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ABSTRACT

Triple-negative breast cancer (TNBC) is an aggressive disease that accounts
for 15-25% of all breast cancer cases and is characterized by its cells’ lack of
expression of the three most common surface receptors detected on other subtypes:
estrogen receptor, progesterone receptor, and human epidermal growth factor receptor
2. This lack of expression makes TNBC unsusceptible to current targeted or hormonal
therapies, so new treatment strategies are desperately needed. This thesis makes
progress towards this goal by developing poly(lactic co-glycolic acid) (PLGA)
nanoparticles that can enable treatment of TNBC through three distinct mechanisms.
PLGA is an ideal carrier material because the Food and Drug Administration (FDA)
has already approved this polymer for human clinical use, and it readily degrades into
non-toxic byproducts in the body, allowing for the creation of safe and effective
therapeutics. Chapter 1 of this thesis provides an introduction to TNBC biology and
the current state of cancer nanomedicine, while Chapter 2 describes common methods
used in this work. The remaining Chapters discuss the specific therapies developed in
this dissertation and provide insight on directions for future development.

The first objective of this thesis was to enable photothermal therapy (PTT) of
TNBC using a biodegradable nanoparticle platform. PTT utilizes nanoparticles
embedded in tumors as exogenous energy absorbers to convert externally applied
near-infrared (NIR) light into heat to ablate cancer cells, and it has shown much

promise as a novel cancer treatment strategy. Historically, PTT has utilized gold-based
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nanoparticles to produce heat, but these materials will remain in the body indefinitely
with unknown long-term health effects. To enable PTT with a biodegradable platform,
we loaded PLGA nanoparticles with the NIR-absorbing dye, IR820. In Chapter 3, we
demonstrate that these IR820-NPs are potent mediators of pro-apoptotic TNBC cell
death in vitro and can significantly reduce tumor burden in murine TNBC xenograft
models in vivo.

While PTT can be used to treat relatively superficial or accessible tumors, it is
not well suited for treatment of tumors located in regions where NIR light cannot
penetrate. Thus, the second and third objectives of this thesis developed a more widely
applicable therapeutic strategy: using PLGA nanoparticles as delivery vehicles to
regulate oncogenic signaling pathways in TNBC cells and tumors. In TNBC, the anti-
apoptotic protein Bcl-2 is overexpressed, contributing to drug resistance. Prior studies
have shown that the small molecule drug ABT-737, which inhibits Bcl-2 to reinstate
apoptotic signaling, is a promising candidate for TNBC therapy. However, ABT-737
is poorly soluble in aqueous conditions and its orally bioavailable derivative causes
severe thrombocytopenia. To enable targeted delivery of ABT-737 to TNBC and
enhance its therapeutic efficacy, we encapsulated the drug in PLGA nanoparticles that
were functionalized with Notch-1 antibodies to produce N1-ABT-NPs. The antibodies
in this nanoparticle platform enable both TNBC cell-specific binding and suppression
of Notch signaling within TNBC cells by locking the Notch-1 receptors in a ligand
unresponsive state. This Notch inhibition potentiates the effect of ABT-737 by up-
regulating Noxa, resulting in effective killing of TNBC cells. In Chapter 4, we present
the results of in vitro studies that demonstrate N1-ABT-NPs can preferentially bind

TNBC cells versus non-cancerous breast epithelial cells to effectively regulate Bcl-2
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and Notch signaling to induce cell death. Further, we show that N1-ABT-NPs can
accumulate in subcutaneous TNBC xenograft tumors in mice following systemic
administration to reduce tumor burden and extend animal survival.

In Chapter 5, we introduce an alternative treatment strategy for TNBC that
exploits its overexpression of Notch-1 receptors to enable targeted microRNA
(miRNA) delivery. Studies have shown that introducing mimics of the tumor
suppressive miRNA miR-34a to TNBC cells can effectively inhibit cancer growth, but
miR-34a cannot be administered in the clinic without a carrier. To enable delivery of
miR-34a to TNBC cells, we encapsulated miR-34a mimics in PLGA nanoparticles that
were functionalized with Notch-1 antibodies to produce N1-34a-NPs. As in our
second objective, the antibodies in this formulation not only enable binding of Notch-1
receptors overexpressed on the surface of TNBC cells, but also facilitate suppression
of Notch signaling through signal cascade interference. The results presented in
Chapter 5 demonstrate that N1-34a-NPs can regulate Notch signaling and downstream
miR-34a targets in TNBC cells to induce senescence and reduce cell proliferation and
migration. Thus, these nanoparticles are worthy of continued development as
promising tools to combat TNBC.

In summary, this dissertation describes the development of three novel
nanoparticles that can treat TNBC through distinct mechanisms: photothermal therapy,
targeted drug delivery, and targeted miRNA replacement therapy. Future directions for
this research are summarized in Chapter 6. With continued development and
implementation, each of these nanoparticle formulations has great potential to improve

patient outcomes.
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Chapter 1

INTRODUCTION

Every year in the United States almost two million new cases of cancer are
diagnosed and over half a million cancer-related deaths occur. [1] Since its peak in
1991, the cancer mortality rate has dropped approximately 1.5% every year, leading to
an overall decline of 27% between 1991 and 2016. [2] This decreased death rate can
largely be attributed to educational advances, including those warning against the
dangers of smoking, and improvements in the areas of early detection and treatment.
Despite these promising changes, in 2016, cancer was still the second leading cause of
death after heart disease, accounting for 22% of all deaths. [2] Further, projected
statistics for 2019 indicate that almost 1,700 Americans will have died daily from
cancer that year. [3] This underscores the need for new and improved cancer therapies.

The overarching goal of this dissertation was to develop novel, nanoparticle-
based treatment strategies for cancer, particularly triple-negative breast cancer
(TNBC). This chapter discusses current treatment strategies for TNBC and introduces
concepts that led to the development of the nanoparticles presented in this dissertation.
Chapter 2 describes the methods used to synthesize and characterize the nanoparticles
in this work, and Chapters 3-5 describe the specific nanoparticle therapies that we
developed for TNBC. Throughout this work, we used poly(lactic co-glycolic acid)
(PLGA) nanoparticles as a versatile platform to enable treatment of TNBC through
three distinct mechanisms: photothermal therapy (Chapter 3), targeted drug delivery

(Chapter 4), and gene regulation (Chapter 5). Finally, Chapter 6 discusses future



directions for the field that build upon this research. Some of the text in this chapter
has been adapted from my following publications:

(1) Valcourt DM, et al. Annals Biomed. Eng. 2019; 1-21. [4]

(2) Kapadia CH, et al. J. Appl. Polym. Sci. 2019; 48651:1-16. [5]

(3) Valcourt DM, et al. Nano Research. 2018; 11(10):4999-5016. [6]

1.1 An Introduction to Triple-Negative Breast Cancer

In a study of projected cancer statistics in 2019, Jemal and colleagues found
that breast cancer accounts for 30% of all new cancer diagnoses in women, which
corresponds to approximately 270,000 new cases in the United States that year. [3] In
fact, breast cancer is the most common form of cancer overall, according to the
National Cancer Institute’s estimated new cases in 2018. [1] Despite the frequency at
which it occurs, unfortunately, breast cancer treatment and prognosis differs
significantly from patient to patient. These differences are largely derived from the
biological disparities between the subtypes of breast cancer, which are typically
delineated based on the expression of three common cell surface receptors: the
estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth
factor receptor 2 (HER2). [7] Varying expression levels of these receptors yield four
major subtypes of breast cancer: ER/PR*Her2*, ER/PR"Her2", ER/PR Her2*, and
ER/PR"Her2". The latter subtype, also known as triple-negative breast cancer (TNBC),
accounts for 15-25% of all breast cancer cases and has the highest mortality and
recurrence rates of all subtypes. [7-12] The following section discusses the current
standards for treatment of breast cancer as a whole and introduces the need for new

therapeutic strategies for TNBC.



1.2 The Evolution of Current Cancer Treatments and the Need for Novel
Therapeutic Strategies

The earliest recorded cases of breast cancer date back to 3,000-2,500 B.C. in
ancient Greece, at which time the only hope of finding relief was through votive
offerings in the shape of a breast that were presented to the god of medicine,
Asclepius. [13, 14] Since these times, treatment strategies for breast cancer have
evolved dramatically, leading to the three major classes of cancer therapy used today:
surgery, radiation, and chemotherapy. The first surgical removal of breast cancer by
Leonides of Alexandria in the 1% century A.D marks the beginning of an extended
period in which little progress was made towards improved cancer management
strategies. In fact, the detailed reports of his surgical strategy laid the groundwork for
contemporary surgical practices. The Renaissance saw a resurgence of surgical
innovation with the “father” of investigative surgery, John Hunter, and ushered in an
era of radical surgeries in the 19" century [13], including the first mastectomy
performed in 1882 by William Halsted [14]. This radical strategy focused on removing
whole tissues to prevent the spread and recurrence of the disease and remained the
standard operation for the treatment of breast cancer into the 20" century. [13, 14]

As medical resources advanced in the late 19" century and into the 20"
century, the radical mastectomy treatment strategy for breast cancer was gradually
modified to preserve more tissue and combine this approach with newly discovered
therapeutic options. In 1895, the X-ray was developed, which led to mammography
and enabled earlier detection of lesions, altering surgical management strategies. Then,
shortly after its discovery in 1898, radium was introduced as a new therapeutic agent
for cancer, becoming the second major class of cancer therapy. By 1937, radiation

therapy was used in addition to surgery as a mechanism to spare the breast. [14]



Finally, in 1942, the use of nitrogen mustard (a compound related to the poisonous
gases used in World War 1) to treat lymphosarcoma gave rise to the third major class
of therapies still used for cancer treatment today: chemotherapy. [15]

While surgery, radiation, and chemotherapy can successfully manage cancer,
these strategies are highly invasive and have significant off-target effects. Surgical
resection of breast cancer is invasive and cannot guarantee the complete removal of
cancerous cells. [16] In addition, concerning new evidence suggests that surgery-
induced inflammation can actually increase the incidence of metastasis. [17, 18]
Similarly, radiation can promote metastasis by disrupting the tumor
microenvironment, making it easier for cancer cells to enter the bloodstream. [19]
Another limitation of radiation and chemotherapy is that they are not targeted and
therefore affect both healthy cells and cancer cells. In fact, chemotherapy can cause
serious long-term adverse effects like heart and kidney problems. [20, 21] As more has
been revealed about cancer biology and the hormone dependency of breast cancer in
particular [22], researchers have begun to develop new targeted therapeutics that can
overcome the limitations seen with these conventional treatment approaches.

There are several targeted therapies available for non-TNBC subtypes of breast
cancer. For example, many treatments for HER2" breast cancer use monoclonal
antibodies to target the HER2 protein found on the surface of these cancer cells. [23,
24] The first of these therapies, trastuzumab (Herceptin), was approved by the United
States Food and Drug Administration (FDA) in 1998 [14], and has since been joined
by pertuzumab (Perjeta), ado-trastuzumab emtansine (Kadcyla), Fam-trastuzumab
deruxtecan (Enhertu), and two small molecule inhibitors Lapatinib (Tykerb) and

Neratinib (Nerlynx) [24]. For ER/PR*Her2" subtypes, palbociclib (Ibrance), ribociclib



(Kisgali), abemaciclib (Verzenio), and everolimus (Afinitor) are all FDA approved
targeted therapies. [24] Unfortunately, TNBC’s characteristic lack of expression of
ER, PR, and HER?2 leave it unsusceptible to the targeted therapies mentioned above.
Thus, new treatment strategies designed specifically for TNBC are desperately
needed. This dissertation aims to meet this need with novel nanoparticle-based

therapeutic strategies.

1.3 Biological Characteristics of Triple-Negative Breast Cancer

To effectively treat a disease such as TNBC, it is imperative to understand the
fundamental biology that drives disease progression. Indeed, the heterogenous nature
of cancer still poses a significant challenge for developing effective therapeutic
strategies. [25-27] This section provides an overview of some of the specific signaling
pathways that are implicated in TNBC and therefore offer an opportunity for
therapeutic manipulation. Specifically, this thesis exploits TNBC’s aberrant
expression of Notch signaling, Bcl-2, and miR-34a. The interplay of these molecules
in TNBC is depicted simplistically in Figure 1.1. Below, a more detailed description

of each pathway is provided.
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Figure 1.1: Simplified scheme depicting the interplay between Notch signaling, Bcl-2,
and miR-34a. Notch signaling is overactive in TNBC, promoting the
transcription of genes associated with cell survival and proliferation and
inhibiting the pro-apoptotic protein Noxa. Noxa displaces Bcl-2 family
proteins, which are overexpressed in TNBC, from mitochondria-bound
Bax to promote apoptosis. Bcl-2 and Notch expression are also regulated
by miR-34a signaling, which is reduced in TNBC, thus contributing to
disease progression.

