
limits the penetration capability of antibodies into solid tumors. Moreover, high
immunogenicity and severe immune-related adverse events have been observed in patients
after treatment with antibody drugs .

Compared with monoclonal antibodies, peptide-based PD-1/PD-L1 inhibitors with low
molecular weight, low immunogenicity, easy synthesis, and low cost have become promising
candidates. Discovery of novel peptide inhibitors such as linear peptides, macrocyclic-
peptides, peptidomimetics, and D-peptides targeting PD-1/PD-L1 have been reported 8. Most
peptides are under evaluation in preclinical trials and early-stage clinical trials. For example,

AUNP-12, the first reported 29-amino acid peptide inhibitor, targeted PD-1 protein and

19



demonstrated antitumor activities in B16F10 melanoma and 4T1 breast cancer tumor models
8 Several macrocyclic peptides have been revealed by Bristol-Myers Squibb (BMS). Magiera-
Mularz and colleagues studied the interaction of macrocyclic peptides with PD-L1 protein.
They found that among the discovered peptides, two representative peptides BMS-57 and
BMS-71 showed binding affinity (affinities were determined which were 566 nM and 293 nM,
respectively) &,

Non-peptide small molecule inhibitors for the blockade of PD-1/PD-L1 interaction
have been developed. They are good alternatives to monoclonal antibodies due to their
improved properties such as better tumor penetration and higher oral bioavailability *°. BMS
discovered and revealed multiple non-peptide small molecule inhibitors in recent years.
Among the compounds, BMS-202 efficiently blocked the interaction of PD-1/PD-L1 by
inducing the dimerization of PD-L1 L. An insight into the interaction of peptides and PD-L1
inspired the exploration of designing new peptide-based inhibitors. In a study, Tianyu Wang
et al. discovered 17 small-molecule compounds, and Compound 17 was identified to promote
the internalization and degradation of surface PD-L1 expression, also exert good antitumor
activity in colon CT26 tumor-bearing mouse model and a melanoma B16-F10 tumor model *2.

DNA or RNA aptamer with high specific binding affinity and low immunogenicity can
potentially be utilized for PD-1/PD-L1 blockade. Wei-Yun Lai and colleagues reported a DNA
aptamer (aptPD-L1) and demonstrated that aptPD-L1 restored T cell functions by increasing
tumor-infiltrated lymphocytes and the secretion of cytokines (e.g., IL-1, TNF-a, IFN-y) and
inhibited tumor growth in CT26 colorectal cancer and LL/2 lung cancer tumor models %. A
major challenge in the application of aptamers is fast renal clearance in the body due to the

small size. To address this problem, many studies have been conducted to prolong the
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circulation time by conjugating aptamers to polyethylene glycol (PEG), dendrimers, lipid
moieties, and other macromolecules. In a study, the PD-L1 aptamer was conjugated with
albumin to form a larger complex which augmented the in vitro antitumor cytotoxicity and
exhibited a better in vivo antitumor activity 9.

Though conventional monoclonal antibodies (mAbs) have demonstrated promising
clinical efficacy in various therapeutic fields over the past decades, limitations of traditional
antibodies such as poor penetration in solid tumors due to large molecular weight, high
production cost, minimal flexibility in structure modification, and immunogenicity cannot be
overlooked. To address these limitations, there is a growing interest in developing smaller
antibody formats. Single-domain antibodies (sdAb, also named VHH or nanobody), the
variable domain of heavy chain from heavy-chain antibodies (HCAbs), demonstrate a similar
structure and function as the antigen-binding fragment of classic antibodies. In addition,
nobodies possess several unique features over conventional antibodies such as smaller size
(~15 kDa), excellent solubility, good stability, low immunogenicity, and good tumor
penetration.”> °¢ Thus, sdAb represents a new type of checkpoint inhibitor for cancer
immunotherapy. Many sdAbs have been reported and are currently being evaluated in pre-
clinical studies. For example, Fei Zhang et al. identified an anti-PD-L1 nanobody (KNO035)
and demonstrated that the nanobody induced T-cell responses by elevating the levels of IFN-y
and impaired tumor growth in a xenograft tumor model %. Now there is one sdAb
(Caplicizumab) targeting acquired thrombotic thrombocytopenic purpura (aTTP) approved by

the FDA in 2019 as the first nanobody-based drug *.
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2.4.4 PD-1/PD-L1 based combination therapy

Despite the clinical success of immune checkpoint inhibitors in cancer treatment,
monotherapy targeting PD-1/PD-L1 has a various response rate with an average of 15%-30%
in most tumor types . Therefore, combination approaches may be beneficial to improve
therapeutic efficacy in a variety of cancers and meet the unmet needs of patients.

Cytotoxic chemotherapy is the most common approach applied for cancer treatment.
Chemotherapy combined with other therapies may overcome the chemoresistance and improve
the therapeutic efficacy. Chemotherapy in combination with PD-1/PD-L1 blockade is widely
used to treat cancer patients who get less benefit from the monotherapy . The rationale for
the combination of PD-1/PD-L1 blockade with chemotherapy is extensively studied.
Chemotherapeutic drugs induce immunogenic cell death and stimulate antitumor immunity by
eliminating immune suppressive cells and activating effector cells. Chemotherapy synergizes
with PD-1/PD-L1 inhibitors 1%, Like chemotherapeutic drugs, targeted therapy has
immunomodulatory effects and the combination therapy of PD-1/PD-L1 blockade with
targeted agents has explored. Researchers have reported that pathways such as MAPK and
PI3K-AKT promote PD-L1 transcription 1%, Thus, developing combination therapies of PD-
1/PD-L1 blockade with targeted therapies targeting the signaling can synergize the antitumor
activity of PD-L1 treatment. The efficacy of anti-PD-1/PD-L1 drugs combined with targeted
therapy is evaluated in clinical trials including EGFR inhibitors, ALK inhibitors, tyrosine
kinase inhibitors, RAS inhibitors, PARP, MEK inhibitors, and AKT inhibitors 10101,

Radiotherapy is frequently used for cancer treatment by direct killing of cancer cells.
Studies have demonstrated that radiotherapy enhances antitumor activity by increasing the

release of tumor antigens, upregulating MHC class | molecules (MHC 1), and inducing
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immunogenic cell death. On the other side, radiotherapy can cause an immunosuppressive
environment by upregulation of PD-L1 expression, and recruiting immunosuppressive cell
populations (e.g., regulatory T cells, MDSCs) 1% 193, Therefore, radiotherapy may be a good
candidate for combination therapy with PD-1/PD-L1 to acquire a synergetic therapeutic effect.
Data from preclinical and clinical trials is promising. For example, in a phase 11 clinical trial,
NSCLC patients treated with durvalumab plus chemoradiotherapy showed improved
progression-free survival and overall survival 1%,

A combination of PD-1/PD-L1 inhibitors with other immune checkpoint inhibitors or
co-stimulatory molecules has been evaluated in preclinical settings and clinical trials 1. In a
phase I/lla trial, the efficacy of anti-LAG3 monoclonal antibody (BMS-986016) in
combination with Nivolumab in the treatment of melanoma was evaluated and showed a safety
profile and promising efficacy. A combination of PD-1 blockades and 4-1BB antibody shows
a synergistic effect. The study has demonstrated combination treatment with anti-4-1BB
monoclonal antibody and anti-PD-1 antibody elevated the level of activated effector T cells in
blood %, As an alternative approach, developing bispecific antibodies targeting two molecules
attracts great interest. These bispecific/bifunctional antibodies can simultaneously target two
receptor proteins displaying advantages over the combination therapy with two antibodies. For
example, M7824, a monoclonal antibody against TGF-f and PD-L1 is more effective in the
suppression of tumor growth and metastasis than either antibody alone in the mouse model .
This bifunctional molecule is evaluated in a phase | clinical trial for the treatment of advanced
solid tumors and shows a higher overall response rate 7.

Combination strategies combining PD-1/PD-L1 inhibitors with cancer vaccines have

been studied. For some tumors such as pancreatic cancer and prostate cancer with the lack of
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infiltration of effector immune cells, PD-1/PD-L1 inhibitors failed to demonstrate effective
therapeutic effect. Cancer vaccines can activate tumor-specific T cells and increase the release
of tumor antigens to further enhance antitumor responses . In a study, Kevin C. Soares et al.
reported that combination therapy with GM-CSF-secreting vaccine and anti-PD-1 antibody
produced durable immune responses and prolonged mouse survival compared to vaccine or

199 An immunosuppressive environment enriched with

PD-1 blockade monotherapy
immunosuppressive cells and dysfunctional or exhausted T cells impaired T-cell-based
immune response. For example, in a study, dual blockade of CTLA-4 and PD-1 in combination
with a GVAX vaccine enhanced tumor rejection. In addition, this combination therapy
significantly increased tumor-infiltrated CD8+ T cells and reduced the suppressive regulatory
T cells 119,

In summary, immunotherapy has shown great promising benefits in cancer treatment.
The immune checkpoint inhibitors especially PD-1/PD-L1 blockade have exhibited durable
and effective therapeutic effects on various cancers. Compared to conventional cytotoxic

chemotherapy drugs, immunotherapy with high specificity may have a great future for cancer

treatment.
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CHAPTER 3
SUPPRESSION OF IKBKE WITH SIRNA INHIBITS THE GROWTH OF TRIPLE-
NEGATIVE BREAST CANCER
3.1 Introduction

Triple-negative breast cancer (TNBC) is a subtype of breast cancer characterized by
the absence of estrogen receptor (ER), progesterone receptor (PR), and human epidermal
growth factor receptor 2 (HER2) . TNBC accounts for approximately 15-20% of all breast
cancer cases and is more often diagnosed in young women. It displays distinctive features,
including high aggressiveness, a tendency to metastasize, a poor prognosis, and a low survival
rate °. Unlike other breast cancer subtypes, TNBC has limited treatment options due to the lack
of targeted therapies specific to the tumor. Currently, chemotherapy is the primary treatment
option for TNBC patients. However, it is important to note that TNBC frequently develops
resistance to chemotherapy > *’. Moreover, TNBC patients face a nearly threefold higher risk
of early relapse within five years of diagnosis compared to non-TNBC patients '°. Therefore,
there is a significant need to develop new therapies for the treatment of TNBC.

IKBKE, also known as IKKz¢ or IKKi, is a member of the IKK (IxB kinase) family and
plays an important role in several signaling pathways, including the non-canonical NF-xkB
signaling pathway, Hippo pathway, and STAT pathway '> 13 ', Moreover, IKBKE exhibits
high expression levels in various cancers, such as breast cancer, glioma, ovarian cancer, and
pancreatic cancer '!. The expression of IKBKE has been linked to tumorigenesis, metastasis,
and chemoresistance > ¢, For example, Lu and colleagues revealed that IKBKE promotes
glioma tumorigenesis and epithelial-mesenchymal transition (EMT) by upregulating the

expressions of YAP1 and TEAD2. Silencing IKBKE with shRNA inhibits the progression of
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glioblastoma ®. In another study, the overexpression of IKBKE is associated with Cisplatin
resistance in ovarian cancer, and knocking down IKBKE overcomes this resistance in ovarian
cancer cells (A270CP and C13) 2. More recently, IKBKE has been demonstrated to induce
tumoral immunosuppression in mesenchymal glioblastoma .

In 2007, Boehm et al. identified IKBKE as an oncogene in breast cancer through
integrative genomic approaches. They observed that IKBKE was overexpressed in both breast
cancer cell lines and patient-derived tumors. Furthermore, they found that suppressing the
expression of IKBKE could induce tumor cell death 3. In accordance with these findings, we
also demonstrated that silencing IKBKE using siRNA inhibits in vitro proliferation and
invasiveness of breast cancer cells °. In recent years, accumulating evidence revealed that
IKBKE plays a significant role in promoting tumorigenicity and metastasis of TNBC via
different mechanisms. For example, one study reported that the overexpression of IKBKE
promoted the epithelial-mesenchymal transition (EMT) and lung metastasis of TNBC cells by
phosphorylating and stabilizing the EMT-related transcription factor Snail. Depletion of
IKBKE could effectively inhibit breast cancer invasion and metastasis ''*. Additionally,
IKBKE can promote tumorigenesis by activating IKBKE-associated cytokine signaling
pathways such as NF-kB and STAT signaling. Targeting IKBKE with an inhibitor (CYT387)
of TBK1/IKBKE and JAK signaling could reduce the secretion of pro-tumorigenic cytokines
(CCL5 and IL-6) and subsequently inhibit tumor growth in vitro and in vivo '*. Taken together,
these studies suggest that IKBKE plays a pivotal role in tumorigenesis and metastasis, and the
suppression of IKBKE expression may provide a novel approach to the treatment of TNBC.

Small interfering RNA (siRNA) has the ability to specifically knockdown the

expression of target genes ''°. It represents a promising tool for therapy as it can silence
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aberrant genes that are essential for the progression of diseases such as cancer !'>. However,
successful siRNA therapy relies on the development of safe and effective RNA delivery
systems because naked siRNA is unstable and has limited cellular uptake ''°. A number of
delivery carriers have been investigated to increase the stability and facilitate cellular uptake
of siRNAs ''7. Among them, non-viral delivery systems, such as siRNA conjugates and siRNA
nanoparticles are gaining prominence in siRNA therapy because of their safety and ease of
production '8, In previous studies, we reported a cholesteryl peptide-based delivery system
that can efficiently deliver different siRNAs into various cancer cells with negligible toxicity
25119 'In this study, we exploited the potential of this system in delivering IKBKE siRNA to
TNBC cells. The IKBKE siRNA exhibits potent transfection efficiency, and in vitro studies
showed its ability to effectively inhibit the proliferation, migration, and invasion of TNBC cells.
Subsequently, we condensed the IKBKE siRNA with the cholesterol-peptide delivery system
and assessed the stability, cellular uptake, and tumor penetration of the resulting siRNA
nanoparticle. Furthermore, in vivo anti-tumor activity of the cholesterol peptide/siRNA
nanocomplex was evaluated in an orthotopic syngeneic mouse TNBC model. These findings
underscore the significance of IKBKE in tumorigenesis and metastasis, emphasizing that
inhibiting IKBKE expression holds promise as a crucial therapeutic target in the treatment of
TNBC.

3.2 Experimental section

3.2.1 Materials

Lipofectamine RNAIMAX reagent was ordered from Fisher Scientific (Pittsburgh, PA).

Human IKBKE siRNA (Sense strand sequence: 5’-GGUCUUCAACACUACCAGCHtt-3’), and

mouse [KBKE siRNA (Sense strand sequence: 5’-GGUCUUCAACUCAGCCAGCtt-3’) were
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purchased from Invitrogen (Carlsbad, CA). Cholesterol-Cysteine-HHHKKHHHKK (CCP)
was ordered from United BioSystems Inc. (Herndon, VA). CellTiter-Glo Luminescent Cell
Viability Assay kit was purchased from Promega (Madison, WI). The annexin V-FITC
apoptosis kit was ordered from Thermo Fisher (Pittsburgh, PA). PI/RNase was ordered from
Abcam (Waltham, MA). iTag™ Universal SYBR® Green One-Step Kit was obtained from
Bio-Rad (Hercules, CA). CYTO-ID® Autophagy detection kit was ordered from Enzo Life
Sciences (Farmingdale, NY).

3.2.2 Cell culture

The MCF-10A cell line was isolated from the Michigan Cancer Foundation. It is a non-
tumorigenic epithelial cell line from the mammary gland of a White female with fibrocystic
breasts. EMT-6 is a murine mammary carcinoma cell line derived from a transplanted
hyperplastic alveolar nodule of a BALB/c mouse. The EMT-6 and MCF-10A cell lines were
ordered from the American Type Culture Collection (ATCC). EMT-6 cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% FBS, penicillin (100
U/ml), and streptomycin (100 pg/ml). MCF-10A cells were cultured in DMEM/F12 with
additives provided in a Lonza kit (1xMEGM SingleQuots Supplement Pack, Cat# CC-4136).
To make a complete growth medium for MCF-10A cells, cholera toxin (100 ng/mL) and horse
serum (5%) were added. Both cells were incubated at 37°C in a humidified atmosphere with 5%
CO2.
3.2.3 RNA extraction and quantitative RT-qPCR
Total RNA was extracted using TRIzol reagent (Invitrogen, Waltham, MA) following

the manufacturer’s protocol. The mRNA level was evaluated by reverse transcription-

quantitative polymerase chain reaction (RT-qPCR) using a universal SYBR green one-step
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reaction kit. The primers used for human IKBKE are 5’-GGAGATGCAGAGCACAGCCAA-
3' (forward) and 5'-GCCGAAGTCTGTCAGCTTGTAG-3' (reverse). The primers for mouse
IKBKE are 5’-GGAGATGCAGAGTACCACTAAC-3' (forward) and 5'-
CCCGAAGTCAGACAGCTTATAG-3' (reverse). The primers for mouse 18s ribosomal RNA
are 5’-GCAATTATTCCCCATGAACG-3’ (forward) and 5’-GGCCTCACTAAACCATCCAA-
3’ (reverse). The primers for human 18s are 5’-GTCTGTGATGCCCTTAGATG-3’ (forward)
and 5’-AGCTTATGACCCGCACTTAC-3’ (reverse).
3.2.4 Silencing activity assay

EMT-6 cells were transfected with siRNAs as we described previously 2°. In brief,
2.5x10* EMT-6 cells were seeded into 12-well plates and incubated at 37°C overnight. IKBKE
siRNA was condensed with Lipofectamine RNAIMAX reagent or CCP and then transfected
into the cells at a final siRNA concentration of 100 nM for 24 hours. A scrambled siRNA was
used as a negative control. A non-malignant human breast cell line (MCF-10A) was also used
to assess the silencing specificity of the mouse IKBKE siRNA. Following transfection, total
RNA was extracted with TRIzol reagent, and the mRNA level was determined by RT-qPCR.
3.2.5 Cell proliferation study

A total of 5,000 EMT-6 and MCF-10A cells were seeded in 96-well plates and incubated
at 37°C overnight. Scrambled siRNA or IKBKE siRNA were then condensed with
Lipofectamine RNAIMAX reagent and transfected into the cells at a final siRNA concentration
of 100 nM for 6 hours. Following incubation, the Opti-MEM medium was replaced with a fresh
growth medium, and the cells were further incubated at 37°C for a total duration of 72 and 96

hours. Subsequently, 100 pul of CellTiter-Glo buffer (Promega, Madison, WI) was added to the
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96-well plate, and luminescence was measured using the SpectraMax iD5 Multi-mode
Microplate reader (Molecular Devices, San Jose, CA).
3.2.6 Migration and invasion studies

EMT-6 cells were transfected with IKBKE siRNA using Lipofectamine RNAIMAX.
After a 48-hour incubation, the transfected cells were trypsinized, resuspended in serum-free
DMEM at a density of 1x10° cells/ml. For the invasion assay, the Transwell chamber was
precoated with 50 ug of Matrigel. A volume of 100 pL of cell suspension in serum-free DMEM
containing 1x10° cells was placed in the Transwell chamber, which was placed into a 12-well
plate containing DMEM medium supplemented with 10% FBS. Following incubation for 6
and 24 hours, the cells were fixed with 10% paraformaldehyde, and stained with 0.05% crystal
violet, and the counts of migrated and invaded cells were counted.

In the wound healing assay, EMT-6 cells were seeded in 12-well plates and transfected
with 100 nM siRNA as described above. Once the cells reached approximately 80% confluence,
a wound area was deliberately generated by gently scraping the cell monolayer using a sterile
100 pL pipette tip. Subsequently, the cells were washed with PBS to eliminate any detached
cells. The cells were then incubated at 37°C, and the width of the wound area was monitored
under a microscope after 24 hours.

3.2.7 Cell cycle study

Forty-eight hours after the siRNA transfection, EMT-6 cells were treated with EDTA-
trypsin and washed twice with cold PBS. The cells were fixed with cold 70% ethanol at 4°C for
4 hours. After fixation, the cells were washed with PBS and incubated with PI/RNase staining

buffer for 30 minutes at room temperature. Flow cytometry was employed to assess the cell
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cycle, and the percentage of cells in the GO/G1, S, and G2/M phases was analyzed using ModFit
LT software.
3.2.8 Apoptosis study
A total of 5x10* EMT-6 cells were seeded in a 6-well plate and incubated overnight at
37°C. Subsequently, they were transfected with IKBKE siRNA/Lipofectamine RNAIMAX for
48 hours. Following the incubation, the cells were stained using the Alexa Fluor 488 Annexin
V/Dead Cell Apoptosis Kit (Thermo Fisher Scientific, NY) according to the manufacturer’s
protocol and analyzed using a FACScalibur flow cytometry (BD Biosciences, Franklin Lakes,
NJ).
3.2.9 Autophagy staining assay
EMT-6 cells were seeded in 4-well chamber slides at a density of 6x10* cells/well and
incubated for 16 h. The medium was removed, and cells were treated with 100 nM siRNA for
48 hours. Then, cells were washed twice with assay buffer and stained with CYTO-ID Green
Detection Reagent and Hoechst 33342 for 30 min at 37°C. After that, cells were washed with
PBS, fixed with 10% formalin for 20 min, and imaged with confocal microscopy (Leica
Biosystems, Wetzlar, Germany). Chloroquine was used as a positive control.
3.2.10 Cellular uptake study
Cellular uptake was evaluated using both flow cytometry and fluorescent microscopy.
For the flow cytometry analysis, 1x10° EMT-6 cells were seeded in 12-well plates for 16 h.
The medium was then replaced with Opti-MEM containing either free Cy5-siRNA or
CCP/Cy5-siRNA. After 1 h, 2 h, and 4 h of post-transfection incubation, the cells were treated
with 1 mg/mL heparin to remove any siRNA that may have bound nonspecifically. The cells

were collected and re-suspended in DPBS for flow cytometry analysis.
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For fluorescent microscopy, 5x10* EMT-6 cells were seeded in a 24-well plate and
cultured overnight, followed by incubation with free Cy5-siRNA or CCP/Cy5-siRNA nano-
complex. After 2 h and 4 h incubation, the cells were washed with DPBS and incubated with
LysoTracker Red DND-99 (Invitrogen, Carlsbad, CA), followed by fixation with 4% formalin
and treatment with DAPI for nuclear staining. Images of cells from each group were captured
using a fluorescent microscope (Keyence High Content Microscope, Osaka, Japan).

3.2.11 3D tumor spheroid penetration study

3D tumor spheroids were prepared using Cultrex spheroid formation ECM (R&D Systems,
Minneapolis, MN) as previously reported '%°. Briefly, 3000 EMT-6 cells were suspended and
mixed with 50 pL of spheroid formation ECM and added into a 96-well ultralow attachment
spheroid microplate (Corning, REF# 4515), followed by centrifugation at 300 g for 5 min at
4 °C. Subsequently, the cells were incubated at 37 °C for 5 days to form spheroids. After this
incubation period, the spheroids were washed three times with PBS, and either free Cy5-siRNA
or CCP/Cy5-siRNA was incubated with the spheroids for 6 h. After washing, penetration of the
siRNA was determined using a Leica SP8 Stellaris Confocal Microscope (Leica Biosystems,
Wetzlar, Germany).
3.2.12 Cellular cytotoxicity

1x10* EMT-6 cells were seeded in a white 96-well plate. After 24 h incubation, medium
was replaced with Opti-medium containing siRNA condensed with Lipofectamine RNAIMAX
reagent or CCP at final siRNA concentrations of 50, 100, and 200 nM. After 24 h incubation,
cell viability was detected with a CellTiter-Glo kit. Untreated cells served as the negative

control and the cells treated with 1% Triton X-100 served as the positive control.
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3.2.13 Hemolysis assay

pH-sensitive endosomal disruption of nanocomplex was evaluated with an ex vivo pH-
dependent hemolysis assay described in literature '*!. Briefly, human red blood cells (RBCs)
were isolated from human whole blood (BioIVT). RBCs were washed twice with 150 mM NaCl
solution and diluted in either pH 7.4 or pH 5.6 PBS to achieve a 2% (v/v) RBC solution. In a v-
bottom 96-well plate, 20 uL of CCP was added to 180 uL of the RBC solution corresponding
to each pH. After incubation at 37°C for 1 h, the plate was centrifuged at 1000xg for 5 min, and
100 pL of the supernatant from each well was transferred into a flat-bottom 96-well plate and
the absorption was measured at 405 nm. Negative and positive controls were carried out with
buffer alone and 1% Triton X-100, respectively.
3.2.14 Characterization and serum stability of CCP/siRNA nanocomplex

Cholesterol peptide was condensed with 20 uM IKBKE siRNA at different N/P ratios

(1:1, 2:1, 3:1, 4:1, 5:1, 10:1, and 20:1) at room temperature for 30 min to form the siRNA
nanocomplex. The formation of the nanocomplex was confirmed using a gel retardation assay
as previously described !*2. Briefly, 10 uL of the nanocomplex was separated on 1% agarose
gel and visualized with GelRed under UV light. Particle size of the nanocomplexes was
measured in PBS (pH 7.4) using a Malvern Zetasizer Nano-ZS (Malvern Instruments,
Westborough, MA). A serum stability study was performed with mouse serum. The siRNA
nanocomplex was incubated with 50% mouse serum at 37°C for different time intervals.
Encapsulated siRNAs were released by incubation with 40 uM of heparin for 10 min on ice and
then analyzed by electrophoresis in a 1% agarose gel. siRNA was visualized by staining with

GelRed.
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3.2.15 In vivo antitumor activity study

The animal protocol was approved by the Institutional Animal Care and Use Committee
(IACUC) at the University of Missouri-Kansas City. For the antitumor activity study, 2.5x10°
EMT-6 cells were implanted into the second mammary fat pad of female Balb/c mice to
establish an orthotopic TNBC mouse model as described '?*. The IKBKE siRNA or scrambled
siRNA were condensed with CCP at an N/P ratio of 10:1 and administered to the mice via
peritumoral injection at a dose of 0.5 mg siRNA/kg. The siRNAs were administered every
three days for a total of five injections. In this study, once the tumor size reached 50-100 mm?>,
the mice were randomly divided into three groups and treated with saline, IKBKE siRNA
nanocomplex, and scrambled siRNA nanocomplex. Tumor volumes were monitored using the
formula: 0.5 x (longest diameter) x (shortest diameter)®. The expression of PD-L1 protein in
harvested tumors was measured using ELISA kits and normalized to the total protein content
in each sample.

3.2.16 Immunohistochemistry (IHC) staining

Tumor tissues were fixed in 10% formalin, embedded in paraffin, sectioned, and
mounted on glass slides. The formalin-fixed paraffin-embedded tumor sections were
deparaffinized and incubated in an antigen retrieval solution (10 mM citric acid, 0.05% Tween
20, pH 6) for 45 min at 95-100 °C to expose the epitope. The sections were stained with anti-
mouse CD8 alpha antibody (Abcam, ab209775, 1:1000) and anti-mouse CD3 antibody (Cell
Signaling, Cat# 99940, 1:150) overnight at 4 °C. The slides were incubated with a biotinylated
goat anti-rabbit secondary antibody, followed by the DAB chromogen reagent in the

immunohistochemistry kit (Abcam, ab64261). The staining of tumor sections was visualized
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with optical microscopy and quantified with Imagel. Three regions of each section were
randomly selected for imaging.
3.3 Statistical analysis
The data was presented as the mean + SD. Statistical analysis was conducted using a
one-way analysis of variance (ANOVA) with Turkey’s post hoc test. A p-value less than 0.05
is considered statically significant.
3.4 Results
3.4.1 Silencing activity of IKBKE siRNA in TNBC cells
Quantitative RT-PCR was conducted to investigate whether siRNA could reduce the
expression of the IKBKE gene in EMT-6 cells. The siRNA was condensed with either
Lipofectamine RNAIMAX or cholesterol peptide to form nanocomplexes. The expression of
the IKBKE mRNA was measured using RT-PCR 24 hours post-transfection. As depicted in
Figure 1A, in contrast to the scrambled siRNA, the IKBKE siRNA silenced about 80% and 90%
of the IKBKE expression in EMT-6 cells when delivered with Lipofectamine and cholesterol
peptide, respectively. We then evaluated the IKBKE expression in human non-malignant MCF-
10A cells after transfection with human IKBKE siRNAs. Figure 1B showed that about 70% of
IKBKE mRNA was suppressed in non-malignant MCF-10A cells when transfected with human
IKBKE siRNA indicating that the specificity of the human IKBKE siRNA. These findings
suggest that the CCP/siRNA nanocomplex exhibited potent silencing activity with high

specificity.
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Figure 1. Silencing activity of IKBKE siRNA with Lipofectamine™ RNAiIMAX reagent
and cholesterol peptide (CCP) in mouse TNBC EMT-6 cells. The silencing effect of mouse
IKBKE siRNA at the mRNA level was assessed in EMT-6 cells (A) and the silencing effect of
human IKBKE siRNA was evaluated in non-malignant human mammary epithelial cells MCF-
10A (B). All results are presented as the mean + SD (n=3). (*p<0.05; **p<0.01)
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3.4.2 Cell proliferation study

Subsequently, we assessed tumor cell proliferation using the CellTiter-Glo reagent after
siRNA transfection. In a previous study, we reported that human IKBKE siRNA significantly
inhibited the proliferation of human breast cancer MDA-MB-231 cells '°. Here, we treated
mouse TNBC EMT-6 cells with mouse IKBKE siRNA and measured cell proliferation at 72
and 96 h post-transfection. As shown in Figure 2A, the suppression of IKBKE by mouse siRNA
was associated with a noticeable inhibition in cell proliferation in EMT-6 cells. Cells treated
with mouse IKBKE siRNA exhibited a significantly lower proliferation rate than those treated
with scrambled siRNA at different time points (approximately 56% at 72 h and 72% at 96 h
post-transfection, respectively). In contrast, neither human nor mouse IKBKE siRNAs has an
impact on the proliferation of non-malignant MCF-10A breast cells, as shown in Figure 2B.
This finding revealed that IKBKE is not only overexpressed but also plays a role in the
proliferation of TNBC cells '*. Furthermore, the suppression of mouse IKBKE expression by

mouse siRNA only inhibited the proliferation of mouse TNBC cells.
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Figure 2. Silencing of IKBKE with siRNA inhibits the proliferation of TNBC cells.
Silencing of IKBKE with siRNA inhibits the proliferation of EMT-6 cells (A) but not the non-
malignant MCF-10A breast cells (B). Cell proliferation was determined on day 3 and day 4
after transfection using the CellTiter-Glo reagent. All results are presented as the mean = SD
(n=3). (*p<0.05; **p<0.01)
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3.4.3 Cell migration and invasion studies