1.3.1 Notch Signaling in Triple-Negative Breast Cancer

Hanahan and Weinberg first proposed the “hallmarks” of cancer in 2000 and
have expanded upon them in recent years to include ten major characteristics of cancer
cells and their microenvironment that promote disease progression, many of which are
directly influenced by developmental signaling pathways. [26, 28] The developmental
Whnt, Hedgehog, and Notch signaling pathways guide early development through
precise control of cell proliferation, differentiation, migration, and cell-to-cell

communication, [29, 30] and they also preserve tissue function by regulating adult



stem cell populations [31]. Given the important and complex role these pathways play
in controlling cellular function, it is unsurprising that their aberrant expression has
been associated with the formation and progression of cancer [32—-35] by supporting
cancer cells’ ability to grow, resist treatment, metastasize, and recur [26, 28, 36].
Indeed, overactive developmental signaling facilitates cancer cells’ evasion of growth
suppressors and the immune system, and supports the formation of new blood vessels
to increase nutrient supply, contributing to unchecked disease progression. [26, 28]
Additionally, the Wnt, Hedgehog, and Notch signaling pathways have a significant
impact on cancer stem cell populations [37—41], which facilitates disease recurrence if
tumors are not fully removed [40, 42, 43]. Overall, the integral role that Wnt,
Hedgehog, and Notch signaling play in cancer progression (Figure 1.2) makes them
extremely promising targets for new therapeutic strategies. While all three pathways
are implicated in TNBC [44-46], this thesis investigates the use of nanoparticles as
tools to regulate Notch signaling specifically. We demonstrate in Chapter 4 and 5 that
by inhibiting Notch signaling using nanotherapeutics, TNBC progression may be

dramatically slowed or even reversed.
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Figure 1.2: Dysregulation of the developmental Wnt, Notch, and Hedgehog signaling
pathways is implicated in all of the “hallmarks” of cancer, and all three
pathways are hyperactive in TNBC. Reproduced from Valcourt, et al.
Annals Biomed Eng. 2019. [4]

As noted above, the Notch signaling pathway is frequently dysregulated in
cancer. [47] Notch signaling is activated in cancer cells when one of four canonical

ligands (Deltal, 3, or 4, or Jagged 1/2) on signal-sending cells bind the extracellular



region of Notch receptors 1-4 on signal-receiving cells. (Figure 1.3) [48] This initiates
a downstream cascade of cleavages, first by ADAM family proteases that remove the
extracellular portion of Notch receptors from their transmembrane domain, and
subsequently by the gamma secretase complex that removes the intracellular portion
of Notch receptors from the transmembrane domain. Ultimately, this cascade leads to
the nuclear translocation of the Notch intracellular domain (NICD). [47] In the
nucleus, NICD complexes with MAML1 and CSL to promote the transcription of
genes associated with cell survival, proliferation, and stemness. In addition to this
ligand dependent activity, the Notch signaling pathway can also undergo ligand

independent activation that is mediated by ADAM17. [40]
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Figure 1.3: Canonical Notch signaling is activated when Jagged or Delta ligands on a
signal-sending cell bind the extracellular domain of the Notch receptor on
a signal-receiving cell. The extracellular domain of Notch is subsequently
cleaved by ADAM family proteases, then the intracellular domain
(NICD) is cleaved by the y-secretase complex. Released NICD
translocates to the nucleus, where it acts as a promoter for the
transcription of downstream target genes that support cell survival,
proliferation, stemness, and other oncogenic behaviors. Reproduced from
Valcourt, DM, Dang MN, Scully MA, Day ES, manuscript in revision.

Depending on the type of cancer, different Notch receptors have varying levels
of expression and prognostic implications. In certain cases, Notch can even serve as a
tumor suppressor [49-51], but its overactivation is largely considered oncogenic [52].
While overexpression of Notch 2-4 has been implicated in a variety of cancers [52—
55], Notch-1 in particular is frequently overexpressed in cancer and serves as a
promising target for therapeutic manipulation. [40, 42, 48, 56, 57] In TNBC

specifically, Speiser et al found elevated Notch-1 expression in 100% of cases. [54]
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This overexpression in TNBC [54, 58] is associated with stem cell-like behavior,
invasiveness, chemoresistance, and an overall poor prognosis [44, 59]. Patients with
elevated Notch-1 signaling have a 42% 5-year survival rate, which compares to a 65%
survival rate in patients with low Notch-1 levels. Chapters 4 and 5 of this thesis
investigate the use of nanoparticles that exploit this overexpression of Notch-1 in
TNBC to provide both targeted delivery of therapeutic cargo and suppression of Notch
signaling.

1.3.2 The Role of p53 Apoptotic Signaling and Bcl-2 in Triple-Negative Breast

Cancer

Besides Notch signaling, several other signaling pathways are implicated in
TNBC and often exhibit interplay with the Notch pathway to support tumorigenesis.
One such critical pathway is the p53 apoptotic signaling pathway (simplified in
Figure 1.4), which facilitates unchecked cell survival when dysregulated. [60, 61]
Below we describe this pathway in detail, as Chapter 4 of this thesis introduces a
strategy to manipulate p53 apoptotic signaling in combination with regulation of
Notch signaling.

When healthy cells experience external stress or DNA damage, p53 signaling
is activated (Figure 1.4a) and acetylated p53 migrates to the mitochondria, where it
promotes Bax-mediated release of cytochrome c. [60] In the cytosol, cytochrome ¢
activates caspases (cysteine proteases that cleave proteins after aspartic acid residues
to produce morphological changes associated with apoptosis) by binding Apaf-1,
creating an apoptosome. [62] The apoptosome subsequently recruits caspase-9, the

initiator caspase, to the complex. This stimulates the autoactivation of procaspase-9
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[63], which then initiates a downstream cascade of caspase activation that ultimately

leads to apoptotic cell death [63—67].
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Figure 1.4: Simplified scheme of the p53 apoptotic signaling pathway in healthy cells
versus TNBC cells. (a) Upon activation in healthy cells, acetylated p53
migrates to the mitochondria to induce Bax-mediated release of
cytochrome c. There is a subsequent series of activation of caspases that
ultimately leads to apoptosis. (b) In TNBC cells, Bcl-2 proteins are
overexpressed, leading to inhibition of apoptotic signaling.

In TNBC cells, as well as many other cancer types, the p53 pathway is
dysregulated, making the cells less prone to undergo apoptosis when exposed to
external insults. Many molecules interact with the p53 apoptotic pathway in a
regulatory capacity, but proteins belonging to the B-cell lymphoma 2 (Bcl-2) family
are among those most heavily studied for their role in suppressing apoptosis. This
family of proteins is divided by structure and function into three groups: Bcl-2
homology 3 (BH3) proteins (Bid, Bim, Noxa, Puma, etc.) that actively activate
apoptosis, executioner proteins (Bax, Bak, Bok) that permeabilize the mitochondrial

outer membrane to activate effector caspases, and apoptosis-suppressing proteins (Bcl-
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2, Bcl-Xy, Bel-W, Mcl-1, Bfl-1/A1) that inhibit BH3 and executioner proteins. [68—
70] In TNBC, the anti-apoptotic protein Bcl-2 is particularly overexpressed compared
to healthy cells. [71, 72] Overexpressed Bcl-2 sequesters Bax-mediated
permeabilization of the mitochondrial outer membrane, preventing the release of
cytochrome c. (Figure 1.4b) Without subsequent activation of effector caspases by the
cytochrome c/Apaf-1 complex, TNBC cells fail to react to external stress or DNA
damage, thus promoting disease progression. The significant role Bcl-2 plays in
regulating apoptosis and its aberrant expression in TNBC make it a promising target
for novel therapeutic strategies. [73] Chapter 4 of this dissertation develops a
nanotherapeutic strategy that manipulates Bcl-2 family proteins in combination with

Notch signaling inhibition, which exhibits remarkable potency against TNBC.

1.3.3 The Role of miR-34a in TNBC and its Interplay with p53 Apoptotic
Signaling

In addition to Bcl-2 family proteins, microRNAs (miRNAS) can also interact
with the p53 apoptotic pathway in a regulatory capacity. miRNAs are small, non-
coding RNA molecules that regulate the expression of networks of genes. [74-76] The
biogenesis of the majority of miRNAs (Figure 1.5) begins in the nucleus. miRNAs are
initially transcribed by RNA polymerase 11, producing primary miRNAS (pri-
miRNAS) that have an internal hairpin within their larger structure. [77] These pri-
miRNAs are cleaved by Drosha to remove each end, creating about 70 base pair (bp)
long preliminary miRNAs (pre-miRNASs) with an imperfect stem-loop structure that
are then exported from the nucleus into the cytoplasm by an exportin 5/RanGTP
complex. [78, 79] Once pre-miRNAs reach the cytoplasm, the RNase I11 endonuclease

Dicer removes their terminal loop, resulting in mature double-stranded miRNA
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duplexes that are approximately 22 bp long. [78, 80] After generation, one strand of
the mature miRNA duplex, known as the guide strand or miRNA strand, is
incorporated into the miRNA-induced silencing complex (miRISC), which contains
Argonaute proteins and is also known as the miRNA-containing ribonucleoprotein
complex. The other strand, known as the passenger strand or miRNA™* strand, is
typically degraded, although there are instances where the miRNA* strand is loaded
into miRISC to facilitate gene silencing. [81] Once the mature miRNA is loaded into
miRISC, it guides the complex to its cognate messenger RNA (mMRNA) either with
perfect complementarity or with imperfect base pairing. This results in either
degradation or translational repression of the targeted mMRNA, which thereby inhibits

production of the encoded protein.
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Figure 1.5: Scheme of miRNA biogenesis and mechanism of gene regulation.
miRNAs are transcribed as pri-miRNAs in the nucleus, which are
subsequently cleaved by Drosha to form pre-miRNAs. pre-miRNAs are
then transported to the cytoplasm by exportin proteins. Cytoplasmic pre-
miRNAs with unstable stem-loop structures are further cleaved by Dicer
into small duplex RNA structures (miRNA:miRNA*) that contain both
mature miRNA and its complementary strand (miRNA*). The miRNA*
strand is typically degraded, and the mature miRNA strand assembles
into RISC and guides it to specific messenger RNAs (MRNAS) to induce
gene silencing. Reproduced from Kapadia, et al. J Appl Polym Sci. 2019.
[5]

The interaction between the p53 apoptotic pathway and miRNA processing is
critical for promoting proper cellular function. When cells experience DNA damage,

p53 facilitates the post-transcriptional maturation of miRNAs associated with growth
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suppression by interacting with Drosha to enhance the processing of pri-miRNAs into
pre-miRNAs. [82] Hermeking has investigated this process for the miR-34 family, in
particular. (Figure 1.6) [83, 84] Downstream of p53 activation, pri-miR-34 is
processed into mature miR-34 capable of regulating a variety of genes, including Bcl-
2 and cyclin D1. By suppressing the expression of these genes, miR-34 can induce
apoptosis, senescence, and G1 cell cycle arrest and reduce proliferation and migration.
[84] Unfortunately, miR-34 expression is reduced in a number of cancers [85-88], and
in TNBC, this downregulation is associated with reduced survival and an overall poor
prognosis [84, 89]. Several studies have shown that miR-34a specifically interferes
with cellular proliferation [90], migration [89], chemosensitivity [91, 92], and invasion
[93]. Thus, restoring the normal expression of tumor-suppressive miR-34a through a
process known as miRNA replacement therapy is a promising treatment strategy for
TNBC and other cancers characterized by loss of miR-34a expression. Chapter 5 of
this dissertation introduces nanoparticles that can delivery miR-34a into TNBC cells

by exploiting their overexpression of Notch-1 receptors.

16



oncogene
activation

2
replication
stress RNA
. »
pri-miR-34a n.
o e [ o> DYECEE LS » =
miR-34c

= (=3

‘ inhibition of
migration

Figure 1.6: Upon activation of p53, miR-34a is processed and regulates gene
expression to induce apoptosis, cell cycle arrest, and senescence, and
inhibit cell migration. Reproduced from Hermeking, H. Cell Death and
Differentiation. 2010. [84]
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1.3.4 The Need for Delivery Technologies to Manipulate TNBC Biology

The preceding sections have introduced some of the key biological
characteristics that drive TNBC progression. However, therapeutic manipulation of
these features has remained an elusive goal. The following section introduces the use
of nanoparticles as tools to deliver therapeutic cargo specifically to cancer cells. It
provides an overview of various types of cancer nanomedicine and introduces how

this thesis builds upon the state of the art in the field.