To assess whether the downregulation of IKBKE in EMT-6 cells impact their migration
and invasion capabilities, we employed a widely accepted transwell chamber system. The
results (Figure 3A) revealed that the suppression of IKBKE by siRNA reduced the number of
migrated and invaded cells. As shown in Figures 3B and 3C, approximately 15% and 50% of
EMT®6 cells transfected with IKBKE siRNA were able to pass the transwell membrane in the
migration and invasion assays, respectively, compared to the cells treated with scrambled
siRNA. Furthermore, we evaluated tumor cell motility using a wound-healing assay. In this
assay, a cell monolayer was scratched, and the migration of cells into the wound area was
monitored 24 hours after creating the wound. Compared to the scrambled siRNA, IKBKE

siRNA inhibited tumor cell migration, as shown in Figures 3D and 3E.
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Figure 3. Silencing IKBKE inhibits the migration and invasion of EMT-6 cells. Cell
migration and invasion were evaluated using a transwell assay. (A) Representative images of
migrated and invaded EMT-6 cells were presented following siRNA transfection for 6 h and
24 h, respectively. (B-C) Quantitative analysis was performed by counting the number of
migrated or invaded cells at the bottom of the membrane in six randomly selected microscope
fields from three independent samples. A wound healing assay was employed to evaluate cell
motility. The motility ability of siRNA-transfected tumor cells toward the wound area was
examined 24 hours after creating the wound (D-E). The scale bar represents 100 pm. All results
are presented as the mean = SD (n=3). (*p<0.05; **p<0.01)
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3.4.4 IKBKE silencing promotes tumor cell apoptosis and regulates cell cycle distribution

We determined whether IKBKE siRNA could induce apoptosis in EMT-6 cells using the
Annexin Fluor 488 annexin V/Dead cell apoptosis kit. The data presented in Figures 4A and 4B
demonstrated that the percentages of early apoptotic cells in the scrambled siRNA group and
the IKBKE siRNA group were 2.5% and 3.9%, respectively. Similarly, the percentage of late
apoptotic cells increased from 6.4% to 10.6% in the IKBKE siRNA group, indicating that
silencing IKBKE induces cell apoptosis. To investigate the mechanism underlying the
inhibitory effect of IKBKE siRNA on the proliferation of EMT-6 cells, we examined cell cycle
distribution in EMT-6 cells transfected with scrambled or IKBKE siRNA using flow cytometry.
As shown in Figures 4C and 4D, a significant increase at the S and G2 phases was observed in
cells treated with IKBKE siRNA compared to the control group. There was a reduction in the
proportion of cells at the G1 phase in IKBKE siRNA transfected cells (37.61%) in comparison
with those treated with scrambled siRNA (42.24%). IKBKE is a positive regulator of autophagy
and silencing IKBKE reduced the autophagy in EMT-6 cells (Figure 3E). These findings
indicate that IKBKE siRNA can induce cell apoptosis and inhibit cell proliferation by arresting

cells at the S and G2 phases.
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Figure 4. IKBKE siRNA induces EMT-6 cell apoptosis and cell cycle arrest at the S phase and G2
phases and inhibits autophagy. EMT-6 cells were transfected with scrambled siRNA and
IKBKE siRNA at 100 nM. The cells were stained using the Alexa Fluor 488 Annexin V and
propidium iodide, followed by flow cytometry analysis. Representative flow cytometry images
(A) and the percentage of cells in early apoptosis (Q1) and late apoptosis/necrosis (Q2) were
presented (B). The cell cycle distribution of EMT-6 cells was assessed using flow cytometry
48 hours after siRNA transfection. Representative images and quantitative analysis were
presented (C-D). The cell cycle distribution of EMT-6 cells was analyzed using ModFit LT
software. (*p<0.05; **p<0.01)
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3.4.5 IKBKE siRNA reduces autophagy

Autophagy is a survival mechanism for all eukaryotic cells which can be triggered by
nutrient deprivation and stressful conditions. After initiation, the intracellular proteins and
organelle are degraded in the lysosome and recycled '?*. Many studies have demonstrated the
promoting role of autophagy in cancer progression including breast cancer '*°. We, therefore,
decided to use EMT-6 cells as a model to study the role of IKBKE in controlling cell autophagy.
For this purpose, IKBKE was silenced with scrambled or IKBKE siRNA for 48 hours.
Chloroquine can inhibit lysosomal activity by increasing the lysosomal pH which is included
as a positive control. Cells were treated with Chloroquine for 24 hours. As indicated in Figure
5, the EMT-6 cells stained with CYTO-ID Green autophagy detection dye, an accumulation of
green fluorescence was observed in the perinuclear region of the cells after chloroquine
treatment. IKBKE silencing with IKBKE siRNA significantly reduced autophagic flux. This

data indicates that IKBKE plays a positive role in controlling autophagy in breast cancer cells.
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Figure 5. IKBKE siRNA reduces autophagy in EMT-6 cells. Autophagy in EMT-6 cells was
evaluated with a CYTO-ID® Autophagy detection kit. CYTO-ID® Green reagent was used for
the staining of autophagic vesicles in EMT-6 cells and the stained cells were analyzed with
confocal microscopy 48 hours post-transfection. Chloroquine can inhibit lysosomal activity by
increasing lysosomal pH which was used as a positive control. Scale bars, 50 um.
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3.4.6 Characterization and serum stability of CCP/siRNA nanocomplex
The condensation of siRNA with cholesterol peptides was evaluated using a gel
retardation assay. Figure 6A illustrates that complete siRNA condensation can be achieved at
high N/P ratios (3:1, 4:1, 5:1, 10:1, and 20:1). In Figure 6B, the particle size decreased as the
N/P ratio increased, indicating an enhanced interaction between siRNA and cholesterol peptide
at high N/P ratios. Particle size was confirmed by TEM (Fig. 6C), and these results align with
the data presented in Figure 6B. Based on the findings from these experiments, we selected an
N/P ratio of 10:1 for use in subsequent experiments. One of the challenges in achieving
efficient siRNA delivery is the low stability of naked or unmodified siRNA. Consequently, we
investigated the stability of the CCP/siRNA nanocomplex in 50% mouse serum. As depicted
in Figure 6D, the nanocomplex effectively protected siRNA from degradation in the serum for
up to 16 h, in contrast to free siRNA, which exhibited significant degradation after 6 h and

complete degradation after 16 h.
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Figure 6. Characterization of the CCP/siRNA nanocomplexes. (A) Gel retardation assay of
the CCP/siRNA nanocomplex at different N/P ratios. (B) Particle size of the CCP/siRNA
nanocomplex at different N/P ratios. (C) Representative TEM images of the CCP/siRNA
nanocomplex at an N/P ratio of 10:1. (D) Serum stability of the nanocomplex in 50% mouse

serum for 0, 6, 16, and 24 hours.
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3.4.7 Cytotoxicity and hemolysis of CCP/siRNA nanocomplexes

The cytotoxicity of the CCP/siRNA nanocomplexes was measured with CellTiter-Glo at
various concentrations of sSiRNA. Compared to negative control group, no toxicity was observed
in EMT-6 cells treated with CCP/siRNA nanocomplexes at the concentrations of 50 nM and
100 nM (Figure 7). The toxicity of CCP/siRNA nanocomplexes slightly increased at a higher
concentration (200 nM), however, the nanocomplexes exhibited less cytotoxicity than
Lipofectamine™ RNAiIMAX at concentration of 200 nM. Subsequently, pH-sensitive
endosomal disruption was evaluated with an ex vivo pH-dependent hemolysis assay. The RBC
membrane serves as a substitute for the endosomal membrane. The blank nanocomplexes (0.5
uM, 1 puM, and 5 puM) corresponding to the siRNA dose of 0.25, 0.5, and 2.5 mg/kg were used
in this study. Negligible hemolysis was observed at 0.5 uM and 1 uM at the physiological pH,
suggesting the safety of nanocomplexes at pH 7.4 (Figure 8). At pH 5.6, nanocomplexes at 1
uM and 5 uM showed hemolysis, and the effect increased as the concentration increased, which
indicates nanocomplexes disrupted the endosomal membrane to mediate endosomal escape for

intracellular siRNA delivery.
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Figure 7. Cytotoxicity of CCP/siRNA nanocomplexes. Cytotoxicity of the nanocomplexes
and Lipofectamine RNAIMAX at various concentrations of siRNA was evaluated 24 hours
after siRNA transfection by using the CellTiter-Glo reagent. Untreated cells served as the
negative control and the cells treated with 1% Triton X-100 served as the positive control.
Results are presented as the mean + SD (n=3) (* p <0.05; ** p<0.01)
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Figure 8. Hemolysis assay of nanocomplexes at pH 7.4 and pH 5.6. The blank
nanocomplexes at concentrations of 0.5, 1, and 5 pM were used in this study. Negative and
positive controls were carried out with buffer alone and 1% Triton X-100, respectively. The
experimental samples were normalized to the A4os of Triton X-100-treated samples and
multiplied by 100%. Results are presented as the mean + SD (n=3) (* p <0.05; ** p <0.01)
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3.4.8 3D tumor spheroid penetration study

The tumor extracellular matrix is a major barrier that hinders the penetration of
antitumor drugs into the tumor microenvironment. We thus evaluated the tumor penetration
capability of the CCP/siRNA nanocomplex in 3D tumor spheroids formed by EMT-6 cells. The
IKBKE siRNA was labeled with CyS5, and after a 4 h incubation with the tumor spheroids, the
siRNA nanocomplex exhibited much deeper penetration and a higher fluorescence intensity in
the central region of the tumor spheroids (Figures 9A and 9B). These results revealed that
cholesterol peptide-formed nanocomplex can effectively penetrate and deliver IKBKE siRNA

into the tumor.
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Figure 9. 3D tumor spheroid penetration study. (A) Representative z-stack confocal images
of the spheroids, with a z-step of 25 um, for Cy5-siRNA and CCP/Cy5-siRNA after 4 hours of
incubation. (B) Mean fluorescence intensity of Cy5-siRNA in the z-stacked confocal images
plotted against the distance from the spheroids’ periphery (n = 3). Scale bars, 100 um. (*p<0.05,
**p<0.01)
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3.4.9 Cellular uptake study

We next evaluated the cellular uptake of the CCP/siRNA nanocomplex in EMT-6 cells
using flow cytometry and fluorescent microscopy. The data from the flow cytometry analysis
revealed that the CCP/Cy5-siRNA group displayed much higher cellular uptake compared to
the free siRNA treated group after 1, 2, and 4 h transfection (Figures 10A and 10B).
Subsequently, we utilized confocal microscopy to investigate the intracellular distribution of
the CCP/siRNA nanocomplex in EMT-6 cells. As indicated in Figures 10C and 10D, the results
were consistent with those obtained from the flow cytometry analysis. The CCP/siRNA
nanocomplex showed significantly higher cellular uptake compared to the control group,
suggesting that the cholesterol peptide facilitated the release of siRNA into the cytoplasm

through endosome escape.
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Figure 10. Cellular uptake of the CCP/siRNA nanocomplex in EMT-6 cells. siRNA was
labeled with Cy5 for analysis using flow cytometry (A-B) and fluorescent microscopy (C-D).
Cellular uptake of Cy5-siRNA in EMT-6 cells was analyzed by flow cytometry after incubation
with Cy5-siRNA or CCP/Cy5-siRNA nanocomplex for 1 h, 2 h, and 4 h (A). The fluorescence
intensity of EMT-6 cells that take up the siRNA nanocomplexes at 1 h, 2 h, and 4 h (B).
Representative fluorescent images of EMT-6 cells after incubation with Cy5-siRNA or
CCP/Cy5-siRNA nanocomplex for 2 h (C) and 4 h (D). The scale bar represents 50 pm. All
results are presented as the mean + SD (n=3 independent experiments). (*p<0.05, **p<0.01)
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3.4.10 In vivo anti-tumor activity

Anti-tumor activity of IKBKE siRNA was evaluated using an orthotopic TNBC mouse
model with EMT-6 tumors. When the tumor sizes reached 50-100 mm?, the mice were randomly
divided into three groups (8 mice each group) and treated with saline, scrambled siRNA, and
IKBKE siRNA. The siRNAs were injected peritumorally at a dose of 0.5 mg/kg every three
days for a total of five doses as shown in Figure 11A. As illustrated in Figures 11B and 11C,
IKBKE siRNA effectively suppressed tumor growth in comparison with the control groups
(saline and scrambled siRNA groups). Tumor weights in the IKBKE siRNA treated group were
notably smaller than those in other groups, as demonstrated in Figure 11D. We also assessed
PD-L1 expression in each collected tumor, and the results indicated an increase in PD-LI

expression after IKBKE siRNA treatment (Figure 11E).
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Figure 11. Antitumor activity of the CCP/IKBKE siRNA nanocomplex in an orthotopic
syngeneic TNBC mouse model. (A) Schematic diagram of treatment. EMT-6 tumor-bearing
BALB/c female mice were peritumorally injected with the scrambled siRNA and IKBKE
siRNA at a dose of 0.5 mg/kg every three days for a total of 5 injections. (B) Tumor volume
measured over time. Tumor volumes were presented as means + SEM (n=8). (C) Tumor growth
curves of individual mice in each group. (D) Weight of tumors harvested on day 20. (E) The
expression of PD-L1 in harvested tumors was measured with Duoset ELISA kits. Tumor
weight and protein expression level are presented as mean + SD (*p<0.05; **p<0.01)
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3.4.11 Immunohistochemical (IHC) staining

CD8+ cytotoxic T lymphocytes play critical roles in cancer immunotherapy. CD8+ T
cells are the most powerful effectors in antitumor immunity. In some clinical trials, the
proliferation of intratumoral CD8+ T cells in tumor specimens from patients has been correlated
with the therapeutic outcome of immunotherapy '*°. Many studies have demonstrated the
pivotal role of IKBKE in tumorigenesis and metastasis, but few studies have investigated the
impact of IKBKE in the tumor microenvironment. We therefore performed
immunohistochemical staining for CD8+ T cells in the tumor tissues. As illustrated in Figures
12B and 12C, IKBKE siRNA significantly increased the density of CD8+ T cells in tumor
tissues. In addition, we observed higher penetration of CD3+ T cells into the tumor tissue of
IKBKE siRNA-treated mice (Figure 12A). By contrast, CD3+ T cells were mainly detected on
the periphery of the tumors in saline and scrambled siRNA-treated mice. This data indicates

that CCP/IKBKE siRNA nanocomplexes may promote the infiltration or proliferation of T cells.
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Figure 12. Immunohistochemical staining of tumor specimen. (A) Representative images
of tumor sections stained with anti-CD3 antibody. (B) Representative images of tumor sections
stained with anti-CD8 antibody. (C) The numbers of CD8+ T cells in each tumor specimen
were quantitated after immunohistochemical staining. All data are presented as mean = SD
(*p<0.05; **p<0.01)
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3.5 Discussion and conclusions

TNBC is an aggressive subtype of breast cancer characterized by its high degree of
heterogeneity and propensity for metastasis. Compared to other subtypes of breast cancer,
TNBC exhibits a high tendency for metastatic spread to distant organs such as the brain, lung,
lymph node, and bone. Metastasis is the primary cause of death for majority of TNBC patients,
presenting a considerable challenge in the clinical management of this disease **. Accumulating
evidence has demonstrated the association of IKBKE with tumor metastasis. Numerous studies
have revealed that IKBKE plays a role in promoting the migration, invasion, and metastasis of
malignant glioma by facilitating the translocation of Snaill into the nucleus. Knocking down of
IKBKE with shRNA destabilizes Snaill and subsequently inhibits the tumor cell invasion %27,
IKBKE functions as an oncogene in breast cancer and is overexpressed in about 30% of breast
cancer cell lines and tumors. Like other canonical members of the IKK family of protein kinases,
IKBKE can also activate the NF-kB signaling pathway, which is associated with the cancer

stem cells (CSCs) phenotype of breast cancer cells 1?8

. More recently, evidence has shown that
IKBKE promotes tumorigenesis, migration, invasion, and lung metastasis through the
phosphorylation and stabilization of the epithelial-mesenchymal transition (EMT) transcription
factor Snail. Depleting IKBKE inhibits tumorigenesis and lung metastasis in an MMTV-PyVMT
mouse model !'*. Therefore, targeting IKBKE may represent a potential strategy to combat
breast cancer metastasis. In accordance with these findings, our study demonstrates that
silencing IKBKE with siRNA dramatically reduces the proliferation, migration, and invasion of
TNBC cells (Figures 1-3).