1.4 Nanotechnology in Cancer Treatment

The clinical application of free therapeutic agents, including antibodies, small
molecule drugs, and RNA therapeutics, is frequently plagued by poor
pharmacokinetics and biodistribution profiles. To improve the efficacy and safety of
these therapies, researchers have developed nanoparticle-based medicines that can

enhance tumor-specific delivery of their cargo. The concept of nanoparticles was
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originally inspired by Paul Ehrlich who called his idea for a new delivery system
“Zauberkugeln”, which translates to “Magic Bullets” in English. [94] Utilizing
nanoparticles for cancer therapy dates back to the late 1970s and early 1980s, and their
use quickly garnered interest after demonstrations of enhanced efficacy and reduced
adverse effects. [95-101] These highly tunable systems can encapsulate therapeutic
molecules or present them on their surface, and they can exploit the leaky vasculature
associated with tumors to facilitate passive accumulation within the tumor
microenvironment. (Figure 1.7) [102-104] Additionally, the surface of nanoparticles
may be modified with “targeting” agents such as antibodies, peptides, or other small
molecules, to facilitate cancer cell-specific binding and uptake once they have
passively accumulated in the tumor. This section introduces the three major classes of
cancer nanomedicine, each of which are explored and developed further in Chapters 3-
5 of this dissertation: light-activated nanoparticles for phototherapy, nanocarriers for

drug delivery, and nanotherapeutics for gene regulation.
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Figure 1.7: Scheme depicting how nanoparticles enhance drug delivery to solid
tumors. After intravenous injection, nanoparticles passively accumulate
in tumors (A) through leaky vasculature. Surface functionalized
nanoparticles then enable active targeting (B) by binding to cell
receptors. Reproduced from Dong. Nanomed. 2010. [104]

1.4.1 Photoresponsive Nanomedicines

The two main classes of light-activated, or photoresponsive, nanoparticle-
mediated therapy are photothermal therapy (PTT) and photodynamic therapy. In these
therapies, administered nanoparticles are excited by externally applied light to induce
cell death through the production of heat or reactive oxygen species, respectively.
[105] These are considered precision therapies that enable spatiotemporal control of
the treatment, as the therapeutic effect should be achieved only when and where both
the nanoparticles and light are applied. Accordingly, off-target effects of these
therapies are extremely low. Chapter 3 of this thesis describes the development of a
new nanoparticle to mediate PTT, and therefore this section introduces PTT in detail.

As noted above, PTT utilizes nanoparticles embedded in tumors as exogenous

energy absorbers to convert externally applied near-infrared (NIR) light into heat to
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ablate cancer cells (Figure 1.8), and it has shown much promise as a novel cancer
treatment strategy. [106-108] Indeed, PTT mediated by silica core/gold shell

“nanoshells” has recently been evaluated in human patients with promising results.

[109, 110]
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Figure 1.8: Schematic of nanoparticle-mediated photothermal therapy. In nanoparticle-
mediated photothermal therapy, (a) nanoparticles first accumulate in the
tumor through leaky vasculature. (b) When these nanoparticles are
irradiated with near-infrared (NIR) light, they convert the light into heat.
(c) The heat shock induced by this irradiation then leads to tumor cell
death. Modified from Riley, R.S. WIRES. 2017. [108]

The use of nanoparticles such as nanoshells that respond to NIR light is
important for PTT because NIR light can penetrate deeper into tissue than visible
wavelengths of light. This is because NIR light is minimally absorbed by the major
components of tissue it will encounter prior to reaching the diseased site. (Figure 1.9)
[111] Thus, NIR light can facilitate treatment in tumors further under the surface of
the skin while leaving healthy tissue unharmed. The key advantages of PTT over

conventional treatment strategies are that it is simple to perform, it is tumor-specific,
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and it is less susceptible to cellular resistance because it induces cell death through

physical mechanisms such as membrane rupture and protein denaturation. [112]
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Figure 1.9: The absorption of light by the major components of tissue: water,
hemoglobin, and oxyhemoglobin. The near-infrared (NIR) window
represents the region of wavelengths of light that is minimally absorbed
by these components. Adapted from Weissleder. Nat Biotechnol. 2001.

[111]

Historically, most PTT strategies have used nanoparticles based on gold

because they offer high photothermal conversion efficiencies as well as ease of

synthesis and surface modification [108, 113-116]. Nanoshells, in particular, have

progressed into clinical trials to mediate PTT of head and neck tumors and prostate

tumors. [110, 117, 118] However, these and other gold-based nanoparticles will

remain in the body for extended periods of time with unknown long-term health

effects. [108] To prevent possible undesired side effects associated with non-
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degradable nanoparticles, researchers have begun to develop organic photothermal
agents. [119] By incorporating NIR-absorbing dyes into biodegradable platforms,
these nanoparticles can facilitate photothermal ablation of tumors, while also
providing dual-imaging capabilities. [120-128] Chapter 3 of this dissertation develops
one such organic photothermal agent for the treatment of TNBC, and demonstrates it

is effective both in vitro and in vivo.

1.4.2 Nanotechnology to Enable Drug and Antibody Delivery

While PTT can be applied to kill TNBC cells, it will be limited to the treatment
of tumors located in regions where NIR light can penetrate. A more widely applicable
strategy would be to directly regulate aberrantly expressed signaling pathways, such as
the p53 apoptotic pathway described previously, through nanoparticle-mediated
delivery of small molecule agents that re-establish programmed cell death signaling in
TNBC cells. There are three main classes of agents that can be used to regulate
aberrantly expressed signaling pathways in cancer: antibodies, small molecules, and
nucleic acids. This dissertation explores all three of these agents. Specifically, in
Chapters 4 and 5, nanoparticles that co-deliver antibodies along with either small
molecule drugs or miRNA therapeutics are examined. Here, we introduce the use of
nanoparticles as vehicles for small molecule and antibody delivery. Then, in the
following section, we introduce the use of nanoparticles for nucleic acid delivery.

Small molecule inhibitors of various oncogenic signaling pathways have been
widely explored. However, they often encounter issues with solubility, bioavailability,
targeted cellular uptake, and systemic toxicity that hinder their clinical translation.
[129] Encapsulating these molecules inside nanoparticles or loading them on

nanoparticles’ exterior can improve their stability, pharmacokinetics, biodistribution,
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and tissue/cell-specific delivery. This enables the nanoformulations to be much more
effective than their freely delivered counterparts. [6, 130-132] To achieve effective
drug delivery, there are many nanoparticle design parameters to consider, including
size, shape, and surface coating. With respect to size, nanoparticles with diameters less
than ~5 nm rapidly undergo renal clearance upon intravenous administration and those
with diameters greater than ~200 nm exhibit splenic filtration due to the 200-500 nm
size range of inter-endothelial cell slits. [133] Accordingly, nanoparticle-based drug
delivery vehicles should be designed with a diameter between 5 and 200 nm.
Generally, nanoparticles with diameters less than 100 nm are the longest circulating
and they also achieve the greatest tissue/cell uptake. [133, 134]

In addition to size, surface charge and surface chemistry also play a significant
role in nanomaterial circulation time and cellular entry and should thus be considered
when designing nanotherapeutics. Since cells have negatively charged membranes,
they can internalize positively charged nanomaterials more readily than negatively
charged or neutral materials due to electrostatic interactions. However, when injected
in the bloodstream, positively charged nanoparticles are cleared more rapidly than
negative or neutral particles and can induce hemolysis and platelet aggregation. [135]
Within the bloodstream, all nanoparticles, regardless of charge, are masked by a
biological corona (mainly consisting of opsonin proteins) that leads to their
sequestration by the mononuclear phagocytic systems (MPS), reducing their
distribution half-life. [135, 136] The rapid clearance of positively charged
nanoparticles is likely a consequence of the fact that the initial surface charge of a

nanoparticle will dictate the specific makeup of the protein corona that forms on its
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surface, giving it a new “biological identity” that ultimately dictates pharmacokinetics
and biodistribution. [136]

One strategy to minimize protein corona formation is to passivate the
nanoparticle surface with poly(ethylene glycol) (PEG) polymer chains containing a
methoxy end group. This provides a “stealth effect” in which a water hydration layer
surrounds the nanoparticle to prevent opsonization and sequestration by the MPS. For
example, adding PEG to liposomal doxorubicin increased its half-life from minutes to
hours. [137] While there are numerous examples of PEGylation being used to enhance
nanoparticle circulation and target delivery, there are also some limitations to
PEGylation. [138, 139] For example, PEGylation can lead to an immune response, as
up to 70% of people have anti-PEG antibodies existing in their body. [140]
Additionally, PEGylation can limit the cellular uptake of nanoparticles. This can be
overcome by simultaneously decorating nanoparticles with ligands designed to bind
specific receptors that are overexpressed on the surface of the target cells in order to
facilitate receptor-mediated endocytosis. [141, 142] We recently reviewed the
different types of targeting strategies that are utilized in nanomedicine [6] and note
that there is currently substantial debate regarding the benefits of targeting agents. For
targeting agents to effectively mediate cell-specific binding and internalization, the
nanoparticles must first reach the diseased tissue, penetrate through the tissue to
interact with the desired cells, and then engage the targeted receptors. This requires the
protein corona formed around the nanoparticle to not limit the effectiveness of the
targeting agent, which is difficult to achieve. Recent meta-analyses and experimental
studies have emphasized this point by showing that targeting agents only modestly

improve the percentage of nanoparticles that reach their target cells. [143, 144] These
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findings, and the challenges associated with the PEG immune response, have led
researchers to begin exploring alternative strategies to enhance nanoparticle delivery
to target cells, such as designing nanoparticles to mimic cells within the body to hide
them from the immune system and increase target delivery. [6, 145-147]

In this thesis, we explore the use of antibody modification of nanoparticles for
the dual purpose of achieving TNBC cell-specific binding and inhibiting oncogenic
signaling. Antibodies were among the first biomolecules explored as targeting agents
for nanotherapies [148, 149], and are considered beneficial targeting moieties because
they have high specificity for their target, their production is well-established, and
they can easily be exchanged to target a variety of different cell surface proteins
important for disease progression. [141] Additionally, the bioconjugation of antibodies
to nanoparticles typically involves simple chemical reactions. Chapter 2 of this
dissertation further details antibody conjugation to polymer nanoparticles using 1-
ethyl-3-(3-dimetylaminopropyl)carbodiimide (EDC) chemistry [150], which forms an
amide bond between exposed carboxylic acid functional groups on the surface of the
nanoparticle and amine functional groups on the conserved fragment of the antibody.
Importantly, directionality of the antibody may play a role in its binding affinity, as
the antigen-binding sites need to be accessible for efficient targeting. [151, 152] With
EDC chemistry, antibodies are randomly oriented, which reduces selective binding
efficiency, may have low coupling efficiency, and can result in nanoparticle
aggregation. [153] With directional conjugation methods, antibodies are directly
linked to the nanoparticle by the conserved fragment of the antibody, leaving the

antigen-binding region unhindered. [151, 154] With these strategies, fewer antibodies
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are needed per nanoparticle to achieve the same targeting effect, thus reducing cost
and enhancing performance. [152, 154]

Perhaps one of the most exciting features of antibodies (which we exploit in
this thesis) is that, in addition to providing cell-specific binding, they can also confer a
therapeutic benefit on the nanoparticles. This is because, upon binding to their targeted
receptor, antibodies (and antibody-nanoparticle conjugates) can competitively block
signaling ligands from binding the receptor, leading to inhibition of the downstream
signaling pathway. (Figure 1.10) [155, 156] A major benefit of utilizing antibody-
nanoparticle conjugates over freely delivered antibodies to elicit such signal cascade
interference is that antibody-nanoparticle conjugates demonstrate multivalency, in
which they have increased binding affinity for their target compared to free antibodies.
[142, 155, 157] We and others have shown that this increased valency correlates with
enhanced signal cascade interference. [155, 158] Antibody-nanoparticle conjugates
that continue to explore the benefits of combining multivalent targeting and signal
cascade interference with the ability to specifically deliver a payload may be highly
suited for the safe and effective treatment of a variety of cancers. Chapters 4 and 5 of
this dissertation directly investigate this concept by using antibody-modified
nanoparticles to deliver small molecule therapeutics and tumor suppressive miRNAs

to TNBC, respectively.
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Figure 1.10: In cancer cells, ligand/receptor interactions activate downstream
oncogenic signaling. Antibodies can reduce signaling by competitively
blocking signaling ligands from binding the receptor and locking the
receptor in a non-responsive state. Antibody-nanoparticle conjugates can
enhance signaling cascade interference by engaging multiple receptors
simultaneously. Modified from Valcourt, D.M. Annals Biomed Eng.
2019. [4]