In our previous studies, we investigated the antitumor activity of IKBKE siRNA in

HER-2 positive breast cancer cell lines and a subcutaneous xenograft mouse model involving
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MDA-MB-231 cells '*'®. In this study, we extended our research to examine the application of
mouse IKBKE siRNA in an orthotopic syngeneic mouse model. Syngeneic tumor models are
tumors derived from mouse cancer cell lines inoculated into the genetically identical mouse
strain. They have fully functional immune systems to enable the study of tumor-immune system
interactions in response to treatment %, Syngeneic mouse models are immunocompetent and
widely used in the evaluation of immunotherapeutic agents. As an effective preclinical immune-
oncology model, it has been applied to evaluate the efficacy of novel therapies, study the
mechanism of drug action, test the pharmacokinetics and toxicity of treatment '3°. As depicted
in Figures 1A and 1B, our custom-designed siRNA specifically silenced IKBKE mRNA
expression in mouse breast cancer cells but not the non-malignant human MCF-10A breast cells.
This silencing subsequently led to the inhibition of proliferation, migration, and invasion of
mouse TNBC EMT-6 cells. Moreover, IKBKE siRNA induced apoptosis in tumor cells and
arrested the tumor cycle in S and G2 phases (Figure 4). In vivo study demonstrated that
peritumoral injection of IKBKE siRNA inhibited tumor growth in EMT-6 bearing syngeneic
mouse model, as compared to the groups treated with saline and scrambled siRNA. Taken
together, targeting IKBKE with siRNA shows promise as a potential strategy for treating TNBC.

siRNA, as a class of RNA-based therapeutics, represents a highly promising approach
for the treatment of various diseases. siRNAs have the capability to selectively knock down the

17 However, the

expression of specific genes via RISC-mediated mRNA degradation
application of siRNA as therapeutics is limited by inherent limitations such as their negative
charges, large molecular weight, and susceptibility to degradation. Hence, the development of

safe and effective delivery systems that facilitate the passage of siRNAs across biological

barriers and cell membranes is imperative ''®. In our study, we employed a cholesterol peptide
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as a delivery system, which exhibited significant transfection efficiency and increased stability
of siRNA, which is consistent with previously reported findings #. As shown in Figure 6, the
cholesterol peptide/siRNA complex effectively protects siRNA from degradation in mouse
serum for up to 16 hours, in contrast to naked siRNA, which was completely degraded within
6 hours. Additionally, we observed increased cellular uptake of cholesterol peptide/siRNA
nanocomplex in EMT-6 cells and improved penetration of the siRNA nanocomplex in 3D tumor
spheroids (Figures. 9 and 10).

Chemotherapy remains the primary systemic treatment for both early-stage and
advanced-stage TNBC due to the absence of targeted treatment options. Unfortunately, there is
a higher risk of recurrence in TNBC compared to other breast cancer subtypes, as patients often
develop chemoresistance after long-term treatment. This resistance is particularly challenging
for metastatic TNBC, accounting for approximately 90% of treatment failures. As a result, there
have been very limited therapeutic strategies shown to improve the survival of patients with
metastatic TNBC '°, TNBC is a heterogeneous disease with an unfavorable prognosis, resulting
in varied clinical responses among patients. Accumulating evidence indicates that combination
therapies, as demonstrated in multiple clinical trials, have achieved superior therapeutic
outcomes when compared to single therapies >!*>®. In our study, we found that IKBKE siRNA
effectively inhibited tumor growth in the EMT-6 tumor-bearing orthotopic mouse model.
Furthermore, we analyzed the expression of PD-L1 in tumor samples using an ELISA kit and
observed a notable upregulation of PD-L1 expression following treatment with IKBKE siRNA
(Figure 11E). These findings suggest that combining IKBKE siRNA with immunotherapies,
such as PD-L1 immune checkpoint inhibitors, may provide new opportunities for achieving

favorable outcomes in the treatment of TNBC.
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In summary, our study evaluated the biological activity of the designed IKBKE siRNA
and its successful encapsulation and delivery using a cholesterol peptide-based delivery system
for TNBC therapy. The CCP/siRNA nanocomplex exhibited high transfection efficiency and
potent silencing activity. The silencing of IKBKE with siRNA markedly inhibited tumor cell
proliferation, migration, and invasion. The siRNA induced apoptosis in tumor cells and arrested
them at the S and G2 phases. CCP/siRNA nanocomplex protected siRNA from degradation and
increased cellular uptake in tumor cells. Furthermore, the siRNA nanocomplex exhibited
significant inhibition of tumor growth in an orthoptic syngeneic TNBC mouse model. Therefore,

the IKBKE siRNA nanocomplex emerges as a promising approach for the treatment of TNBC.
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CHAPTER 4
DEVELOPMENT OF CD24 SIRNA FOR TRIPLE-NEGATIVE BREAST CANCER
TREATMENT

4.1 Introduction

Breast cancer is the most diagnosed cancer in women. It has high heterogeneity and is
broadly classified into four subtypes by the differential expression of receptor markers 2.
Triple-negative breast cancer (TNBC) refers to the breast cancer phenotype which are negative
for estrogen receptor (ER), progesterone receptor (PR), and human epidermal receptor 2
(HER2) *. TNBC is diagnosed in 10-20% of all breast cancer cases and is characterized by

3. Majority of

high proliferative rate, early metastasis and recurrence, and poor prognosis
TNBC is basal-like breast cancer and tends to present in younger women. Compared with other
subtypes, about 45% of patients with advanced TNBC will develop distant metastasis and the
overall five-year survival rate is around 12%. TNBC treatment is still challenging due to the
aggressive and heterogeneous features. There are few treatment approaches developed for
TNBC because patients with TNBC are insensitive to available hormonal or HER2 targeted
drugs due to the absence of related markers. Even though TNBC is chemo-sensitive, however,
the tumors are prone to develop early relapse and resistance ' %, Recent advances have been
made in the treatment of programmed death ligand-1 (PD-L1) positive TNBC patients.
However, only a fraction of patients show a positive response to PD-L1/PD-1 immune
checkpoint inhibitors, and those who initially respond to the treatment but often acquire
resistance to these therapies over time '3!. Therefore, the development of new treatment
strategies is urgently demanded for TNBC.

CD24 is a heavily glycosylated glycosylphosphatidylinositol (GPI)-anchored surface

protein that is typically expressed in hematopoietic cells and some non-hematopoietic cells 7.
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Accumulating evidence indicates that CD24 is overexpressed in a variety of cancers, including
breast, ovarian, prostate, glioma, lung, and colorectal cancers 7 '8, CD24 serves as a signaling
molecule by binding to various binding partners, such as P-selectin, Siglecs, and the neural
adhesion molecule LICAM !32 133 CD24 plays a significant role in tumorigenesis and
metastasis of multiple types of cancer *%°. Moreover, several studies have suggested CD24
exhibits cytoplasmic accumulation, and intracellular CD24 plays a critical role in tumor
progression. One study has shown that intracellular CD24 promotes the growth of prostate
tumor cells, and the use of shRNA to silence CD24 reduces tumor growth while preventing the
functional inactivation of p53 7°. In another study, Zhang et al. reported that CD24 is co-
expressed with mutant p53 in metastatic prostate tumors. Silencing CD24 enhances the
restoration of mutant p53 in human prostate cancer cells and subsequently inhibits both tumor
growth and metastasis ''. More recently, a report has shown that despite the absence of surface
CD24, some cancer cells still maintain their aggressiveness, and the presence of nuclear CD24
is positively linked to reduced patient survival >. Notably, CD24 expression has been
associated with poor prognosis. Evidence reveals that CD24 expression is significantly higher
in TNBC in comparison with ER+PR+ breast cancer and healthy breast cells. In addition,
CD24 overexpression is associated with poor prognosis in TNBC - 2°, Moreover, there is an
observed association between CD24 expression and resistance to chemotherapy and targeted
therapies in breast cancer and other types of cancer '® %!, These data reveal that CD24 is
overexpressed in various types of tumors, suggesting it may hold promise as a potential target
for cancer therapy.

Small interfering RNAs (siRNAs) with lengths of 21-23 nucleotides downregulate

specific genes by binding to their complementary mRNA and triggering RISC-mediated
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mRNA degradation '**. siRNAs show high specificity and potency in inhibiting the target genes
of interest. Compared to other antisense therapeutics such as sShRNA, siRNA has a smaller size
and acts in the cytosol without interaction with chromosomal DNA !¢, Unlike monoclonal
antibodies mainly targeting cell surface receptors, siRNA can knock down the expression of
all genes encoding surface and intracellular proteins '3°. These data indicate siRNA represents
an attractive strategy for treatment of diseases including cancer. However, there are several
challenges that need to be overcome such as poor stability, low cellular uptake, and endosomal
escape. To widen the application of siRNA as a therapeutic agent, a variety of carriers have
been developed for efficient siRNA delivery such as polymers, micelles, liposomes, and
nanoparticles %, In earlier studies, we reported a cholesteryl peptide-modified delivery system
that can efficiently deliver siRNAs by forming micelle-like structures to exert biological
activities in animals with negligible cytotoxicity 2% ! Here, we exploited the capability of
the cholesterol peptide in CD24 siRNA delivery. In this study, we designed four CD24 siRNAs
and determined the silencing capacity and biological activities with different methods. Also,
we evaluated the correlation of CD24 siRNA with doxorubicin resistance and phagocytosis of
tumor cells mediated by macrophages.

4.2 Materials and methods

4.2.1 Materials

Lipofectamine RNAIMAX reagent was purchased from Invitrogen (Carlsbad, CA).
CellTiter-Glo Luminescent Cell Viability Assay kit was purchased from Promega (Madison,
WI). An Alexa Fluor® 488 annexin V/Dead cell apoptosis kit with Alexa® Fluor 488 annexin
V and PI was ordered from Thermo Fisher Scientific (Pittsburgh, PA). Propidium iodide
(PT)/RNase was ordered from R&D Systems (Cat# 4817-60-04, Minneapolis, MN); iTaq™

Universal SYBR® Green One-Step Kit was obtained from Bio-Rad (Hercules, CA).
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Doxorubicin was ordered from LC Laboratories (Cat# D-4000, Woburn, MA). Cholesterol-
Val-Cit-HHHKKHHHKK was ordered from United BioSystems Inc. (Herndon, VA).
4.2.2 Cell lines and cell culture

MDA-MB-231 cell line was isolated at MD Anderson from a pleural effusion of a
patient with invasive ductal carcinoma. MDA-MB-231 cells is a basal-like TNBC cell line with
mesenchymal phenotype and high invasiveness. MDA-MB-468 cell line was isolated from a
pleural effusion of a 51-year-old female human in 1977. MDA-MB-468 cells present basal-
like tumors of TNBC and show high expression of Ki67.!** MDA-MB-231, MDA-MB-468,
and MCF-10A cell lines were purchased from the American Type Culture Collection (ATCC).
MDA-MB-231 and MDA-MB-468 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplied with 10% FBS, penicillin (100 U/ml), and streptomycin (100
pg/ml). MCF-10A cells were cultured in DMEM/F12 with additives obtained from Lonza as a
kit (IxMEGM SingleQuots Supplement Pack CC-4136). To make a complete growth medium,
cholera toxin (100 ng/ml) and horse serum (5%) were added. All cells were incubated at 37 °C
in a humidified atmosphere with 5% CO,.
4.2.3 siRNA design and synthesis

siRNAs targeting human CD24 mRNA (NM_013230.3) were designed using siRNA
Design Tool (Eurofins Genomics) and siRNA Wizard Software (InvivoGen). Four siRNAs
targeting different regions of human CD24 mRNA were designed and purchased from Ambion.
The sequences of these siRNAs are listed in Table 1.
4.2.4 RNA extraction and quantitative RT-PCR

The total RNA was extracted with the TRIzol reagent according to the manufacturer’s

protocol. mRNA levels were evaluated by real-time RT-PCR using the Universal SYBR Green
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One-Step  reaction. The primers wused human CD24 mRNA are 5’-
CTCCTACCCACGCAGATTTATTC-3' (forward) and 5'-
AGAGTGAGACCACGAAGAGAC-3' (reverse). The 18s ribosomal RNA was employed as a
control, and its forward and reverse primers were 5’-GTCTGTGATGCCCTTAGATG-3’ and
5’- AGCTTATGACCCGCACTTAC-3’, respectively.
4.2.5 Silencing activity assay

Cells were transfected using a method described in our previous studies 2°. Briefly,
5x10* MDA-MB-468 or MDA-MB-231 cells were seeded in 12-well plates and incubated
overnight at 37°C. The CD24 siRNAs were condensed with Lipofectamine RNAIMAX reagent
and then transfected into the cells at final siRNA concentrations of 25 nM and 50 nM for 24
hours. A scrambled siRNA was used as a negative control. Following transfection, total RNA
was extracted using TRIzol Reagent (Cat# 15596018, Invitrogen). The mRNA levels were
assessed by RT-qPCR using Universal SYBR Green One-Step reaction and quantified using
the comparative threshold (Ct) method with 18s as the reference.
4.2.6 Western blotting

For the western blotting assay, 1x10° MDA-MB-468 or MDA-MB-231 cells were
seeded in 6-well plates and cultured overnight. Subsequently, the cells were transfected with
CD24 siRNA or scrambled siRNA using Lipofectamine RNAiIMAX for 48 h. After transfection,
cells were lysed using RIPA buffer (Cat# 89901, Thermo Fisher Scientific), and total proteins
were collected for sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
The proteins from the gel were then transferred onto a PVDF membrane. The PVDF membrane
was subsequently blocked with 5% non-fat milk in TBST and probed with the primary antibody

(Human CD24 antibody, AF5247, R&D Systems), followed by incubation with an HRP-
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conjugated secondary antibody as previously described 2°. B-actin was used as an internal
control. Each western blot was conducted independently in triplicate.
4.2.7 Migration and invasion studies

MDA-MB-468 or MDA-MB-231 cells were transfected with CD24 siRNAs using
Lipofectamine RNAIMAX reagent. After a 48-hour incubation, the transfected cells were
detached and resuspended in serum-free DMEM. For the migration assay, 1x10° cells in serum-
free medium were seeded in transwell chambers. For the invasion assay, the transwell
chambers were coated with 50 pg of Matrigel. 2x10° of the MDA-MB-231 cells or 1x103
MDA-MB-468 cells in serum-free medium were seeded in the transwell chambers, which were
then placed into a 24-well plate, and the bottom of the chambers was immersed in DMEM
medium with 10% FBS. After 24 hours, the migrated and invaded cells were fixed with 10%
paraformaldehyde and stained with 0.05% crystal violet. The numbers of migrated and invaded
cells were quantified using Image J software.
4.2.8 Cell proliferation study

A total of 5,000 MDA-MB-468, MDA-MB-231, or MCF-10A cells were seeded in 96-
well plates and incubated overnight at 37°C. CD24 siRNAs were condensed with
Lipofectamine RNAIMAX reagent and incubated with the cells at a final siRNA concentration
of 50 nM for 6 hours in Opti-medium. After incubation, the Opti-medium was replaced with
fresh growth medium specific to each cell line. The cells were then further incubated at 37°C
for 2, 3, and 4 days, followed by the addition of 100 ul of CellTiter-Glo buffer (Promega,
Madison, WI). The luminescence was subsequently measured using the SpectraMax iD5

Multi-Mode Microplate Reader (Molecular Devices, San Jose, CA).

67



4.2.9 Apoptosis study

1x10° of MDA-MB-468 and MDA-MB-231 cells were seeded in 6-well plates and
incubated overnight at 37°C. Then cells were transfected with the CD24 siRNA/Lipofectamine
RNAIMAX for 48 hours. After incubation, the cells were trypsinized and stained with Alexa
Fluor 488 Annexin V and PI by following the manufacturer’s protocol and analyzed via
FACScalibur flow cytometry (BD Biosciences, Franklin Lakes, NJ).
4.2.10Cell cycle study

A total of 1x10° MDA-MB-231 or MDA-MB-468 cells were seeded in 6-well plates,
incubated overnight, and transfected with siRNA for 24 h. For cell cycle analysis, the cells
were detached with EDTA-trypsin, washed twice with cold phosphate buffered saline (PBS),
and fixed with ice-cold 70% ethanol at 4°C for a minimum of 4 hours. After fixation, the cells
were washed with cold PBS and incubated with Propidium iodide/RNase solution (Cat#4817-
60-04, R&D SYSTEMSYS) for 30 minutes at room temperature. The percentage of cells in the
G1, S, and G2 phases was determined using FACScalibur flow cytometry (BD Biosciences,
Franklin Lakes, NJ).
4.2.11 Association of CD24 expression and doxorubicin resistance in MDA-MB-231 cells

To investigate the impact of doxorubicin treatment on CD24 expression, we performed
RT-PCR and immunostaining assays to assess the levels of CD24 expression after the treatment.
For the RT-PCR, total RNA was extracted with TRIzol Reagent after 48-hour treatment with
concentrations of 0.2 uM and 0.6 pM doxorubicin, and the mRNA levels were quantified. In
the immunostaining assay, 6x10* MDA-MB-231 cells were seeded into a 4-well chamber and
incubated overnight at 37°C. The cells were treated with doxorubicin at concentrations of 0.2

uM and 0.6 uM for 48 hours, and cells cultured in drug-free medium were used as control.
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Following incubation, the cells were fixed with 4% formalin at room temperature for 20 min
and then permeabilized with 0.1% Triton X-100 for another 20 min. Subsequently, the cells
were stained with a primary anti-CD24 antibody (Cat# ab202073, Abcam) for 20 min at room
temperature, followed by incubation with DAPI and a secondary antibody (Goat anti-rabbit
IgG H&L (Alexa Fluor 488), Cat# ab150077, Abcam) for an additional 20 min at room
temperature. CD24 protein expression was assessed using a Leica SP8 Stellaris Confocal
Microscope (Leica Biosystems, Wetzlar, Germany).

To assess the sensitivity of MDA-MB-231 cells to doxorubicin following repeated
treatments, we determined cell viability using the CellTiter-Glo reagent. Briefly, 2x10° MDA-
MB-231 cells were seeded in 6-well plates and incubated overnight at 37°C. Subsequently, the
cells were treated with doxorubicin at 0.6 uM for 48 hours, while cells cultured in a drug-free
medium were used as the control. After 48 h incubation, the cells were collected and seeded
into white 96-well plates and incubated overnight at 37°C. The cells were then treated with
various concentrations of doxorubicin for an additional 24 hours, and their viability was
measured using the CellTiter-Glo reagent. The ICso of doxorubicin was further determined to
evaluate whether CD24 silencing with siRNA sensitizes the MDA-MB-231 cells to
doxorubicin. In this case, MDA-MB-231 cells were seeded in 6-well plates and transfected
with either CD24 siRNA or scrambled siRNA for 48 hours. The cells were then collected and
seeded in white 96-well plates and incubated overnight at 37°C. The culture medium was then
discarded, and fresh DMEM medium containing varying concentrations of doxorubicin was
added into each well. The cells were incubated for 24 hours at 37°C, and their viability was

assessed using the CellTiter-Glo reagent.
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4.2.12 In vitro phagocytosis assay

Human normal peripheral blood mononuclear cells (PBMCs, Cat# SER-PBMC-200)
were ordered from Zen-Bio and phagocytosis was evaluated using PBMC-derived
macrophages. Briefly, fresh PBMCs were washed twice with PBS. After resuspension,
monocytes were isolated using a human pan monocyte isolation kit (BioLegend) according to
the manufacturer’s protocol. PBMC-derived macrophages were then cultured and
differentiated for 7 days in RPMI 1640 medium supplemented with recombinant human M-
CSF (20 ng/ml). After 5 days, recombinant human IL-4 (20 ng/ml) was added to the medium
to promote the differentiation of M2 macrophages for another two days. Macrophages were
collected on day 7 using TrypLE and used for the phagocytosis assay.

Macrophages and siRNA-transfected tumor cells (MDA-MB-231 and MDA-MB-468
cells) were labeled with cell proliferation dye eFluor 670 and CFSE, respectively, according to
the manufacturer’s protocol. A total of 5x10* eFluor 670-labeled macrophages were seeded to
a 96-well clear flat bottom plate and allowed to adhere for 12 hours. Once the macrophages
had adhered, 1x10° CSFE-labeled tumor cells were added to the wells containing the
macrophages and they were co-cultured for 2 hours in a serum-free medium. After incubation,
the cells were washed 5 times with PBS to remove non-phagocytotic tumor cells. Phagocytosis
was examined using fluorescent microscopy.

4.3 Statistical analysis

The data were presented as the mean + SD. Statistical analysis was performed using a

one-way analysis of variance (ANOVA) with Turkey’s post hoc test. A p-value less than 0.05

is considered statically significant.
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4.4 Results
4.4.1 Silencing activity of pre-designed CD24 siRNAs

We designed four siRNAs targeting different regions of human CD24 mRNA, as listed
in Table 1. The silencing effect of these designed siRNAs was evaluated in MDA-MB-231 and
MDA-MB-468 cells at concentrations of 25 nM and 50 nM, using Lipofectamine RNAIMAX.
RT-PCR was performed to assess whether the pre-designed siRNAs could effectively knock
down CD24 gene expression. As illustrated in Figure 13A, in contrast to the scrambled siRNA
(NC group), at least 80% of the mRNA expression was silenced in MDA-MB-468 cells at both
25 nM and 50 nM. For MDA-MB-231 cells (Figure 13B), all four siRNAs silenced
approximately 75% of CD24 mRNA expression at 50 nM. However, among the four siRNAs,
only CD24 siRNA (Sequence #1) displayed the most significant suppression of CD24
expression (about 65%), while the other three siRNAs achieved less than 50% silencing at 25
nM. These results indicate that CD24 siRNA (Sequence #1) exhibited the most effective
silencing effect in both MDA-MB-231 and MDA-MB-468 cells.

We, therefore, evaluated the CD24 protein expression in both MDA-MB-231 and
MDA-MB-468 cells following transfection with CD24 siRNA (Sequence #1). As shown in
Figures 13C and 13D, there was a notably higher CD24 expression level in MDA-MB-468
cells compared to MDA-MB-231 cells. Importantly, CD24 siRNA (Sequence #1) significantly
downregulated CD24 protein expression in both breast cancer cell lines. These findings
indicate that the pre-designed siRNA (Sequence #1) effectively reduces CD24 expression at
both mRNA and protein levels. Thus, we selected the CD24 siRNA (Sequence #1) for

subsequent experiments, referring to it as CD24 siRNA without specific notification.
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Additionally, CD24 siRNA successfully silenced mRNA expression in non-malignant MCF-

10A human mammary epithelial cells (Figure 14A).

Table 1. Sense strand sequences of CD24 siRNAs

Number Sequence

CD24-1 5’-CTTCCAGGTGTTACTGTAALt-3°
CD24-2 5’-GCATTGACCACGACTAATTt-3’
CD24-3 5’-TTGCATTGACCACGACTAALt-3’

CD24-4 5’-GGCATTTCCTATCACCTGTTTtt-3’
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Figure 13. Silencing activities of predesigned CD24 siRNAs in MDA-MB-468 and MDA-
MB-231 cells. (A-B) Silencing effect of the CD24 siRNAs at the mRNA level in MDA-MB-
468 and MDA-MB-231 cells at concentrations of 25 nM and 50 nM. (C-D) Silencing effect
of the CD24 siRNA at the protein level in MDA-MB-468 and MDA-MB-231 cells.
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4.4.2 Silencing of CD24 inhibits the proliferation of TNBC cells

Previous studies have revealed that CD24 expression is associated with tumor cell
proliferation and that the knockdown of CD24 inhibits cell growth in hormone-receptor-
positive breast cancer cells (MCF-7) and gastric cancer AGS cells *”> 1*8. In this study, we
aimed to determine whether silencing CD24 would also inhibit cell proliferation of TNBC cells
(MDA-MB-231 and MDA-MB-468). We treated the breast cancer cells with CD24 siRNA and
measured cell proliferation on days 2, 3, and 4 post-transfection. As shown in Figure 14C,
MDA-MB-468 cells treated with CD24 siRNA demonstrated a significantly lower proliferation
rate when compared to cells treated with scrambled siRNA at different time points (about 56%
on day 3 and 72% on day 4 post-transfection, respectively). Similar results were also observed
in MDA-MB-231 cells, as shown in Figure 14D. Importantly, while CD24 siRNA effectively
downregulated mRNA expression, it did not impact the proliferation of non-malignant MCF-
10A human mammary epithelial cells (Figures 14A and 14B). These results confirm that
suppression of CD24 expression inhibits the proliferation of TNBC cells. This discovery
revealed that CD24 is not only overexpressed but also plays a role in promoting the

proliferation of TNBC cells.
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Figure 14. Silencing of CD24 inhibits tumor cell proliferation but not the non-malignant
MCF-10A breast cells. (A) mRNA expression level in indicated cells after transfection.
Viability of MCF-10A (B), MDA-MB-468 (C), and MDA-MB-231 (D) treated with siRNA for
2, 3, and 4 days. All results are presented as the mean + SD (n=3). (*p<0.05; **p<0.01)
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4.4.3 Silencing of CD24 inhibits the migration and invasion of TNBC cells

To assess whether silencing CD24 has an impact on the cell migration and invasion
capabilities of MDA-MB-231 and MDA-MB-468 cells, we conducted transwell chamber
assays. The results presented in Figure 15 reveal that CD24 siRNA significantly reduced the
number of migrated and invaded cells. As shown in Figures 15A, 15C, and 15D, approximately
30% of CD24 siRNA-transfected MDA-MB-468 cells were able to pass through the transwell
membrane in migration and invasion assays, in contrast to cells treated with scrambled siRNA.
In line with these findings in MDA-MB-468 cells, MDA-MB-231 cells treated with siRNA
exhibited a significant reduction in cell migration and invasion by 55% and 70%, respectively,
when compared to cells treated with scrambled siRNA (Figures 15B and 15E-F). These
findings strongly indicate that the suppression of CD24 expression in TNBC cells can

effectively inhibit their migration and invasion abilities.
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Figure 15. Silencing of CD24 inhibits the migration and invasion of MDA-MB-231 and
MDA-MB-468 cells. (A-B) Representative pictures of migrated and invaded MDA-MB-468
and MDA-MB-231 cells after transfection with the scrambled or CD24 siRNA for 24 h.
Quantitative analysis of migrated and invaded MDA-MB-468 (C-D) and MDA-MB-231 (E-F)
cells. Quantitative analysis was performed by counting the number of migrated or invaded cells
at the bottom of the membrane in six random microscope fields from three independent
samples. All results are presented as the mean = SD (n=3). (*p<0.05; **p<0.01)
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4.4.4 Silencing of CD24 promotes apoptosis of TNBC cells

We also evaluated the apoptosis of MDA-MB-231 and MDA-MB-468 cells using flow
cytometry 48 hours after siRNA transfection. As depicted in Figure 16A and 16B, the results
demonstrated that the percentage of early apoptotic MDA-MB-468 cells, indicated in quadrant
one (Q1), increased from 1.6% in the scrambled siRNA-treated group to 4.9% in the CD24
siRNA-treated group. As expected, similar results were observed in MDA-MB-231 cells,
where the silencing of CD24 significantly induced cell apoptosis in comparison to cells treated
with scrambled siRNA (Figure 16C). These findings reveal that CD24 siRNA acts as an inducer

of apoptosis in both MDA-MB-231 and MDA-MB-468 cells.
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Figure 16. CD24 siRNA induces tumor cell apoptosis. (A) Representative images of MDA-
MB-468 cells (top row) and MDA-MB-231 cells (bottom row) in flow cytometry. (B-C)
Quantitative analysis of the percentage of apoptotic cells in MDA-MB-468 cells (B) and MDA-
MB-231 cells (C). Apoptosis in MDA-MB-231 and MDA-MB-468 cells was determined by
flow cytometry using FITC-Annexin-V and propidium iodide (PI) staining at 48 hours after
siRNA transfection. All results are presented as the mean + SD (n=3). (*p<0.05; **p<0.01)
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4.4.5 Silencing of CD24 regulates cell cycle distribution of TNBC cells