1.4.3 Nanotechnology for Nucleic Acid Delivery

Besides facilitating delivery of small molecules and antibodies, nanoparticles
can also be used to enhance nucleic acid delivery to cancer cells. The use of small
interfering RNA (siRNA) or miRNA molecules to suppress desired targets in cancer
through RNA interference has received substantial attention lately as a promising
alternative treatment strategy that may enable reduction of cancer cell survival,
proliferation, and stemness. However, the clinical translation of RNA therapeutics is
limited due to their susceptibility to nuclease degradation, rapid clearance from the
bloodstream, their inability to passively enter cells, and their activation of the innate
immune system causing undesirable immunological side effects. [159-162] Thus, to
facilitate successful gene regulation, systemically administered RNA molecules and

their carriers must overcome these many physiological barriers. (Figure 1.11) [5]
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Figure 1.11: Scheme depicting the biological barriers that miRNA nanocarriers must
overcome. To enable gene regulation, miRNA nanocarriers must: (1)
prevent miRNA degradation from serum nucleases and provide long
circulation in the blood, (2) cross vessel walls and penetrate through the
extracellular matrix (ECM), (3) enter target cells, (4) facilitate
endolysosomal escape, and (5) release miRNA in the cytoplasm for
loading into the RNA-induced silencing complex (RISC) for subsequent
gene regulation. Reproduced from Kapadia, et al. J Appl Polym Sci.
2019. [5]
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Historically, chemical modifications have been used to increase the stability
and limit the immunogenicity of RNA therapeutics. [163] Phosphorothioate
modification of the RNA backbone, which substitutes a sulfur atom for an oxygen
atom, reduces the ability of nucleases to degrade this bond. [163] Likewise, replacing
the 2°-OH with 2°-O-methyl, 2°-O-methyoxyethyl, or 2°-fluoro groups can increase
binding affinity to target mMRNA [164], enhance nuclease stability [165], and extend
serum stability [166]. However, chemical modifications can also reduce the specificity
and functionality of RNA therapeutics, and such alterations typically do not improve
penetration across biological barriers. [165] Therefore, there is a need to develop
innovative delivery vehicles that can protect RNA therapeutics from degradation and
deliver them to target cells to induce robust gene regulation. Nanoparticles have
shown great promise in meeting this need, as they are ideally suited to protect RNA
from degradation, extend circulation half-life, facilitate cellular entry, and increase
therapeutic index. [167] Indeed, various nanoparticle delivery systems have shown
considerable promise for the delivery of plasmid DNAs, antisense oligonucleotides,
siRNAs, and miRNAs to diseased cells in vitro and in vivo. [160, 168-181]

Perhaps one of the biggest challenges in developing RNA nanocarriers is
ensuring the cargo reaches the cytosol of the target cell after internalization, so that it
can engage RISC to induce gene silencing. Cells can take up nanoparticles through
either receptor-mediated or nonreceptor-mediated endocytosis, and the specific
mechanism is influenced by both nanoparticle size and surface functionality. The
mechanism of uptake is critical since it dictates the microenvironment the particles
will ultimately face after internalization. If nanoparticles are internalized by clathrin-

mediated endocytosis, the classic method of uptake, they will be routed to endosomes
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and then to lysosomes, where the harsh acidic and enzyme-rich environment will
degrade nucleic acid cargo. [133, 134, 167] Alternatively, if nanoparticles are
internalized by caveolin-mediated endocytosis, they will be trafficked to neutral
caveosomes and bypass the acidic lysosomal environment. [133, 134, 167] The
ultimate fate of nanomaterials in caveosomes is still being explored, but some
evidence suggests caveosomes route their cargo to the endoplasmic reticulum and the
cytoplasm. [182].

Since clathrin-mediated uptake is the primary method by which nanoparticles
enter cells, an extraordinary amount of research has explored ways to enable
endolysosomal escape of particles prior to lysosomal fusion. [183-185] Studies have
shown that materials with a high buffering capacity (such as polyethyleneimine) can
be incorporated into nanoparticles to induce swelling and rupture of endosomes. This
is often attributed to the “proton sponge effect”, wherein proton absorption by the
material leads to an influx of water and rupture of the endosomal compartment, but
recent studies have called into question the accuracy of this proposed phenomenon.
[186, 187] An alternative strategy is to coat RNA carriers with fusogenic peptides,
lipids, or membrane-destabilizing peptides. [133] Finally, cationic polymers can be
incorporated into nanoparticles to mediate endosome escape by causing the positive
surface of the nanoparticle to interact with the negative outer surface of the endosome,
leading to membrane flipping and cargo release via the “flip-flop” mechanism. [188,
189]

In Chapter 5 of this thesis, we use antibody-modified nanoparticles to facilitate
RNA delivery to TNBC cells. These nanoparticles, and all the nanoparticles described

in this thesis, are based on poly(lactic-co-glycolic acid) (PLGA) structures. In the
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following section of this chapter, we describe the characteristics of PLGA that make it

well-suited as a therapeutic delivery vehicle.

1.5 Poly(Lactic Co-Glycolic Acid) Nanoparticles in Cancer Therapy

To facilitate the delivery of photothermal and gene regulatory agents like those
introduced in this chapter, we have utilized the versatile and commercially available
polymer poly(lactic co-glycolic acid) (PLGA) in each of the nanoparticle formulations
described in Chapters 3-5. PLGA is an FDA-approved polymer that has been
extensively investigated for drug delivery applications and has demonstrated utility in
delivering a wide variety of therapeutic agents, including chemotherapy, antibiotics,
proteins, and more. [190] Its structure (Figure 1.12) contributes to its versatility,
allowing researchers control over degradation, drug release, functionalization, and

other important characteristics that contribute to the success of nanocarriers.
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Figure 1.12: Chemical structure of poly(lactic co-glycolic acid).

The composition of PLGA (i.e. the ratio of lactic acid to glycolic acid and the
overall molecular weight) has a significant impact on the degradation of the polymer
and therefore the performance of the subsequently formed nanoparticles. PLGA is

degraded through hydrolysis, which importantly creates the non-toxic products water
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and carbon dioxide, which are easily eliminated from the body. [190] As the ratio of
lactic acid to glycolic acid increases, PLGA becomes more hydrophobic, which slows
the rate of degradation and thus drug release from nanoparticles. Additionally, higher
molecular weight PLGA has a similar effect on the degradation and drug release rate,
while further having a direct relationship to the size of the nanoparticles. Thus,
nanoparticle characteristics including hydrophobicity, drug loading and release, and
pharmacokinetic profile are all tunable by manipulating the ratio of lactic acid to
glycolic acid and the overall molecular weight of the polymer. [190] In addition to the
impact of composition on degradation of PLGA, the presence of both hydrophilic
glycolic acid and hydrophobic lactic acid facilitates loading of a wide variety of
cargoes using simple emulsion techniques and functionalization chemistries. [190]
Chapter 2 introduces these methods, which are used throughout the remainder of this
dissertation. Notably, in Chapters 3 and 4, hydrophobic cargos are loaded within
PLGA nanoparticles, while in Chapter 5, hydrophilic RNA cargos are loaded in the
nanoparticles, demonstrating the versatility of this material as a nanoparticle building
block. Overall, this thesis utilizes this versatile platform to enable potent treatment of

TNBC through three novel nanoparticle formulations.
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Chapter 2

MATERIALS AND METHODS FOR NANOPARTICLE SYNTHESIS AND
CHARACTERIZATION

Poly(lactic co-glycolic acid) (PLGA) nanoparticles are a versatile,
biodegradable platform that can enable targeted delivery of hydrophobic or
hydrophilic cargo to cancer. This chapter provides an overview of some of the
common methods used throughout this dissertation to synthesize and characterize

PLGA nanoparticles.

2.1 Single Emulsion Solvent Evaporation Method for the Encapsulation of
Hydrophobic Cargo

Hydrophobic cargo, like those presented in Chapters 3 and 4, is efficiently
encapsulated in PLGA nanoparticles using a single emulsion (oil/water) solvent
evaporation method. (Figure 2.1) The oil phase is composed of the desired cargo and
PLGA dissolved in a volatile organic solvent (e.g. acetone). This solution is
subsequently added to an aqueous phase, thus creating an emulsion in which the cargo
is naturally encapsulated in the polymer matrix of the self-assembled nanoparticles.
This mixture is then stirred to allow the solvent to evaporate and the nanoparticles are
further purified to remove unencapsulated cargo. The single emulsion solvent
evaporation method is described in further detail for the specific nanoparticle

formulations presented in Chapters 3 and 4.
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Figure 2.1: Single emulsion solvent evaporation method for encapsulation of
hydrophobic cargo in poly(lactic go-clycolic acid) (PLGA) nanoparticles.
Modified from Valcourt DM, Dang MN, Scully MA, Day ES,
Manuscript in revision.

2.2 Double Emulsion Solvent Evaporation Method for Encapsulation of
Hydrophilic Cargo

Hydrophilic cargo, such as the miRNA mimics presented in Chapter 5, is
readily encapsulated in PLGA nanoparticles using a double emulsion (water/oil/water)
solvent evaporation method. (Figure 2.2) The water 1 phase consists of the desired
cargo and an excipient (e.g. polyvinyl alcohol (PVA)) dissolved in an aqueous phase.
This solution is then added to the oil phase, which is composed of PLGA dissolved in
a volatile organic solvent, to form the primary emulsion. Once homogenized, the
primary emulsion is subsequently introduced to a second aqueous phase often
containing a surfactant, thus forming a secondary emulsion. During the nanoparticle
self-assembly process, the hydrophilic cargo is encapsulated in water pockets within
the PLGA. This mixture is then stirred to allow the solvent to evaporate and the
nanoparticles are further purified to remove unencapsulated cargo. The double
emulsion solvent evaporation method for miRNA-loaded PLGA nanoparticles is

described in further detail in Chapter 5.
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Figure 2.2: Double emulsion solvent evaporation method for encapsulation of
hydrophilic cargo (e.g. miRNA) in poly(lactic co-glycolic acid) (PLGA)
nanoparticles. Modified from Valcourt DM, Day ES, Manuscript in
revision.

2.3 Antibody Functionalization of Nanoparticles

PLGA nanoparticles are an adaptable nanocarrier because they are easily
functionalized with targeting modalities like antibodies. Upon synthesis through the
methods described above, PLGA nanoparticles have exposed carboxylic acid
functional groups on their surface. These groups can be activated using 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC). (Figure 2.3) With the addition of n-
hydroxysulfosuccinimide (sulfo-NHS), an amine-reactive sulfo-NHS ester is formed
that, upon introduction to a primary amine like those on the conserved fragment of
antibodies, will form an amide bond and a resulting stable antibody-nanoparticle

conjugate.
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Figure 2.3: Crosslinking reaction scheme for antibody functionalization of poly(lactic
co-glycolic acid) nanoparticles using 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) chemistry with the addition of
n-hydroxysulfosuccinimide (sulfo-NHS). Taken from “Carbodiimide
Crosslinker Chemistry”. ThermoFisher Scientific. [150]

2.4 Characterization Methods

The following methods are used to characterize nanoparticle size, morphology,
and surface charge, and loading of hydrophobic and hydrophilic cargo and targeting
moieties. Each method is introduced in brief and applied to specific nanoparticle

formulations in Chapters 3-5.

2.4.1 UV-Visible Spectroscopy and Absorbance Readings

UV-visible spectroscopy and absorbance readings were used throughout this
thesis to confirm encapsulation of hydrophobic cargo, quantify the loading of
hydrophobic cargo and the concentration of the resulting nanoparticles, and to

evaluate the stability of the encapsulated cargo. Loaded nanoparticles or
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unencapsulated cargo were diluted in DI water or phosphate buffered saline (PBS) and

analyzed using a spectrophotometer or plate reader.