To investigate the mechanism underlying the inhibitory effect of CD24 siRNA on the
proliferation of TNBC cells, we examined the cell cycle distribution in siRNA-transfected
MDA-MB-231 and MDA-MB-468 cells using flow cytometry. As illustrated in Figure 17A-B,
a significant increase in the S phase was observed in CD24 siRNA-treated MDA-MB-468 cells
compared to the control group. Additionally, there was a decrease in the proportion of cells in
the G1 and G2 phases in CD24 siRNA-transfected cells (54.8% in the G1 phase and 2.7% in
the G2 phase) in comparison to cells treated with scrambled siRNA (70.0% and 7.8% in G1
and G2 phases, respectively). For MDA-MB-231 cells, those treated with CD24 siRNA
displayed an increase in the G1 phase and a decrease in the S phase compared to cells treated
with scrambled siRNA transfected cells (Figure 17C-D). These data indicate that CD24 siRNA
can induce apoptosis and inhibit cell proliferation in both MDA-MB-468 and MDA-MB-231

cells.
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Figure 17. Silencing of CD24 by siRNAs regulates the cell cycle distribution of MDA-MB-
468 and MDA-MB-231 cells. (A-B) Representative images and quantitative analysis of cell
cycle in MDA-MB-468 cells at 48 hours after siRNA transfection. (C-D) Representative
images and quantitative analysis of cell cycle in MDA-MB-231 cells at 48 hours after siRNA
transfection. The cell cycle of MDA-MB-231 and MDA-MB-468 cells was determined by flow
cytometry using propidium iodide (PI) staining 48 hours after siRNA transfection. All results

are presented as the mean = SD (n=3). (*p<0.05; **p<0.01)
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4.4.6 Silencing of CD24 sensitizes MDA-MB-231 cells to doxorubicin

Recently, emerging evidence has suggested that doxorubicin resistance can develop in
TNBC cells, including MDA-MB-231 cells !> '*° In this study, we conducted various
experiments to examine the association between CD24 expression and doxorubicin resistance.
When subjected to doxorubicin treatment, the cells underwent morphological changes,
transitioning from the spindle-shaped MDA-MB-231 cells to round-shaped giant cells (Figure
18A). Treatment with doxorubicin at concentrations of 0.2 uM and 0.6 uM led to an increase
in both CD24 mRNA and protein levels, as indicated in Figures 18B and 18C. As shown in
Figure 18C, there was a notable rise in CD24 protein expression within the cytoplasm
following treatment at both concentrations. The sensitivity of MDA-MB-231 cells to
doxorubicin was evaluated through repeated treatments with doxorubicin. As shown in Figure
19A, cells subjected to repeated treatment at a high concentration displayed higher viability
compared to cells treated only once, suggesting that cells may develop resistance after repeated
exposure to doxorubicin over an extended period. The ICso of doxorubicin in siRNA-
transfected MDA-MB-231 cells were determined using the CellTiter-Glo assay. CD24 siRNA
sensitized MDA-MB-231 cells to doxorubicin, as indicated by a reduced ICso value, decreasing

from 2 uM to 1 uM (Figure 19B).
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Figure 18. Treatment with doxorubicin upregulates both CD24 mRNA and protein levels
in MDA-MB-231 cells. (A) Morphology of MDA-MB-231 cells after being treated with
different concentrations of doxorubicin. (B) CD24 mRNA expression was evaluated by RT-
PCR at 48 hours after doxorubicin treatment. (C) CD24 protein expression was determined by
confocal microscopy after being treated with doxorubicin for 48 hours. Scale bar represents
100 um. (*p<0.05; **p<0.01)
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Figure 19. CD24 silencing with siRNA sensitizes MDA-MB-231 cells to doxorubicin. (A)
Variability of MDA-MB-231 cells after repeated treatment with doxorubicin. (B) ICso of
doxorubicin in siRNA-transfected MDA-MB-231 cells. (*p<0.05; **p<0.01)
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4.4.7 Monocytes-derived macrophages-mediated phagocytosis

Tumor-associated macrophages (TAMs) are a major component of the tumor
microenvironment (TME) and are often correlated with tumor progression and therapy
resistance 4" 42, High infiltration of TAM has been associated with poor prognosis and
reduced patient survival in several different types of cancer, including human breast cancer and
gastric cancer. Multiple strategies have been developed to target TAMs, and several clinical
trials have assessed their efficacy in a variety of cancers '**'*°. In a recent study, CD24 has
been described as a novel target for cancer immunotherapy. CD24 expressed on tumor cells
acts as a “don’t eat me” to inhibit macrophage-mediated phagocytosis of tumor cells by binding
to siglec-10 on innate immune cells, such as TAMs. The loss of CD24 by either deletion of the
CD24 gene or blocking it with a monoclonal antibody has been demonstrated to disrupt the
interaction of CD24/Siglec-10 and increase macrophage-mediated phagocytosis 2°. Therefore,
we conducted the phagocytosis assay by the co-culture of either scrambled or CD24 siRNA
transfected tumor cells with macrophages to evaluate macrophage-mediated phagocytosis of
tumor cells. In this preliminary study, as illustrated in Figure 20, we observed higher numbers
of phagocytotic tumor cells in CD24 siRNA-treated groups. The results can be further

confirmed by flow cytometry-based assay.
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Figure 20. Silencing CD24 increases cancer cell phagocytosis by macrophages.
Representative images of phagocytosis. PBMC-derived macrophages were labeled with cell
proliferation dye eFluor 670 (red color) and tumor cells (MDA-MB-231 and MDA-MB-468)
were labeled with CFSE (green color). Scale bar represents 50 um.
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4.5 Discussion

TNBC is the most aggressive subtype of breast cancer with a poor prognosis. Current
therapeutic options often fall short in terms of effectiveness, Necessitating the exploration of
novel treatment strategies. There is a growing body of evidence indicating that CD24 plays a
critical role in tumorigenesis of various cancers including breast cancer '®. Hence, targeting
CD24 emerges as a promising therapeutic approach for TNBC. In our study, we designed CD24
siRNA and evaluated its silencing effect in TNBC cell lines. As depicted in Figure 13, the
designed siRNA successfully silenced CD24 at both mRNA and protein levels. Subsequently,
this siRNA inhibited the proliferation, migration, and invasion of TNBC cells, as shown in
Figures 14 and 15.

Chemotherapy stands as the primary systemic treatment for TNBC patients due to the
absence of targeted receptor markers. However, chemotherapy remains challenging, mainly
because most patients experience relapse after treatment, largely attributed to the development
of drug resistance °. Doxorubicin is among the frequently employed chemotherapeutic agents
for various cancers, exerting its effect through DNA intercalation, inhibition of topoisomerase
I, and the generation of free radicals. It is a well-known phenomenon that cancer cells often
acquire drug resistance after long-term exposure to doxorubicin % ' In our study, as
illustrated in Figure 19A, we observed that at high concentrations, cells subjected to repeat
doxorubicin treatment displayed higher cell viability compared to the control group following
a 48-hour culture period. Silencing CD24 with siRNA sensitized tumor cells to doxorubicin,
resulting in a lower 1Cso value compared to cells treated with scrambled siRNA. Furthermore,

we noted a significant upregulation in CD24 mRNA levels after doxorubicin treatment (Figure
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18B). These findings suggest that the upregulation of CD24 may represent a potential
mechanism contributing to doxorubicin resistance.

The overexpression of CD24 has been associated with resistance to both chemotherapy
and targeted therapies '8. Moreover, CD24 is involved in antitumor immunity. With the tumor
microenvironment, tumor-associated macrophages (TAMs) constitute a significant component
and engage in communication with tumor cells, immune cells, and stroma cells. TAMs play a
role in tumor progression, metastasis, angiogenesis, and in conferring resistance to various
cancer therapies, including immunotherapies ' 1*2. Studies have demonstrated that a high
infiltration of TAMs is a negative prognostic factor in breast cancer. Multiple strategies have
been developed to target TAMs, and several clinical trials have assessed their efficacy in a
variety of cancers 1% A very recent study has provided insight into how CD24 on tumor
cells acts as a “don’t eat me” signal by interacting with siglec-10 on innate immune cells, such
as TAMs. The interaction between CD24 and siglec-10 disrupts macrophages-mediated
phagocytosis of tumor cells. Disrupting the CD24-Siglec-10 axis by either deletion the CD24
gene or blocking it with a monoclonal antibody can restore the phagocytotic capability of
macrophages 2°. In our study, CD24 siRNA improved the phagocytosis of TNBC cells by
macrophages when compared to cells treated with scrambled siRNA (Figure 20). Furthermore,
the relationship between CD24 and the therapeutic effectiveness of immunotherapies, such as
PD-1/PD-L1 immune checkpoint inhibitors, has been explored. This makes CD24 a promising
target for combination therapies aimed at improving cancer treatment. CD24 has been
associated with the efficacy of PD-1/PD-L1 inhibitors. In a cohort of NSCLC patients with
CD24-positive expression, shorter progression-free survival was observed when PD-LI

expression was low (TPS<50) 47, Given this evidence, therapeutic targeting of CD24 presents
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a potential option to improve the outcomes of TNBC treatment or synergize with tumor
immunotherapy.

The surface expression of CD447/CD247°% has long been considered a marker for
cancer stem cells (CSC) in breast cancer. However, the association of the CD44"/CD247°o%

1 7*. Moreover, the

phenotype with clinical outcomes in breast cancer remains controversia
stability of these markers and how their expression changes during metastasis have not been
extensively studied. Several studies have reported a significant increase in CD24 expression in
distant metastatic sites, such as the lung and liver, in comparison to primary tumors 4% 14,
CSCs display high levels of heterogeneity, suggesting that relying solely on a single CSC
marker may not be reliable or sufficient for characterizing the stem-like properties of cancer
cells. Studies have demonstrated that high CD24 expression in various human cancers
contributes to tumor progression and metastasis '*% 1% 151 Tt is worth noting that CD24 not
only exists on the cell membrane but also resides in the cytosol or the nucleus >. Some
aggressive cancer cells exhibit little to no surface CD24 expression, suggesting that the
intracellular fraction of CD24 may also play a significant role in tumor growth and metastasis.
Therefore, downregulation of CD24 expression is a more effective approach than blocking
CD24 on the cell surface using antibodies. For example, silencing of CD24 using short hairpin
RNA (shRNA) has been shown to reduce the growth, progression, and metastasis of cancer
cells " 72, Taken together, targeting CD24 with siRNA may offer advantages over surface
antibody blockade and holds promise for patients with advanced or metastatic cancers.

Moreover, the accumulated data strongly suggest that CD24 could serve as a viable therapeutic

target for TNBC and potentially for other cancers characterized by CD24 overexpression.
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In summary, we observed that silencing the CD24 gene using siRNA has a significant
inhibitory effect on the proliferation, migration, and invasion of TNBC cells. Moreover, CD24
siRNA induced apoptosis in these tumor cells. Notably, silencing CD24 also significantly
enhanced macrophage-mediated phagocytosis of TNBC cells. Our findings strongly suggest

that targeting CD24 with siRNA holds promise as a potential therapeutic strategy for TNBC.
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CHAPTER 5
DISCOVERY OF A NOVEL HUMAN DOMAIN ANTIBODY TARGETING PD-
L1 FOR CANCER IMMUNOTHERAPY

5.1 Introduction

Immunotherapy is a cancer therapeutic strategy to boost immune responses to eliminate
tumor cells. Studies have reported promising results of immunotherapy in a variety of tumors.”
152°A breakthrough in cancer immunotherapy is the discovery of inhibitory checkpoint
receptors, which act as suppressors of the immune system. Immunotherapies using checkpoint
inhibitors targeting these receptors have shown enormous success in the treatment of a
diversity of cancers.!>* 1 Among all inhibitory checkpoints, PD-1/PD-L1 is one of the most
widely studied immune checkpoint receptors in cancer immunotherapy. Programmed cell death
1 (PD-1), characterized as a negative regulator of immune responses, is induced on activated
T cells, but can also induced on non-T cell subsets, including B cells, natural killer cells, and
dendritic cells ¥. Engagement of PD-1 with its ligand PD-L1 promotes tumor immune evasion
by inhibiting T cell functions ®!. Recent evidence demonstrated that in addition to PD-1, PD-
L1 interacts with CD80 expressed on activated T cells and APCs to deliver inhibitory signals®.
Therefore, PD-1/PD-L1 is emerging as a promising target for cancer treatment. Blockade of
PD-1/PD-L1 using monoclonal antibodies has exhibited encouraging therapeutic outcomes in
a variety of human malignancies.®* 33 Currently, there are six monoclonal antibodies targeting
PD-1 or PD-L1 approved by the U.S. Food and Drug Administration (FDA) '3°. Despite the
success of sdAb in clinical trials and other applications, it is worth mentioning that sdAb has
several inherent disadvantages that need to be considered such as poor tumor penetration,

immunogenicity, high production cost, and minimal flexibility in structural modification.
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A single-domain antibody (sdAb), also known as VHH or nanobody, is an antibody
fragment composed of a single variable domain of heavy-chain antibodies (HCAbs) found in
the Camelid family '*%. sdAb is the smallest antibody fragment (15 kDa) that maintains a
similar antigen-binding affinity as an intact antibody. Since their discovery in 1993, sdAbs
have attracted great attention as potential therapeutic and imaging agents, in particular for
cancers '°’. Compared to intact antibodies, sdAbs have numerous advantages including small
size, good stability, ease of production, low immunogenicity, enhanced tissue penetration, and
ease of fusion with other proteins 2 138, In general, sdAbs can quickly and homogenously
distribute through tumors compared to antibodies. However, sdAbs also show rapid renal
clearance because of their small size. This could be a disadvantage for sdAb’s therapeutic
applications but is a major advantage for using sdAbs as imaging probes or theranostic agents
157139 " Another disadvantage of sdAbs is their monovalency which leads to relatively lower
affinity and blocking efficiency compared to antibody-based checkpoint inhibitors. This
limitation can be addressed by constructing a bivalent or trivalent form of sdAbs '%°. sdAbs
can be discovered through animal immunization or various display libraries, such as phage
display, yeast display, bacterial display, and ribosome display °> 16! 192 Several antibody
fragments targeting PD-L1 were recently discovered using phage libraries from camel or
alpaca °" 16, However, animal-derived antibody fragments may elicit unwanted immune
responses, which limit their therapeutic applications. As a result, there is tremendous interest
in developing human sdAbs, also called domain antibodies (dAbs), for therapeutic applications.
dAbs can be produced by transgenic mice or phagemid libraries. Compared to natural camelid
sdAbs, dAbs are more likely to aggregate due to exposure to hydrophobic heavy chain residues

that are normally protected by light chain binding 6% 16,
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In the current study, we discovered anti-human PD-L1 dAbs using a synthetic human
domain antibody phagemid library. The CLV3 dAb exhibits high binding affinity and
specificity to human PD-L1. It blocks the PD-1/PD-L1 interaction and inhibits tumor growth
in mice implanted with CT26 tumor cells.

5.2 Methods and materials
5.2.1 Cell culture

DU145, CT26, and MCF-7 cell lines were purchased from the American Type Culture
Collection (Manassas, VA). Peripheral blood mononuclear cells (PBMCs) were purchased
from 1XCells Biotechnologies (San Diego, CA). DU145 cells were cultured in DMEM medium
with 10% Fetal Bovine Serum (FBS), 100 units/mL penicillin, and 100 mg/mL streptomycin.
CT26 cells were cultured in RPMI 1640 medium with 10% FBS, 100 units/mL penicillin, and
100 mg/mL streptomycin. MCF-7 cells were cultured in DMEM medium with 10% FBS, 100
units/mL penicillin, 100 mg/mL streptomycin, and 1% insulin.

5.2.2 Expression and purification of human domain antibody

The gene encoding CLV3 dAb was cloned into the vector pET-22b (+), which was then
transformed to E. coli BL21 (DE3) to express CLV3. The transformed E. coli BL21 cells were
cultured at 37°C in lysogeny broth (LB) medium with ampicillin until the ODsoo reached 0.6-
0.8. The dAb expression was induced at 16°C overnight in LB medium with the addition of 1
mM IPTG. After overnight incubation, the cell culture was harvested and centrifuged, the cell
pellet was collected and resuspended in lysis buffer (20 mM Tris-base, 500 mM NaCl, pH 8.50)
after centrifugation. Protein was released after the lysis of bacteria using sonication. After lysis
of the bacteria, CLV3 was purified by immobilized metal affinity chromatography using Ni-

NTA agarose column (cat# P188221, Fisher Scientific) and eluted by elution buffer (20 mM
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Tris-base, 250 mM NaCl, 400 mM imidazole, pH 8.50) according to the manufacturer’s
procedure. The eluted CLV3 was dialyzed in a lysis buffer containing 5% glycerol or
concentrated by Sartorius Vivaspin™ Turbo Centrifugal Concentrators. The purity of the CLV3
protein was assessed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) with Coomassie blue staining.

5.2.3 Determination of CLV3 dAb aggregation by size exclusion chromatography

To avoid the potential aggregations of the CLV3, 5% glycerol was added to CLV3 dAb
solutions (20 mM Tris-base, 500 mM NaCl, pH 8.5). To check potential aggregations, 500 ul
of expressed CLV3 in Tris buffer (20 mM Tris-base, 500 mM NacCl, pH 8.5) was injected onto
a 24 mL Superdex 75 (SD75) size exclusion chromatography column (GE Healthcare) and
eluted in the same buffer.

5.2.4 Surface plasmon resonance (SPR)

Binding affinities of the CLV3 dAb to human PD-L1 ECD and mouse PD-L1 ECD
were assessed by SPR (BI4500, Biosensing Instrument) at room temperature. PD-L1 ECD
proteins were diluted in 10 mM sodium acetate buffer (pH 5.0) and covalently immobilized to
a CMS5 sensor chip (Biosensing Instrument) using the Amine Coupling Kit (GE Healthcare). A
second channel without protein immobilization was used as a reference. Measurements were
performed at a flow rate of 60 pL/min in HBS-P+ buffer (GE Healthcare). Various
concentrations of dAbs (10, 25, 50, 100, 250, 500, and 2000 nM) were prepared and employed
to calculate the equilibrium dissociation constant (Kp). To evaluate non-specific binding, 125
pg/mL BSA was coated on a CM5 chip after the CMS5 chip regenerated with 10 mM NaOH,
and binding affinity of the CLV3 dAb to BSA was determined using the same procedure. The

data acquired was analyzed using Bi data analysis software.

94



5.2.5 Binding specificity to tumor cells overexpressing PD-L1

The binding specificity of CLV3 dAb to human PD-L1 was evaluated in PD-LI-
positive DU145 cells and PD-L1-deficient MCF-7 cells as described before. Cancer cells were
detached by enzyme-free dissociation solution (Gibco, Cat No. 13150016) and suspended at
1x10° cells/mL in PBS. Suspended cells were incubated with various concentrations of Cy5-
labeled dAbs for 1 h at 37°C with gentle rotation. After washing, the cells were analyzed by
flow cytometry.
5.2.6 Cell apoptosis and cytokine release of co-cultured PBMCs and DU145 cells

Cell apoptosis of human PBMCs was evaluated as previously reported. Briefly, fresh
human PBMCs (1.5x10° cells/well) were cultured alone or co-cultured with DU145 cells
(7.5%10° cells/well) in the presence of CLV3 dAb (5 uM) or anti-PD-L1 antibody (1 uM) in 6-
well plates at 37°C for 24 h. After incubation, PBMCs were collected and stained with APC
Mouse Anti-Human CD3 antibody (cat# 555342, BD Biosciences, San Jose, CA) to gate T
lymphocytes. Apoptosis of CD3-positive T lymphocytes was analyzed using the Alexa
Fluor® 488 annexin V/Dead Cell Apoptosis kit (cat# A10788, Fisher Scientific) as per the
company’s protocol. The supernatant was also harvested for the determination of cytokines
including IL-6, IL-10, TNF-a, and IFN-y using the Bio-Plex Pro assay (Bio-Rad Laboratories,
Hercules, CA).
5.2.7 3D tumor spheroids penetration

Penetration of dAbs in 3D tumor spheroids was evaluated as we reported before ',
Tumor spheroids of CT26 cells were formed using the Cultrex 10xSpheroid Formation ECM
(Trivigen, Gaithersburg, MD) according to the manufacturer’s protocol. Briefly, 3,000 CT26

cells in a mixture of medium and ECM were seeded in U-bottom 96-well plates. After
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centrifugation, the plate was placed at 37°C and incubated for 4 days to form tumor spheroids.
CLV3 dAb and anti-PD-L1 antibody were labeled with Cy5 using a CyS5 labeling kit (cat#
ab188288, Abcam) according to the manufacturer’s protocol. The tumor spheroids were
incubated with 500 nM of Cy5-labeled CLV3 dAb and anti-PD-L1 antibody at 37°C for 6 h.
After washing, the spheroids were fixed with formalin, and penetration of the dAb or antibody
was assessed using confocal microscopy.
5.2.8 Determination of endotoxin in CLV3 dAb by the limulus amebocyte lysate (LAL)
test

Bacterial endotoxins, found in the outer membrane of gram-negative bacteria are
members of a class of phospholipids called lipopolysaccharides (LPS). The repeated
administration of LPS or bacterial endotoxins to experimental animals results in a progressive
diminution of some of the biological effects, especially fever. Recombinant proteins expressed
in E. coli may be contaminated with endotoxin. We, therefore, measured endotoxin in CLV
dAb using the ToxinSensor Chromogenic LAL Endotoxin Assay Kit (GenScript, Piscataway,
NJ) according to the manufacturer’s protocol. The LAL is one of the methods approved by the
FDA used for endotoxin testing in recommended proteins. This test is used to detect or quantify
endotoxins from Gram-negative bacteria using amoebocyte lysate from the horseshoe crab.
5.3 Statistical analysis

Data are presented as the mean + standard deviation (SD). The difference between any
two groups is determined by one-way analysis of variance (ANOVA) with Tukey’s post hoc

test. A p value less than 0.05 is considered statically significant.
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5.4 Results
5.4.1 Expression and purification of the CLV3 dAb

After four rounds of biopanning against human PD-L1 ECD, 45 phage colonies were
selected and 9 different nanobody sequences were discovered. Among them, the CLV3 dAb
(amino acid sequence shown in Figure 21A) exhibited the highest blocking activity as it
blocked 74% of the human PD-1/PD-L1 interaction. Therefore, CLV3 was selected as the best
candidate for the following studies due to its high affinity and blocking efficiency.

Both the isopropyl B-D-1-thiogalactopyranoside (IPTG) induced and uninduced
bacterial cultures were collected and analyzed using SDS-PAGE to determine the expression
of CLV3 dAb. As illustrated in Figure 21 B, a clear band (~14 kD) which is indicated by a
white arrow) below 15 kD (indicated as a black arrow) was observed in the induced culture
but not in the uninduced culture. To maximize the dAb protein extraction, we next tested the
residual CLV3 protein in different fractions during cell lysis and purification. Negligible dAb
was remaining in all fractions after purification (Figure 21 C). We next purified the protein
with Ni-NTA affinity chromatography since the dAb is a His-tagged protein. As shown in
Figure 21D, the CLV3 protein was eluted, and the majority of the protein was recovered in
fractions 3-5 with relatively high purity. These data indicate that CLV3 dAb can be expressed
in a soluble form under IPTG induction and high-purity protein can be achieved using Ni-NTA

affinity chromatography.
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Figure 21. Nanobody expression and purification. (A) The amino acid sequence of the
CLV3 dAb. (B) SDS-PAGE of BL21 (DE3)) E coli cell lysate before and after IPTG induction.
Protein expression before (lane 1) and after IPTG induction (lane 2), and in flow through was
detected (lane 3). (C-D) Purification of CLV3 protein was evaluated using SDS-PAGE. (C)
Proteins in the cell lysate after induction (lane 1), flow-through (lane 2), lysis buffer (lane 3),
washing buffer (lane 4-5), resin (lane 6), and (D) elution fractions (lane 1-7) were detected.
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5.4.2 Determination of aggregation in CLV3 dAb with size-exclusion chromatography
(SEC)

Compared to natural camelid sdAbs, dAbs are more likely to aggregate due to exposure
of hydrophobic heavy chain residues that are normally protected by light chain binding. We,
therefore, used size-exclusion chromatography to monitor potential aggregate in the protein.
As illustrated in Figure 22A, the major elution peak was at 12.9 mL, consistent with a small
dAb monomer. We refer to this peak as P. Two minor peaks at 8.0 mL, 11.5 mL and a slightly
increased baseline between these two peaks were also observed, likely due to aggregation and
higher molecular weight impurities. We estimated the percentage monomer dAb versus the
aggregates and impurities using the area underneath the major peak (P) and the area under the
aggregates and impurities (A). The percentage of monomer is calculated using P/(A+P) x 100%,
which gives 75%. This value suggests that while some aggregation is present, under our
experimental condition, majority of the protein is a monomer. We used A280 absorbance for
the semi-quantitation of the monomer purity. It is worth mentioning that high molecular weight
impurities (not aggregation of the dAb) likely have much high extinction coefficient than the
dAb monomer. Therefore, we believe that the purity of the sAb monomer is very likely higher
than 75%. Proteins in the elution fractions (Lane 1-24) were evaluated using SDS-PAGE
(Figure 22B), no significant aggregation was observed in all elution fractions. These data

revealed that CLV3 dAD is stable as a monomer in the buffer.
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Figure 22. Elution profile of the CLV3 dAb on a SD7S size exclusion column. (A) Protein
280 nm absorbance is plotted as a function of the elution volume. (B) Proteins in the elution

fractions (Lane 1-24) were evaluated using SDS-PAGE.
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5.4.3 Binding affinity and specificity of the CLV3 dAb to human and mouse PD-L1

We investigated binding affinities of the CLV3 dAb to human PD-L1 ECD and mouse

PD-L1 ECD using SPR. As illustrated in Figure 23, CLV3 shows concentration-dependent

binding to both human PD-L1 and mouse PD-L1. The K4 values of CLV3 to human PD-L1

and mouse PD-L1 are 137.5 and 266.8 nM, respectively. By contrast, the SPR responses of

BSA to CLV3 are negligible even at high concentration of CLV3, suggesting a minimum

binding between CLV3 and BSA.

250

150

Response (RU)

200 -

100 4
50+

Human PD-L1

0

50

100 150
Time (s)

200

250

Response (RU)

300
250
200
150
100
50
0

Mouse PD-L1 ECD

%ﬁ

Response (RU)

300
250
200
150
100

50

2000nM
500nM
250nM

50nM
25nM
10nM

0

50

100 150

Time (s)

200

250

0=

Albumin

0 50

100 150
Time (s)

200

e

250

Figure 23. Surface Plasmon Resonance (SPR). Representative SPR sensorgrams of the
CLV3 dAb to immobilized human PD-L1 ECD protein, mouse PD-L1 ECD protein, and

albumin. The experiment was performed in three replicates.
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5.4.4 Binding affinity and specificity of the CLV3 dAb to PD-L1 expressed tumor cells
Binding specificity is a critical consideration in the design of protein-protein interaction
blockers which need to bind to their desired protein targets but interact minimally with other
molecules. Therefore, we next determined the binding affinity of CLV3 dAb to PD-L1
expressed tumor cells. The specificity of CLV3 to PD-L1 was evaluated in PD-L1-positive
DU145 tumor cells and PD-L1 deficient MCF-7 tumor cells (Figure 24). CLV3 showed higher
binding aftinity to DU145 cells than to MCF-7 cells, suggesting a higher affinity of CLV3 to

PD-L1 on tumor cells.
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Figure 24. Binding Specificity to Tumor Cells Overexpressing PD-L1. Binding profile of
CLV3 to PD-L1-positive DU145 tumor cells and PD-L1-deficient MCF-7 tumor cells.
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5.4.5 The CLV3 dAb reduces T-cell apoptosis induced by cancer cells

PD-L1 on the tumor cell surface interacts with PD-1 on immune cells leading to the
dysfunction of T cells, including T cell exhaustion, anergy, and apoptosis.'*® We investigated
whether CLV3 inhibits the apoptosis of human PBMCs co-cultured with DU145 cancer cells.
As shown in Figures 25A, and 25B, the percentage of apoptotic PBMCs increased from 3.7%
to 15.4% after co-culture with DU145 cells. The addition of CLV3 dAb or anti-PD-L1 antibody
to the co-culture cells significantly reduced apoptosis of PBMCs to 10.6% and 11.25%,
respectively. This is in agreement with a previous report, in which tumor-associated PD-L1
induced the apoptosis of cytotoxic T lymphocytes.!é” The authors co-cultured T cells with
melanoma cells and found that the tumor cells promoted T cell apoptosis, but apoptosis was
not observed in PD-L1 knockout melanoma cells. Moreover, the apoptosis of T cells was

significantly reduced after an anti-PD-1 antibody was added to the co-cultured cells.'¢’
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Figure 25. Coculture of human PBMCs and DU145 tumor cells in the presence of the
CLV3 dAb. Human PBMCs were cultured alone or co-cultured with DU145 tumor cells in the
absence or presence of the CLV3 dAb or anti-PD-L1 antibody for 24 hours. Apoptosis of CD3-
positive T cells was evaluated by flow cytometry using the Alexa Fluor® 488 annexin V/Dead
Cell Apoptosis kit. Percentage of apoptotic CD3-positive T cells. Results are represented as
the mean + SD (n=3). (**p<0.01).
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5.4.6 Analysis of cytokine release