2.4.2 Dynamic Light Scattering and Zeta Potential

Dynamic light scattering (DLS) and zeta potential measurements were used to
quantify the hydrodynamic diameter and surface charge, respectively, of bare or
antibody-functionalized nanoparticles throughout this thesis and provide evidence for
successful surface functionalization. Nanoparticles suspended in solution are in a
constant state of Brownian motion, the speed of which is dependent upon their size.
This difference in speed thus causes various sizes of nanoparticles to scatter light
differently. DLS measures the light scattered by the particles to calculate
hydrodynamic diameter and the dispersity of the nanoparticles in solution.

While in suspension, nanoparticles are “coated” with a stationary layer of the
medium in which they are suspended. This layer includes ions that create a difference
in electrical potential between the mobile medium and the stationary layer. Zeta
potential measurements quantify this difference in potential, resulting in a value
indicating the surface charge of the nanoparticle. An increase in hydrodynamic
diameter and more neutral surface charge were used to indicate successful antibody
conjugation to the surface of PLGA nanoparticles in the formulations used throughout

this dissertation.

2.4.3 Electron Microscopy
Transmission electron microscopy (TEM) was used to evaluate the
morphology and dispersity of nanoparticles. Samples were prepared for imaging on

400 mesh carbon-coated copper grids that were rendered hydrophilic in a PELCO
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easiGlow glow discharge unit. The freshly glow discharged grids were floated on
drops of the sample for several seconds, washed with nanopure water, and negative
stained with 2% uranyl acetate. After drying, the grids were imaged on a Zeiss LIBRA

120 TEM operating at 120 kV.

2.4.4 Quantification of miRNA Loading in Nanoparticles

The loading of miRNA in PLGA nanoparticles (presented in Chapter 5) was
determined using a Quant-iT OliGreen assay on unencapsulated miRNA. Filtrates
were collected during nanoparticle synthesis and concentrated prior to incubation with
components of the OliGreen Kit. The fluorescence intensity was compared to that of a

standard curve to determine the nmol of miRNA encapsulated per mg of PLGA.

2.4.5 Quantification of Antibody Loading onto Nanoparticles

Antibody loading on the surface of PLGA nanoparticles was evaluated using a
solution-based enzyme-linked immunosorbent assay (ELISA) modified from a
previously published protocol. [191] Bare or functionalized nanoparticles were
incubated with secondary antibodies conjugated with horseradish peroxidase (HRP).
After removing unbound secondary antibodies, the samples were diluted in PBS and
developed in 3,3’,5,5’-tetramethylbenzidine (TMB) solution. The absorbance was then
compared to that of a standard curve of known HRP-IgG concentration to calculate the

quantity of antibodies conjugated per mg of PLGA.

2.5 Conclusions
The methods described in this chapter provide an overview of the synthesis
and characterization of single and double emulsion PLGA nanoparticles and

functionalization of these nanoparticles with antibodies. These methods were used
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throughout this dissertation to prepare nanoparticles and determine doses used in all

experiments.
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Chapter 3
DELIVERY OF IR820 DYE FOR PHOTOTHERMAL THERAPY

The work presented in this chapter is adapted from Valcourt, et al. JBMRA
(2019); 107(8): 1702-1712. [192]

3.1 Introduction

Triple-negative breast cancer (TNBC) accounts for 15-25% of all breast cancer
cases and it lacks expression of the three most common receptors found on other
subtypes of breast cancer: estrogen receptor, progesterone receptor, and human
epidermal growth factor receptor 2. [8, 193] This lack of expression makes TNBC
unsusceptible to current targeted or hormonal therapies and results in high recurrence
and mortality rates. [8, 9, 193] Several alternative treatment strategies have shown
promise against TNBC, including photothermal therapy (PTT), [194-197] which
utilizes nanoparticles (NPs) embedded in tumors as exogenous energy absorbers to
convert externally applied near-infrared (NIR) light into heat to ablate cancer cells.
[106-108] In NP-mediated PTT, NPs delivered systemically accumulate in tumors
through their leaky vasculature, [103, 198] and are then irradiated with NIR light,
which causes them to produce heat sufficient to induce tumor cell death. [108, 199]
The use of NIR light is important for PTT because NIR light can penetrate deeper into
tissue than visible wavelengths since it is minimally absorbed by the major
components of tissue it will encounter prior to reaching the diseased site. [107, 108,

200-202] The key advantages of PTT are that it is simple to perform, it enables high
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precision since heat is generated only where NPs and light are combined, and it is less
susceptible to cellular resistance because it induces cell death through physical
mechanisms such as membrane rupture and protein denaturation. [108] Additionally,
the mechanism of cell death can be tuned between apoptosis and necrosis by
controlling treatment parameters such as the type of NP used and the irradiation
conditions. [106] This is elaborated upon below and is important since the mechanism
of cell death can influence overall treatment success when PTT is applied alone or in
combination settings. In this chapter, we aimed to develop biodegradable, polymeric
NPs to mediate pro-apoptotic PTT of TNBC as a standalone therapy.

As just introduced, the mechanism of cell death induced by PTT plays a
critical role in treatment success. Typically, PTT has been applied in a manner that
yields rapid and very high heating that causes cellular necrosis. However, when cells
undergo necrosis, there is a pro-inflammatory response that can elicit a negative
immune reaction, which may actually promote tumor recurrence. [106, 112, 203] It is
critical to produce immunogenic cell death, which is largely temperature-dependent, to
achieve long-term survival. [204] Thus, applying mild hyperthermia to induce
apoptosis rather than necrosis may be preferable when PTT is applied as a standalone
therapy because apoptosis is anti-inflammatory and can promote a positive immune
response that enhances tumor regression and long-term remission. [106, 205]
However, there are instances where necrosis may be the preferred mechanism of cell
death, such as when PTT is combined with immunotherapy. This is because PTT that
induces necrosis can release damage associated molecular patterns and tumor-
associated antigens that may engage a tumor-specific immune response to potentiate

immunotherapy. [206, 207] Bear and colleagues demonstrated that the
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proinflammatory cytokines and chemokines released during PTT-induced necrosis
could promote the maturation of dendritic cells in tumor-draining lymph nodes. [112]
However, they found this does not contribute to overall antitumor immunity and may
even promote the growth of distant metastases unless combined with a form of
immunotherapy, in this case adoptive T cell transfer. [112] Chen and colleagues
similarly found that combining indocyanine green-mediated PTT with an immune
adjuvant imiquimod R837 could generate a vaccine-like function in mice bearing 4T1
TNBC tumors. [206] These examples demonstrate the importance of understanding
the fundamental mechanism of cell death induced by PTT, and the need to tailor the
mechanism based on the specific application and whether PTT is applied as a
standalone or combination therapy.

Since the mechanism of cell death is influenced by the level of tumor heating
achieved during treatment, it is important to note that there are several parameters that
influence heat production in NP-mediated PTT, including the photothermal conversion
efficiency of the NPs, the energy of irradiation applied, the density of the surrounding
tissue, and even the localization of the NPs within the target cells and tissue. [208,
209] For example, apoptosis can be achieved as the primary mechanism of cell death
by using lower energy irradiation. [106, 210-212] To control NP localization in the
tumor microenvironment, targeting agents could be incorporated into the NP design,
but there is currently substantial debate surrounding the benefit provided by this
strategy, as targeted NPs may not offer a dramatic benefit compared to NPs that rely
on strictly passive tumor accumulation. [144] Finally, heat production during PTT
could be altered by using NPs with different photothermal conversion efficiencies.

Historically, photothermally active NPs used for PTT have been gold-based because
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they offer high photothermal conversion efficiencies as well as ease of synthesis and
surface modification. [108, 113-116] Nanoshells, in particular, are currently being
investigated in clinical trials to mediate PTT of head and neck tumors and prostate
tumors. [110, 213, 214] However, gold-based NPs will remain in the body for
extended periods of time with unknown long-term health effects. [108] To prevent
possible long-term health effects associated with non-degradable NPs, researchers
have begun to develop organic, non-gold-based photothermal agents. [119] By
incorporating NIR-absorbing dyes into biodegradable platforms, these nanocarriers
can facilitate photothermal ablation of tumors, while also providing dual imaging
capabilities. [120-128]

Some examples of organic PTT agents reported in the literature include
micelles [215] and lipid-based bilayers [216], as well as more complex polymer blends
[217] and conjugates [120]. Peng and colleagues have loaded micelles with IR780 dye
and labeled these NPs with radionuclide rhenium-188 to further enhance their imaging
capabilities. [215] Lovell et al. have developed unique NPs designated as
porphysomes, which are a self-assembled bilayer of porphyrin that can provide PTT
following irradiation with 660 nm light without loading any additional photothermal
agents. [216] In addition, Yue and colleagues have created IR780-loaded heparin-folic
acid conjugates for targeted imaging and photothermal ablation of MCF-7 xenograft
tumors. [120] While these and other organic NP platforms show great promise in
treating primary tumors, few studies have examined the mechanism of cell death
induced by PTT with these agents, which is critical to maximize treatment success.
One such study, conducted by Li et al., used a terminal deoxynucleotidyl transferase

dUTP nick end labeling (TUNEL) assay on tumors excised after treatment to show
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that their full NP formulation (docetaxel and IR820 co-loaded micelles functionalized
with Lyp-1 peptides) could induce apoptosis in tumors in mice leading to remission.
[218] This was an exciting finding, but the complexity of this NP formulation may
pose a significant barrier to its clinical translation. [6] Similarly, Zheng et al.
developed polymer NPs encapsulating both doxorubicin and indocyanine green and
evaluated their impact on cellular apoptosis and necrosis post-irradiation in vitro using
an Annexin V/Propidium lodide (PI) assay. [219] They found that PTT mediated by
their NPs induced a substantial amount of cell death, but the amount of cell death was
only ~10% greater than that induced by the NPs without light irradiation, which
provide strictly doxorubicin delivery. Further, of this additional cell death, >33% was
necrotic, rather than apoptotic [219], suggesting there is still more for the field to learn
regarding designing biodegradable NPs to maximize apoptosis upon PTT. Overall,
these prior studies and others demonstrate that organic PTT agents are an attractive
alternative to gold-based NPs that can yield potent anti-tumor effects. [206, 217-219]

In this chapter, we have developed biodegradable, polymeric NPs comprised of
poly(lactic-co-glycolic acid) (PLGA) loaded with the NIR-absorbing dye IR820
(IR820-NPs) to enable pro-apoptotic PTT of TNBC. These NPs eliminate the health
concerns associated with gold-based NPs and are capable of dual imaging and therapy
since IR820 not only heats, but also emits fluorescence at 820 nm upon excitation with
710 nm light, which overlaps with the first characteristic extinction peak of the dye.
The ability to image these NPs can inform therapy by indicating when the NPs have
maximally accumulated within tumors, marking the optimal time for laser application.
We also demonstrate that PTT mediated by these NPs, under the laser irradiation

conditions utilized here, induces cell death primarily through apoptosis rather than
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necrosis, which is important given the above discussion regarding the consequences
this may have on tumor recurrence and metastasis. Overall, we demonstrate the utility
of IR820-NPs as potent mediators of pro-apoptotic PTT both in vitro and in vivo,
warranting further investigation of their use to treat TNBC and other forms of cancer

that lack effective treatment strategies.

3.2 Materials and Methods

3.2.1 Synthesis of IR820-NPs

IR820-NPs were synthesized using the well-established single emulsion
solvent evaporation method. [220] Briefly, PLGA (Lactel, 50:50 carboxylic acid
terminated) was dissolved in acetone (VWR) at 1 mg/mL. IR820 dye (Sigma, stored in
methanol at 0.5 g/mL) was added to the PLGA in acetone solution at a concentration
of 0.5 mg/mL, and this mixture was subsequently added dropwise to distilled water in
a 1:3 volume ratio while stirring. This emulsion continued to stir for 2 hours, letting
the acetone evaporate. The NPs were then purified using centrifugal filtration
(Millipore, 10k MWCO, 4200 g, 30 min) to remove unencapsulated IR820 and excess

solvent.

3.2.2 Stability and Heating Capacity

The purified NPs were characterized by dynamic light scattering (DLS) and
zeta potential measurements on a Litesizer500 instrument (AntonPaar), and the
reported intensity-based hydrodynamic diameter is the z-average of three
measurements. DLS measurements of hydrodynamic diameter and polydispersity
index, which is an output of the equipment, were taken every two days for one month

to demonstrate the NPs’ stability in storage conditions (4°C in water). The data shown
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are the average of three trials and error bars represent standard deviations. IR820-NP
samples for transmission electron microscopy (TEM) were prepared on 400 mesh
carbon coated copper grids that were rendered hydrophilic in a Pelco EasiGlow glow
discharge unit. The freshly glow discharged grids were floated on drops of the sample
for several seconds, washed with Nanopure water, and negative stained with 2%
uranyl acetate. After drying, the grids were imaged (Gatan Ultrascan 1000 CCD
camera) on a Zeiss LIBRA 120 TEM operating at 120 kV.