The supernatant extracted from 24 h co-cultures of PBMC with DU145 cells was
assayed for IL-6, IL-10, IFN-y, and TNF-a. IL-10 is an inflammatory cytokine that suppresses
anti-tumor immune responses by inducing T cell anergy and inhibiting T cell proliferation. As
shown in Figure 26A, the production of IL-10 is significantly increased in the co-culture of
DU145 and PBMC in comparison to PBMC alone. Notably, with the addition of CLV3, the IL-
10 level significantly decreased compared to coculture. Furthermore, it is important to notice
that the IL-10 level did not change much with the treatment of the PD-L1 antibody. TNF-a and
IL-6 are multifunctional cytokines involved in chronic inflammation and contribute to the
progression of cancer. PBMC co-cultured with tumor cells produced a high amount of IL-6
and TNF-a than PBMC alone. In comparison, IL-6 and TNF-a secretions are slightly reduced
in the presence of CLV3 (Figures 26B, C). IFN-y, a cytotoxic T cell-related cytokine, plays an
important role in the activation of various cell types such as natural killer cells and T cells. On
the other hand, it also inhibits the growth of malignant cells by inducing apoptosis. As shown
in Figure 26D, co-culture with DU145 significantly decreased the ability of PBMC to express
IFN-y, whereas with the addition of CLV3, there was a dramatic increase in the production of

IFN-y.
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Figure 26. Coculture of human PBMCs and DU145 tumor cells in the presence of the
CLV3 dAb. Human PBMCs were cultured alone or co-cultured with DU145 tumor cells in the
absence or presence of the CLV3 dAb or anti-PD-L1 antibody for 24 hours. The production of
IL-10, TNF-a, IL-6, and IFN-y by PBMCs. Results are represented as the mean + SD (n=3).
(**p<0.01).
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5.4.7 Tumor penetration of the CLV3 dAb and anti-PD-L1 antibody

Tumor extracellular matrix is a major barrier that limits the penetration of antitumor
drugs into the tumor microenvironment. 3D tumor spheroid is a useful model to evaluate drug
penetration in vitro. In this study, a 3D tumor spheroid model of CT26 cells was established to
evaluate the penetration of Cy5-labeled CLV3 dAb and anti-PD-L1 antibody. After 6 h
incubation, tumor penetration of both CLV3 dAb and anti-PD-L1 antibody was determined by
confocal microscopy. As illustrated in Figures 27A, and 27B, after incubation with tumor
spheroids for 6 h, lower-molecular weight CLV3 dAb showed a much deeper tumor penetration
than antibody. Analysis of mean fluorescence intensity showed that the Cy5-labeled CLV3 dAb
was detected as deep as approximately 150 pum from the periphery of the spheroids. By contrast,
the Cy5-labeled antibody had much lower fluorescence intensity compared with the anti-PD-
L1 antibody and was only detected on the periphery of the spheroids, suggesting very limited

tumor penetration.
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Figure 27. Penetration of CLV3 dAb and anti-PD-L1 antibody in 3D tumor spheroids. (A)
Representative z-stacked confocal images of the spheroids with a z-step of 25 pm after 6 h
incubation with Cy5-labeled CLV3 dAb or anti-PD-L1 antibody. The scale bar represents 200
pum. (B) Mean fluorescence intensity of the z-stacked images vs. the distance from the
periphery of the spheroids. Results are represented as the mean +=SD (n=3 independent
spheroids, **p<0.01).
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5.4.8 Endotoxin measurement in the CLV3 dAb

Endotoxin detection is critical quality control to ensure the expressed protein is free of
endotoxin contaminations. Bacterial Endotoxins Test is a test to detect or quantify bacterial
endotoxins of gram-negative bacterial origin using an amoebocyte lysate prepared from blood
corpuscle extracts of horseshoe crab. We measured endotoxin in the CLV3 dAb because
recombinant proteins expressed in E. coli may be contaminated with endotoxin, which may
affect in vivo activity studies. The bacterial endotoxin in the CLV3 dAb protein was measured
by a chromogenic LAL endotoxin assay kit (Cat. No. L00350) supplied by GenScript, and the
detection procedure followed the manufacturer’s protocol. According to US Pharmacopeia,
the threshold pyrogenic human dose is 5 EU/kg. The maximum injection dose of CLV3 used
in our animal study was 10 mg/kg, so the endotoxin limit is 0.5 EU/mg. According to the user
manual of the kit, the test is considered valid when the following three conditions are met (as
shown in Fig. 28B). Based on the calculations, the endotoxin level in the CLV3 dAb was found
0.087 EU/mg, which equals to 0.87 EU/kg for mice in the animal study with a dose of 10
mg/kg. All three criteria listed are met. Therefore, the endotoxin level tested in the CLV3 dAb

is valid and much lower than the threshold pyrogen dose.
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Results of the test

Calculations
o1 Standard Curve
T Endotoxin acceptable level according to US Pharmacopeia 5 EU/kg
0.1 1y=0.165x- 0.0146 .
0.08 4 R?=0.9863 Injection dose of CLV3 in the animal study 10 mg/kg
S he .
g 0.06 5 ! Endotoxin limit=5 EU/kg/(10 mg/kg) 0.5 EU/mg
= 0.04 - ) . ) .
. Endotoxin level in sample 0.087EU/mg
0.02 1 ’
0 o The test is considered valid when the following conditions are met:
T T T 1
0 0.2 0.4 0.6 0.8 (1) RZ>0.980 R>=0.9863
OD545nm . L
(2) Negative control does not exceed the limit of the blank value ODsy5,,,=0.134<0.261 (blank)
(3) Recovery of added endotoxin at 0.05 EU/ml is within 50-200% 186%

Figure 28. The bacterial endotoxin in the CLV3 dAb protein was measured by a
chromogenic LAL endotoxin assay kit. (A) Standard curve for the quantification of
endotoxin in chromogenic assay. (B) Calculation of endotoxin concentration in CLV3 dAb.
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5.5 Discussion and conclusions

PD-L1 is one of the best described inhibitory immune checkpoints which can mediate
cancer cells immune escape by ligation with its receptor PD-1. Thus, several immune
checkpoint inhibitors have been developed to block the interaction of PD-1/PD-L1 and
successfully applied to the treatment of various cancers in patients. Currently, the FDA has
approved three anti-PD-1 (Nivolumab, Pembrolizumab, and Cemiplimab) antibodies and three
anti-PD-L1 (Atezolimumab, Durvalumab, and Avelumab) antibodies.®?* * The antibodies
block the PD-1/PDL1 interaction and subsequently restore the immune cell killing ability.%¢
153 Compared to traditional intact antibody, sdAb, the smallest naturally occurring antibody
fragment in Camelid family, retains a comparable blocking ability as whole antibodies.'®
sdAbs have numerous advantages, including small size, low immunogenicity, and easy
production. In addition, sdAbs are also featured with relative short retention time in the
circulation. However, although the circulation half-life of dAbs is just about 30 min to 2 h,
researchers discovered that dAbs could bind to target proteins (i.e., CD47) after 24 hours.!*®
169 sdAb can also carry payloads (e.g., radioisotopes and cytokines) to the tumor and reduce
the systemic exposure because of their rapid systemic clearance but sustained half-life in target
tissues. In addition, the production of sdAb is much easier than monoclonal antibody. sdAb
can be easily expressed in bacteria with a high yield, which makes the sdAb a good candidate
for the scaling up production.” Thus, sdAb represents a new type of checkpoint inhibitors for
cancer immunotherapy. For example, promising results from one phase III clinical trial of a

sdAb (Caplicizumab) targeting acquired thrombotic thrombocytopenic purpura (aTTP) were

reported in 2017 %8, and it was approved by the FDA in 2019 as the first nanobody-based drug.
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Despite the success of sdAb in clinical trials and other applications, it is worth
mentioning that sdAb has several inherent disadvantages that need to be considered during the
drug development of sdAbs. In general, sdAbs show rapid renal clearance because of their
small size. This is a disadvantage for sdAb’s therapeutic applications but is a major advantage
for using sdAbs as imaging probes or theranostic agents.!>® 157 159 Another disadvantage of
sdAbs is their monovalency which reduces their affinity and blocking efficiency compared to
antibodies. This limitation can be addressed by constructing a bivalent or trivalent form of
sdAbs. For example, the bivalent and trivalent formats of a sdAb are 313- and 135-fold more
potent, respectively, than the monovalent format.'® In this study, we discovered different dAbs
which efficiently blocked the interaction between PD-L1 expressed on tumor cells and PD-1
on immune cells. Among all these dAbs, CLV3 exhibited the highest binding affinity to PD-
L1 and the most potent ability to block the PD-1/PD-L1 interaction. We evaluated the in vitro
and in vivo activity of CLV3 dAb. The CLV3 efficiently blocked PD-1/PD-L1 interaction by
binding to PD-L1 with high affinity and specificity. As we expected, the CLV3 dAb exhibited
a better tumor penetration in comparison with the anti-PD-L1 antibody. CLV3 successfully
inhibited tumor growth and increased the survival rate of tumor-bearing mice compared to the
control group. Therefore, our data suggest that CLV3 dAb is a promising immune checkpoint
inhibitor for cancer immunotherapy. Due to the smaller size in comparison with monoclonal
antibodies, a bivalent or trivalent form can be constructed from the CLV3 dAb to further
increase the activity. Moreover, the CLV3 can be linked to other immune checkpoints to
construct bispecific inhibitors which can simultaneously target two different tumor-associated

antigens.
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In conclusion, we discovered several anti-human PD-L1 dAbs using biopanning.
Particularly, the CLV3 dAb specifically binds to PD-L1 with high affinity and blocks the PD-
1/PD-L1 interaction on tumor cells. The CLV3 displays better tumor penetration compared to
the anti-PD-L1 antibody. The CLV3 reduces the apoptosis of PBMCs and increases the IFN-y
release. Therefore, our data suggest that CLV3 dAb is a promising immune checkpoint
inhibitor for cancer immunotherapy. Due to the smaller size in comparison with monoclonal
antibodies, a bivalent or trivalent form can be constructed from the CLV3 dAb to further
increase the activity. Moreover, the CLV3 can be linked to other immune checkpoints to
construct bispecific inhibitors which can simultaneously target two different tumor-associated
antigens.

Chapter 5 has been published in Frontiers in Immunology (Volume 13, page 1-11, April

2022).170
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CHAPTER 6
SUMMARY AND CONCLUSIONS

Triple-negative breast cancer (TNBC) is a refractory subtype of breast cancer in the
absence of ER, PR, and HER2. Compared with other breast cancer subtypes, TNBC shows a
high proliferation rate and a high risk developing metastasis. Therefore, there is a high demand
to develop novel therapeutics for TNBC patients. Small interfering RNAs (siRNAs) have the
capability to downregulate specific genes via RISC-mediated mRNA degradation ''. It
represents a promising therapeutic tool as it can silence aberrant genes that are essential for the
progression of diseases such as cancer ''°. Metastasis is the primary cause of death for the
majority of TNBC patients, presenting a considerable challenge in the clinical management of
this disease **. Accumulating evidence has demonstrated the association of IKBKE with tumor
metastasis. Taken together, these studies suggest that IKBKE plays a pivotal role in
tumorigenesis and metastasis, and the suppression of IKBKE expression may provide a novel
approach to the treatment of TNBC. In this dissertation, we demonstrated that targeting IKBKE
with siRNA significantly inhibited the proliferation, migration, and invasion of TNBC cells.
Silencing of IKBKE induced cancer cell apoptosis and arrested the cell cycle at the S and G2
phases. The cholesterol peptide/siRNA nanocomplexes (CCP/siRNA nanocomplexes)
increased the tumor penetration and cellular uptake of siRNA. The CCP/siRNA
nanocomplexes showed low cytotoxicity and disrupted the endosomal membrane to mediate
endosomal escape for intracellular siRNA delivery. Moreover, the CCP/siRNA nanocomplex
significantly inhibited tumor growth in an orthotopic TNBC mouse model. Overall, this siRNA

nanocomplex provides a promising therapy for TNBC.
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CD24 is a heavily glycosylated protein linked to the cell membrane via a
glycosylphosphatidylinositol (GPI) anchor. CD24 is typically expressed in hematopoietic cells
but is also overexpressed in numerous human cancers including breast cancer ’4. Many studies
have demonstrated that CD24 plays a significant role in tumor development and progression
66-69 Moreover, CD24 exhibits a functionally intracellular location of CD24 which can promote
tumor progression. . These data reveal that targeting CD24 with siRNA may be a reasonable
approach for cancer therapy compared to surface blocking with antibodies. In this study, we
showed that the pre-designed CD24 small interfering RNA (siRNA) displayed potent silencing
activity in TNBC cells, leading to the efficient inhibition of TNBC cell proliferation, migration,
and invasion. CD24 silencing induced apoptosis and cell cycle arrest in tumor cells.
Additionally, silencing CD24 enhanced the sensitivity of MDA-MB-231 cells to doxorubicin
and increased the phagocytosis of tumor cells by macrophages. In conclusion, targeting CD24
with siRNAs holds promise as a therapeutic strategy for TNBC and other cancers characterized
by CD24 overexpression.

Immunotherapy is a treatment that uses patients’ immune systems to fight cancers.
Studies have reported favorable outcomes of immunotherapy in a variety of tumors especially
using checkpoint inhibitors targeting the inhibitory receptors which have shown enormous
success in the treatment of a diversity of cancers’ 1134 Programmed cell death ligand 1 (PD-
L1) is overexpressed in many human cancer types and is considered a negative factor of the
immune response. PD-L1 binds to its receptor PD-1 resulting in tumor immune evasion by
inhibiting T cell functions, including T cell activation, proliferation, cytokine secretion, and
inducing apoptosis 8!. Therefore, the blockade of PD-1/PD-L1 is emerging as an

immunotherapeutic approach for cancer treatment. Monoclonal antibody-based immune
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checkpoint inhibitors have exhibited encouraging therapeutic outcomes in a variety of human
malignancies.®® ® In this study, for the first time, we discovered anti-human PD-L1 human
domain antibodies (dAbs) by using a human domain antibody phage library to block PD-1/PD-
L1 interaction. Among all 7 different human domain antibody candidates, the CLV3 dAb
demonstrated the best binding and blocking affinity to PD-L1 protein and PD-LI
overexpressed cancer cell line. The CLV3 dAb also reversed T-cell apoptosis in the co-culture
of PBMC with DU145 tumor cells and exhibited better tumor penetrations compared to the
anti-PD-L1 monoclonal antibody. Moreover, the CLV3 dAb significantly inhibited tumor
growth in mice implanted with CT26 colon carcinoma cells. These results suggest that CLV3
dAb can be potentially used as an anti-PD-L1 inhibitor for cancer immunotherapy.

Metastasis is a major challenge in TNBC treatment and IKBKE is associated with
breast tumor metastasis. In future studies, we will evaluate whether IKBKE siRNA can reduce
in vivo metastasis of TNBC with different mouse models (e.g., orthotopic and tail vein injection
mouse models) and the combination of IKBKE siRNA with immunotherapy. In addition, we
will develop delivery systems to increase the stability and tumor accumulation of CD24 siRNA
and evaluate the synergistic antitumor activity of CD24 siRNA with doxorubicin in the tumor

model.
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