IR820 encapsulation in NPs was characterized by UV-visible spectroscopy
(Cary60 spectrophotometer, Agilent) based on reading the absorbance of the NPs at
810 nm and comparing to a standard curve of known dye concentration. The samples
were scanned from 400-1100 nm with baseline correction at a scan rate of 2400 nm/s.
The amount of IR820 released from the NPs while in storage conditions was also
examined by UV-visible spectroscopy. At several time points between 0 and 30 days
post-preparation, NP samples were centrifuge filtered to separate the NPs from
released IR820, and the collected released IR820 was compared to a standard curve of
known dye concentration using the same scanning conditions as described above.
Studies to analyze IR820 release in storage conditions were performed three times and
the data shown are the average and standard deviation of all three trials.

The heating profile of free IR820 and IR820-NPs was measured upon laser
excitation with thermal camera imaging (FLIR A5). Samples were suspended in
phosphate buffered saline (PBS) at an IR820 concentration of 25 uM and incubated at
37°C prior to laser irradiation. The free dye and NP samples were then irradiated with
a continuous wave 808 nm laser (B&W Tek) for 5 minutes at 1.5 W/cm?. The

concentration dependence of the heating profile for IR820-NPs was examined by
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irradiating IR820-NPs at concentrations of 10, 25, or 35 uM IR820 with the 808 nm
laser set to 1.5 W/cm? for 5 minutes. The dependence of heating on laser intensity was
similarly evaluated by irradiating IR820-NPs suspended in PBS at 25 uM with the 808
nm laser set to 0.5, 1, 1.5, 2, or 3 W/cm? for 5 minutes The temperature in each sample
was recorded once every minute during irradiation and experiments were repeated
three times. To understand the influence of heating on the optical and physical
properties of the NPs, the absorbance spectra, hydrodynamic diameter, and
polydispersity index of IR820-NPs stored in PBS at 25 pM were recorded by UV-vis
spectroscopy and dynamic light scattering both before and after irradiation of samples
with the 808 nm laser at 1.5 W/cm? for 5 minutes. Hydrodynamic diameter and
polydispersity index data shown are an average of three measurements taken before

and after irradiation. Error bars represent standard deviation.

3.2.3 Cell Culture

MDA-MB-231 TNBC cells (ATCC) were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM, VWR) supplemented with 10% fetal bovine serum (Gemini
Bio Products) and 1% penicillin-streptomycin (VWR). The culture was maintained at
37°C in a 5% CO, humidified environment. When cells reached 80-90% confluency in
T75 cell culture flasks, they were passaged or plated by detaching the cells from the
flask using Trypsin-EDTA (ThermoFisher) and then counting the cells with a

hemocytometer.

3.2.4 Cellular Binding and Uptake
To analyze cellular binding and uptake of free IR820 dye and IR820-NPs by

flow cytometry, cells were plated at 1 x 10° cells per well in 24-well plates and
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incubated overnight. Cells were then treated with 0, 10, 25, or 35 uM free IR820 dye
or IR820-NPs (prepared as described above) and incubated for 4 hours to evaluate
dose-dependency. To prepare the free IR820 samples, IR820 stored in methanol at 0.5
g/mL was first diluted in PBS to 350 uM and then added to the cell culture media to
yield these respective concentrations. After 4 hours, the cells were rinsed with PBS,
lifted off the plate with Trypsin-EDTA, and resuspended in PBS to yield a single cell
suspension for analysis of uptake by flow cytometry using an Acea Novocyte 2060
flow cytometer. To evaluate time-dependency, cells were treated with 35 uM free
IR820 dye or IR820-NPs for 0, 2, 4, 6, or 8 hours prior to rinsing with PBS. The cells
were then lifted off the plate with Trypsin-EDTA and resuspended in PBS to yield a
single cell suspension. All cell suspensions were analyzed using an Acea Novocyte
2060 flow cytometer with the APC-Cy7 (excitation, 640 nm; emission, 780/60 nm)
channel. Density plots showing forward and side scatter data were used to create a

primary gate for cells, excluding debris, prior to analyzing IR820 content.

3.2.5 Viability Assay and Mechanism of Cell Death

To evaluate the toxicity of free IR820 and IR820-NPs in the dark using a 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, cells were
seeded in a 96-well plate at 1 x 10 cells per well and incubated overnight. Cells were
treated with 0, 5, 10, 15, 25, or 35 uM of free IR820 dye or IR820-NPs for 4 hours.
Then the cells were washed with PBS and incubated in fresh media for an additional
24 hours prior to being incubated in MTT solution per the manufacturer’s instructions
(ThermoFisher). After 3 hours, the MTT solution was replaced with dimethyl
sulfoxide (DMSO) and the absorbance at 540 nm was read on a Synergy H1 plate

reader (BioTek). To analyze the data, background (DMSO in wells without cells) was
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subtracted from the absorbance reading in each well. Triplicate well signals were
averaged and then normalized to untreated cells. These experiments were performed in
triplicate and analyzed by Student’s t-tests at each concentration.

Cells were seeded as described above and treated with IR820-NPs at 35 uM or
with fresh media (no treatment control) for 4 hours while incubating at 37°C. The cells
were then washed with PBS and incubated in fresh media for 30 minutes to bring the
temperature to 37°C. Cells were then irradiated with the 808 nm continuous wave
laser at 1.5 W/cm? for 5 min/well. The irradiation was performed at room temperature,
with samples returned to the 37°C incubator immediately following irradiation. After
24 hours, an MTT assay was performed as described above. Data shown is from three
experiments that were each run with triplicate wells and the data was analyzed by one-
way ANOVA with post-hoc Tukey.

To analyze the mechanism of cell death induced by PTT mediated by IR820-
NPs, cells were seeded at 3 x 10* cells per well in a 24-well plate and incubated
overnight. Cells were then treated with 0 or 10 uM IR820-NPs for 4 hours, at which
time the cells were rinsed with PBS and the wells replenished with fresh media. The
appropriate wells were then irradiated with continuous wave 808 nm light at 2 W/cm?
for 5 min/well such that the treatment groups included no treatment, IR820-NPs only,
light only, or IR820-NPs + light (PTT). These experiments were performed on a
digital dry block heater (VWR) to ensure the initial temperature of 37°C was
maintained in each well through all irradiation procedures, and the samples were
returned to the incubator after irradiation. After 24 hours, an AnnexinV/PI stain
(Cayman Chemicals) was conducted per the manufacturer’s instructions. Briefly, cells

were lifted from the plate with Trypsin-EDTA, washed with 1x binding buffer, and
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resuspended in 50 pL binding buffer containing 1:500 Annexin V and 1:1000 PI stains
for 10 minutes in the dark. The samples were then diluted with 150 pLL 1x binding
buffer and analyzed on the Acea Novocyte 2060 flow cytometer with FITC
(excitation, 488 nm; emission, 530/30 nm) and PerCP (excitation, 488 nm; emission,
675/30 nm) channels. Data analysis was performed in NovoExpress software (ACEA
Biosciences). Density plots showing forward and side scatter data were used to create
a primary gate for cells, excluding debris, prior to establishing gates for Annexin V-
positive and Pl-positive cells. Positive stained gates were based off of unstained cells
and single stained controls were used for compensation. The data presented are the

average of three experiments and were analyzed by one-way ANOVA.

3.2.6  Tumor Model

Female nude mice around 5 weeks old were purchased from Charles River
Laboratories. The Institutional Animal Care and Use Committee (IACUC) of the
University of Delaware approved the procedures. MDA-MB-231 cells in matrigel (1 x
108 cells per 100 pL) were administered subcutaneously into the right flank of the
mice and tumor growth was monitored at least 3x weekly thereafter with VVernier
calipers. Treatments (100 pL of either saline, free IR820 dye at a concentration of 350
uM, or IR820-NPs at a concentration of 350 pM) were administered intravenously
when tumors reached 5 mm in diameter. The treatment concentration of 350 uM was
based off of literature values for intravenously delivered NIR-absorbing dyes. [196,
206, 219, 221] A preliminary biodistribution study utilized 4 mice (2 that received
saline and 2 that received IR820-NPs), and a therapeutic efficacy study utilized 47
mice that were treated as follows: saline (8 mice), saline with NIR irradiation (7 mice),

free IR820 dye (8 mice), free IR820 dye with NIR irradiation (8 mice), IR820-NPs (8
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mice), and IR820-NPs with NIR irradiation (8 mice). Details of these studies are

provided in the following sections.

3.2.7 Biodistribution Study

Our previous experience has revealed that 24 hours is typically the optimum
time for laser irradiation following intravenous delivery of photothermally active NPs
[200, 201], as this is when NPs maximally accumulate in tumors relative to adjacent
healthy tissue. To reveal whether 24 hours is also when IR820-NPs display maximum
tumor accumulation, during the therapeutic efficacy study, the mice that received 100
uL of IR820-NPs were imaged under isoflurane anesthesia with an IVIS Lumina
Imaging System (PerkinElmer) both immediately and again every 24 hours for 4 days
to monitor IR820 signal in the tumors versus time using the ICG channel (excitation,
788 nm; emission, 813 nm). We did not analyze earlier time points because many of
the NPs would likely still be in circulation prior to 24 hours. The fluorescence
intensity at each time point was measured in ImageJ software after drawing a region of
interest around the tumor, and the mean intensity at each time point was calculated.
This confirmed 24 hours was the time of maximum NP accumulation in tumors, so we
performed a separate biodistribution study with a small number of mice (2 that
received saline, 2 that received IR820-NPs) to reveal the more complete
biodistribution of IR820-NPs at this timepoint. Twenty-four hours post-intravenous
injection of the saline or IR820-NPs, the mice were euthanized and their major organs
(heart, brain, liver, lungs, kidneys, and spleen) and tumors excised for analysis of

IR820 signal using the IVIS.
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3.2.8 Tumor Temperature and Growth

Mice were injected with 100 pL of free IR820 dye (350 uM), IR820-NPs (350
uM), or saline when tumors reached 5 mm in diameter as described above (hereafter,
this is referred to as Day 0). Twenty-four hours later, half of the mice in each group
were anesthetized with isoflurane and their tumors irradiated with a continuous wave
LightForce FXi laser (LiteCure) at 1.5 W/cm? for 5 minutes using a band pass filter at
810 nm. During irradiation, the temperature of the tumor in each mouse was measured
every minute using an FLIR A5 thermal camera. The mean and standard deviation of
the tumor temperature in each treatment group were calculated. Subsequently, all six
groups of mice (saline + laser; free IR820 + laser; IR820-NPs * laser) received three
additional rounds of treatment on days 7, 14 and 21 for a total of four treatments. The
tumor length and width in each mouse were measured with Vernier calipers 3x per
week for one month and tumor volume was calculated as (tumor length) x (tumor
width)?/2. These data were used to calculate the mean and standard error of tumor
volume in each group, and statistical differences between groups were determined by

two-way ANOVA with post hoc Tukey.

3.2.9 Biocompatibility

On day 30, the mice were euthanized and the major organs (spleen, liver,
kidneys, heart, lungs, and brain) and tumors were excised for histological analysis by
hematoxylin and eosin (H&E) staining. The excised tissues were placed into
embedding cassettes, rinsed once in 1x PBS, and then fixed in 4% paraformaldehyde
at 4°C for 72 hours. The tissues were then rinsed 3 times in 70% ethanol for 10
minutes each and stored in 70% ethanol until processing. The fixed tissues were

processed and embedded with paraffin. Embedded tissues were cut into 5 um slices
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and stained with H&E to enable visualization of tissue structure. Briefly, the tissues
were deparaffinized with xylene and rehydrated prior to hematoxylin staining and
subsequent counterstaining with eosin. After staining, the tissues were dehydrated and
mounted for imaging with a xylene-based mounting medium. H&E stained tissues

were imaged on an Axioobserver Z1 Inverted Fluorescence Microscope (Zeiss).

3.3 Results and Discussion

3.3.1 IR820 Dye Maintains its Optical Properties when Encapsulated in Stable,
Monodisperse Nanoparticles

IR820-NPs were first characterized with TEM, DLS, and zeta potential
measurements, which showed that they are monodisperse and spherical (Figure 3.1)
with a hydrodynamic diameter of 60 £ 10 nm and a surface charge of -40 + 6 mV. The
stated synthesis conditions yielded IR820-NPs with 90% encapsulation efficiency and

18% loading capacity.

Figure 3.1: Characterization of IR820-NPs. (a) Scheme of IR820-loaded PLGA
nanoparticles. (b) TEM image showing the size and morphology of
IR820-NPs. Scale bar = 100 nm. Modified from Valcourt, et al. JBMRA.
2019. [192]
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The heating profile of IR820 dye free in solution or encapsulated in PLGA NPs
was examined by irradiating samples diluted in PBS at 25 uM with 808 nm light for 5
minutes at 1.5 W/cm?. Thermal imaging showed that free IR820 dye and IR820-NPs
heat similarly (Figure 3.2a), indicating that encapsulating the dye does not alter its
optical properties or its capacity to heat. Additional testing of the IR820-NPs
demonstrated that their heat production is dependent upon both concentration and laser

intensity (Figure 3.2b and 3.2c¢).
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Figure 3.2: Evaluating the heating capacity of free IR820 dye and IR820-NPs. (a) The
heating profile of free IR820 dye and IR820-NPs upon laser irradiation
with an 808 nm laser at 1.5 W/cm?. (b) The heating profile of IR820-NPs
suspended in phosphate buffered saline at 10, 25, or 35 um upon
irradiation with an 808 nm laser at 1.5 W/cm?. (c) The heating profile of
IR820-NPs suspended in phosphate buffered saline at 25 wm upon
irradiation with an 808 nm laser at 0.5, 1, 1.5, 2, or 3 W/cm?. Modified
from Valcourt, et al. JBMRA. 2019. [192]

We further examined the optical properties and stability of IR820 dye free in
solution or encapsulated in NPs by using UV-visible spectroscopy to analyze the
extinction spectrum of freshly made samples and samples that had been stored in
water at 4°C for 30 days. Free IR820 dye has two characteristic extinction peaks at

810 and 685 nm that are red-shifted after encapsulation (Figure 3.3). After storage in
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water at 4°C for 30 days, we observed that free IR820 dye loses its absorption

capabilities, whereas IR820 encapsulated in PLGA NPs maintains its optical

properties (Figure 3.3).
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Figure 3.3: The absorption profile of free IR820 dye and IR820-NPs before and after
storage in water at 4°C for 30 days as determined by UV-visible
spectroscopy. The concentration of IR820 is 25 um for both free and
encapsulated dye. Modified from Valcourt, et al. JBMRA. 2019. [192]

To understand whether irradiation leading to heating impacts the optical and
physical properties of the NPs, we measured their absorption spectra, hydrodynamic
diameter, and polydispersity index before and after irradiation with the 808 nm laser at
1.5 W/cm? for 5 minutes. This revealed that IR820-NPs lose their absorption
capabilities post-irradiation (Figure 3.4a), and this is coupled with an increase in their
hydrodynamic diameter and polydispersity index (Figure 3.4b). This suggests that

IR820-NPs are best suited for application in single rounds of PTT.
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Figure 3.4: Evaluating the stability of IR820-NPs upon laser irradiation. (a) The
absorption profile of IR820-NPs (suspended in phosphate buffered saline
at 25 um) before and after irradiation with the 808 nm laser for 5 minutes
at 1.5 W/cm? as determined by UV-visible spectroscopy. (b) The
hydrodynamic diameter (gray bars) and polydispersity index (red dots) of
IR820-NPs before and after irradiation with the 808 nm laser for 5
minutes at 1.5 W/cm?. Modified from Valcourt, et al. JBMRA. 2019.
[192]

We also examined the stability of IR820-NPs in storage conditions using DLS.
The hydrodynamic diameter and polydispersity index of the NPs were measured every
two days for 30 days and showed no notable change throughout this time period
(Figure 3.5a). There was also negligible release of the IR820 dye from the IR820-NPs

over a 30-day storage period after an initial burst release (Figure 3.5b).
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Figure 3.5: Evaluating the stability of IR820-NPs in storage conditions. (a) The
hydrodynamic diameter and polydispersity index of IR820-NPs as
determined by dynamic light scattering when stored in water at 4°C for
30 days. (b) The release of IR820 from IR820-NPs during storage in
water at 4°C as determined by UV-visible spectroscopy. Modified from
Valcourt, et al. JBMRA. 2019. [192]

Altogether, these data indicate that IR820 encapsulated in PLGA NPs
maintains its optical properties and these NPs are monodisperse and stable for at least

one month in storage conditions.

3.3.2 IR820-NPs Demonstrate Time- and Dose-Dependent Cellular Binding and
Uptake

Next, we examined the cellular binding and uptake of free IR820 dye and
IR820-NPs in MDA-MB-231 TNBC cells. We treated cells with a range of doses from
0-35 uM and flow cytometry showed that binding and/or uptake in cells was dose-
dependent for both formulations (Figure 3.6a; only data for IR820-NPs is shown). We
further evaluated cellular binding and uptake over a range of 8 hours by treating cells
with free IR820 dye and IR820-NPs at 35 uM. Flow cytometry analysis indicates that,

at this dose, cellular binding and uptake of free dye and NPs is also time-dependent
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(Figure 3.6b; only data for IR820-NPs is shown). Based on these data, we chose to
examine the toxicity of each treatment over the full dosing range investigated here.
Additionally, we selected 4 hours as the time of treatment incubation for further in

vitro toxicity and efficacy studies because it was the time needed to achieve a log

increase in uptake of the NPs.
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Figure 3.6: Flow cytometric analysis of the cellular binding and uptake of IR820-NPs

based on (a) dose and (b) time of incubation. Modified from Valcourt, et
al. JBMRA. 2019. [192]

3.3.3 IR820 Encapsulated in PLGA Nanoparticles Reduces Effect on Cell

Viability in the Absence of Light Activation Compared to Free IR820

We used an MTT assay to examine the relative metabolic activity of cells
treated with free IR820 dye and IR820-NPs in the absence of light activation. We
treated cells with each formulation at a range of doses from 0-35 uM for four hours
and then allowed the cells to incubate in fresh media for another 24 hours. The MTT
assays showed that free IR820 dye demonstrates toxicity at concentrations above 10

uM, as indicated by cell viability of <80% (Figure 3.7). IR820-NPs, however, showed
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no toxicity with doses up to 35 uM (Figure 3.7). These data indicate that
encapsulation of IR820 dye has less effect on metabolic activity and therefore a higher

dose can be safely administered.
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Figure 3.7: Relative metabolic activity of MDA-MB-231 TNBC cells exposed to free
IR820 dye or IR820-NPs without light exposure. *p<0.05 Modified from
Valcourt, et al. JBMRA. 2019. [192]

3.3.4 IR820-NPs Enable Proapoptotic Photothermal Therapy In Vitro

We next investigated the use of IR820-NP mediated PTT as a treatment
strategy for TNBC and probed the mechanism of cell death induced by this treatment.
MDA-MB-231 TNBC cells were exposed to 0 or 35 uM IR820-NPs, the maximum
tolerated dose determined previously, for four hours and then half of the samples were
irradiated with an 808 nm laser. The combination of IR820-NPs and laser irradiation
resulted in a significant reduction in metabolic activity 24 hours post-treatment as

measured by an MTT assay (Figure 3.8).
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Figure 3.8: Relative metabolic activity of MDA-MB-231 cells that received
photothermal therapy mediated by IR820-NPs at 35 um and laser
irradiation versus control cells that were exposed to only saline, only
IR820-NPs at 35 pm, or saline and laser irradiation. *p<0.05 versus

untreated control. Modified from Valcourt, et al. JBMRA. 2019. [192]

After showing that IR820-NPs can successfully induce cell death, we further
evaluated the mechanism through which this occurs. As described previously, it is
imperative to induce apoptosis rather than necrosis for optimal therapeutic outcomes.
Thus, we assessed the mechanism of cell death by first treating cells with 0 or 10 uM
IR820-NPs for 4 hours and then irradiating half of the samples with 808 nm light for 5
min at 2 W/cm?. After 24 hours of incubation, cells were stained with Annexin V
(FITC channel) and PI (PerCP channel) for analysis by flow cytometry. Cells that
stain positive for Annexin V only (bottom right quadrant) are undergoing early
apoptosis, cells that stain positive for Annexin V and PI (top right quadrant) are
undergoing late apoptosis, and cells that stain positive for Pl only (top left quadrant)
are undergoing necrosis. The flow cytometric analysis showed that PTT mediated by
IR820-NPs primarily induces cell death through apoptosis with no notable increase in

necrotic cell percentage (Figure 3.9a, representative scatter plots are shown in Figure

61



3.9b). By ANOVA with post-hoc Tukey, the p-value for the difference in apoptosis

between media and IR820-NP PTT was 0.1. These data together with the MTT data

indicate that IR820-NPs can successfully mediate pro-apoptotic PTT of TNBC in

vitro.
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Figure 3.9: Evaluation of mechanism of cell death induced by photothermal therapy

mediated by IR820-NPs. (a) The percentage of apoptotic cells in MDA-
MB-231 samples that were exposed to no treatment, laser irradiation
only, IR820-NPs only (10 um), or photothermal therapy (IR820-NPs and
laser irradiation; 10 pm). #p=0.1 versus untreated control (b)
Representative scatter plots demonstrating the fraction of MDA-MB-231
cells in early apoptosis (bottom right quadrant), late apoptosis (top right
quadrant), or necrosis (top left quadrant) following treatment with media
only, laser irradiation only, IR820-NPs only, or photothermal therapy
(IR820-NPs and laser irradiation). Red color indicates a high density of
cells and blue color indicates a low density of cells. Modified from
Valcourt, et al. JBMRA. 2019. [192]
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3.3.5 [IR820-NPs Maximally Accumulate in Tumors Within 24 Hours

After evaluating IR820-NPs in vitro, we then examined their ability to mediate
PTT of TNBC in vivo using a subcutaneous murine xenograft model. First, we
investigated the tumor accumulation and biodistribution of these particles after
intravenous injection. The tumor accumulation studies, which monitored IR820 signal
in the tumors with an VIS system over a period of 4 days post-injection, indicated
that IR820-NPs maximally accumulate in tumors at or before 24 hours (Figure 3.10a).
We examined the distribution of the IR820 signal in mice exposed to IR820-NPs at
24-hours post-injection by excising the major organs (liver, brain, heart, lungs,
kidneys, and spleen) and tumors for ex vivo fluorescence imaging. In addition to
prominent accumulation of IR820 in the tumors, we also found IR820 signal in the
liver, lungs, and kidneys (Figure 3.10b). Overall, these data mark the optimal timing

for laser irradiation after intravenous injection as 24 hours post-delivery.
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Figure 3.10: Investigating the biodistribution of IR820-NPs in vivo. (a) Mean
fluorescence intensity (MFI) of IR820 in tumors of mice at different
times post-intravenous injection of IR820-NPs. The inset displays a
representative image of IR820-NP fluorescence at 24 hours after
injection and the region of interest (ROI) in which the fluorescence
intensity was measured. (b) Ex vivo analysis of IR820 signal in the brain,
heart, liver, lungs, spleen, kidneys, and tumors of mice 24 hours after
they received intravenous injections of IR820-NPs or saline. Modified
from Valcourt, et al. JBMRA. 2019. [192]

3.3.6 Photothermal Therapy Mediated by IR820-NPs Provides Sufficient
Heating of Tumors

Next, we evaluated the ability of free IR820 dye and IR820-NPs to enable
tumor heating during irradiation with NIR light by thermal camera imaging. We
injected saline, free IR820 dye, or IR820-NPs through the tail vein of tumor-bearing
mice and let the treatments circulate for 24 hours. The tumors were then irradiated
with an 810 nm laser for 5 minutes and the temperature was monitored with a thermal
camera. While free IR820 dye provided mild and un-sustained heating over the five-
minute irradiation period, IR820-NPs produced sustained heating above 42°C, the
threshold considered sufficient for photothermal therapy under the conditions in this

study (Figure 3.11). [222]
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Figure 3.11: Mean tumor temperature in mice treated with saline, free IR820 dye, or
IR820-NPs during laser irradiation. These temperatures were recorded
during the first of four treatment cycles. The red line at 42°C indicates
the threshold considered sufficient to induce photothermal therapy under

the conditions in this study. Modified from Valcourt, et al. JBMRA.
2019. [192]

3.3.7 Photothermal Therapy with IR820-NPs Significantly Reduces Tumor
Growth

We then investigated whether PTT mediated by IR820-NPs could reduce
tumor growth in our subcutaneous xenograft model. The mice were divided into six
treatment groups: saline + irradiation, free IR820 dye * irradiation, and IR820-NPs +
irradiation. Throughout a 30-day treatment period, the mice were injected with the
treatments and irradiated four times (days indicated by black and red arrows,
respectively, in Figure 3.12a), and tumor volume was measured three times per week.
The mean tumor volume within each treatment group is shown in Figure 3.12a and
the individual tumor growth curves and final tumor size for each mouse are shown in
Figure 3.12b. Mice treated with free IR820 dye and irradiated with the laser showed a
slight reduction in tumor volume at the end of the treatment period (Figure 3.12a and

3.12c¢). By comparison, mice treated with IR820-NPs and irradiated with the laser
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experienced a substantial and statistically significant reduction in tumor growth, and

two mice even exhibited complete regression (Figure 3.12a and 3.12c).
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Figure 3.12: Tumor growth following photothermal therapy mediated by free IR820
dye or IR820-NPs. (a) Tumor volume versus time in mice exposed to
photothermal therapy mediated by IR820-NPs or various control
treatments. All treatments were injected intravenously at an IR820
concentration of 350 uM. Mice whose tumors received laser exposure
were irradiated at 1.5 W/cm? for five minutes. Black arrows indicate the
days of treatment injections (days 0, 7, 14, and 21) and red arrows
indicate the days of laser irradiation (days 1, 8, 15, and 22). **p<0.01 (b)
Image of all tumors excised from individual mice at the time of
euthanization (day 30). (¢) Tumor volume growth curves for individual
mice in each treatment group (treated as described in part (a)). Modified
from Valcourt, et al. IBMRA. 2019. [192]
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Finally, we evaluated the impact of each treatment on the morphology of major
organs and tumors using H&E staining. Only the tumors treated with IR820-NPs and
irradiated with the laser demonstrated any notable changes in tissue morphology,
indicative of the effects of PTT (Figure 3.13). Together, these data confirm that the
effects of PTT are confined to TNBC tumors where both IR820-NPs and light are

applied.
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Figure 3.13: (a) Hematoxylin and eosin staining of major organs in mice exposed to
saline, free IR820 dye, or IR820-NPs. Scale bars = 200 um (b)
Hematoxylin and eosin staining of tumors in mice exposed to
photothermal therapy mediated by IR820-NPs or various controls as
indicated. Scale bars = 50 pum. Modified from Valcourt, et al. JBMRA.
2019. [192]

3.3.8 Discussion
PTT has shown promise as an alternative strategy for TNBC therapy, [107,

194-197] and in this chapter we aimed to expand this potential by creating a
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biodegradable NP platform that enables pro-apoptotic PTT. The key advantage of PTT
relative to other therapies is its high precision, as the use of tissue-penetrating NIR
light as an activating source means that heat is produced only where this light and
photoresponsive NPs are combined within tumors. In addition, PTT is minimally
invasive, has negligible morbidity, and is less susceptible to cellular resistance than
other treatments because it induces cell death primarily through physical, rather than
biochemical, mechanisms. In the past, PTT has most commonly been mediated by
gold-based NPs. [108, 113-116] However, these formulations have unknown long-
term health effects and typically result in rapid and very high heating that leads to
cellular necrosis. Necrosis has been shown to yield a pro-inflammatory immune
response, which can promote tumor recurrence if PTT is not combined with an
appropriate immunotherapy regimen. [106, 112, 203] Thus, it is imperative that PTT
regimens intended for use as a monotherapy be designed to induce apoptosis, which
can yield an anti-inflammatory immune response and promote long-term remission.
While it is possible to tune the parameters of PTT mediated by gold-based NPs to
primarily induce apoptosis, for example by lowering the intensity of the incident light,
these types of NPs will still remain in the body for extended periods of time with
unknown long-term consequences. Several researchers have developed biodegradable,
NIR-absorbing NPs to address the safety concerns associated with gold-based NPs
[120-128, 206, 217-219], but they have not fully evaluated whether the mechanism of
cell death induced by PTT with these NPs is primarily apoptotic or necrotic. In this
work, we developed biodegradable NPs loaded with IR820 dye, and demonstrated that
they enable pro-apoptotic PTT of TNBC. Further, we showed that PTT mediated by

these NPs could induce tumor regression in vivo. Thus, with this formulation, we not
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only address the potential health concern related to gold-based NPs currently used for
PTT, but also provide a potent new platform for pro-apoptotic PTT of TNBC.

To evaluate PTT mediated by IR820-NPs as a pro-apoptotic strategy for TNBC
therapy, we examined the optical properties and stability of these NPs, their ability to
enter cells, their toxicity without light exposure, and their effect on cell viability after
irradiation. Our results show that these NPs are stable for one month in storage
conditions and that IR820 maintains its optical properties when encapsulated in
PLGA. Encapsulation also decreases the toxicity of the dye, which amplifies the dose
that can be safely administered for more potent mediation of PTT. We also
demonstrated that these NPs can bind and enter MDA-MB-231 cells, as IR820 signal
is detectable at significant quantities in and/or on MDA-MB-231 cells over an 8-hour
period following NP addition to cell culture, but we have not probed the mechanism
by which IR820-NPs might enter these cells. Literature has shown that polymeric
micelles can deliver hydrophobic cargo to other cell types through membrane-
mediated transport, likely facilitated by poly(ethylene glycol)-induced fusion with the
cell membrane. [223] The uptake of NPs composed strictly of PLGA has also been
investigated in various cell types, indicating uptake occurs by an endocytic process
[224, 225]. Future studies should evaluate the mechanism by which IR820-NPs enter
MDA-MB-231 and other TNBC cells using inhibitors of various endocytic pathways
to corroborate these prior findings and the results presented here.

In further in vitro studies, we demonstrated that PTT mediated by IR820-NPs
primarily induces apoptosis, which is vastly preferred over necrosis when PTT is used
as a standalone therapy. The treatment conditions used in our analysis of cellular

apoptosis versus necrosis likely contributed to the pro-apoptotic results, as we
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previously noted that the ability to induce apoptosis versus necrosis depends on a
variety of factors, including irradiation time, irradiation intensity, NP concentration,
and more [106]. In this chapter, we demonstrate that the heating profile of IR820-NPs
is dependent upon both concentration and laser intensity. Thus, we posit that
performing these experiments at elevated concentrations and/or laser intensities would
increase the relative fraction of cells undergoing necrosis versus apoptosis, though this
would have to be evaluated through further experimentation.

We also examined the ability of IR820-NPs to mediate PTT in vivo using mice
bearing subcutaneous TNBC xenografts by investigating their biodistribution,
studying their ability to heat tumors upon light exposure resulting in tumor regression,
and examining their impact on off-target organs. Our results demonstrate that IR820-
NPs maximally accumulate in tumors within 24 hours after intravenous injection. At
this time point, we found notable IR820 signal in the liver, lungs, and kidneys, in
addition to significant accumulation in the tumor. Given the size of our NPs, we posit
that the IR820 signal in the liver is due to clearance by the mononuclear phagocytic
system, and the signal in the kidneys is likely free IR820 dye released from the NPs.
While our observation that IR820-NPs accumulate in tumors to a greater extent at 24
hours than at later time points is consistent with our previous experience using other
nanoparticles [200, 201], in this study we did not examine time points prior to 24
hours. Future studies should examine the biodistribution and tumor accumulation of
IR820-NPs at earlier time points, as these studies may reveal a more optimal time to
perform the laser irradiation.

Our results also showed that IR820-NPs produce sufficient heat during tumor

irradiation to significantly slow the growth of subcutaneous MDA-MB-231 tumors,
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with some mice even experiencing complete remission. The administered dose of
IR820 used in these studies (100 pL at 350 pM) was selected based on prior literature
reports using intravenously injected near-infrared absorbing dyes [196, 206, 219, 221].
Traditionally, PTT is only administered once, but in this study we performed four
rounds of treatment (one per week). The reason for this is that we were operating
under nanoparticle dose and laser irradiation conditions that would induce mild tumor
heating, rather than high tumor heating, and we expected that this approach would
require more than one round of treatment to induce tumor regression. Indeed, after the
third round of treatment we began to observe substantial differences in tumor growth
between the IR820-NP PTT group and the other treatment groups. In the future, the
nanoparticle dose, laser irradiation conditions, and time of laser irradiation post-
nanoparticle injection should be altered to determine whether effective tumor
regression can be achieved with only a single round of treatment. In addition, future
studies should investigate whether PTT mediated by IR820-NPs is effective against
other models of TNBC. Here, we used human MDA-MB-231 cells implanted
subcutaneously in nude mice, but several other TNBC models exist that may more
accurately reflect the aggressive nature of human TNBC [226-228]. For example,
studies could be performed using tumors implanted orthotopically in the mammary fat
pad or using murine 4T1 cells that grow in immune-competent mice and can
spontaneously metastasize to distant sites after implantation. Since PTT can induce an
anti-tumor immune response, performing studies in immune competent animals could
more thoroughly reveal the potential impact of this treatment. Further, the use of
humanized patient-derived xenograft (PDX) TNBC models that are responsive to

immunotherapy could allow for analysis of this strategy in combination with
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immunotherapy. Overall, demonstrating the effectiveness of this treatment in several
animal models will validate its potential as an anti-TNBC therapy.

Finally, we demonstrated that only tumors that were exposed to both IR820-
NPs and light showed notable changes in tissue morphology, consistent with the
effects and high precision of PTT. Given that these NPs are biodegradable and the
IR820 (which is cytotoxic on its own in high concentrations) will be released over
time, future studies should investigate the long-term effects of the released IR820 on
the organs in which the IR820-NPs accumulate. Based on the degradation profile of
PLGA in physiological conditions [229], we anticipate that the amount of released
IR820 present in various tissues would not surpass cytotoxic thresholds. However,
future safety studies need to be performed in order to validate the compatibility of this
platform and determine the maximum tolerated dose. These should be performed
using immune competent animals, as this would most accurately reflect the body’s

response to the nanoparticles and released 1IR820.

3.4 Conclusions

In summary, in this chapter we present IR820-loaded PLGA NPs as new,
biodegradable, potent mediators of PTT for the treatment of TNBC. These NPs
overcome the limitations of other established PTT mediators in that they are
biodegradable and enable cell death through apoptosis. Future work should directly
compare these IR820-NPs to traditional gold-based PTT agents for a quantitative
analysis of the differences seen in each treatment. Additionally, future studies will
need to be performed to validate that the mechanism of cell death triggered by PTT
with these NPs in vivo is also apoptotic, as our studies only confirmed this to be the

case in vitro. Further, future studies should examine the anti-tumor potency and long-
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term safety of this nanoformulation using mice with an intact immune system, as this
will reveal the full therapeutic potential of this formulation. Overall, our work lays the
foundation for successful use of these IR820-NPs to enable pro-apoptotic PTT of

TNBC and other solid cancer tumors.
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Chapter 4

CO-DELIVERY OF NOTCH-1 ANTIBODIES AND ABT-737 FOR
TARGETED DRUG DELIVERY

The work presented in this chapter is adapted from Valcourt, et al. ACS Nano

(2020); 14(3): 3378-3388. [230]

4.1 Introduction

Triple-negative breast cancer (TNBC) is an aggressive disease that accounts
for 15-25% of all breast cancer cases, yet it lacks effective treatment strategies. [8,
193] As its name implies, TNBC does not express the three most common receptors
found on other subtypes of breast cancer: estrogen receptor, progesterone receptor, and
human epidermal growth factor receptor 2. This characteristic lack of expression
leaves TNBC unsusceptible to current targeted or hormonal therapies, thus resulting in
high mortality and recurrence rates. [8, 9, 193] In this chapter, we exploited TNBC
cells’ overexpression of Bcl-2 anti-apoptotic proteins and Notch-1 receptors to
develop an effective targeted therapy. [54, 73, 231-233]

The p53 apoptotic pathway is activated in healthy cells when they experience
external stress or DNA damage. [193] Upon activation, acetylated p53 migrates to the
mitochondria where it induces Bax-mediated release of cytochrome c. Cytochrome ¢
then stimulates a series of caspase activations that ultimately promote apoptosis in the
cell. [60] In TNBC, however, the pro-survival protein Bcl-2 is overexpressed and this
amplification is associated with poor prognosis. [71, 234] Bcl-2 binds to Bax,

suppressing cytochrome c release from the mitochondria to prevent initiation of
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apoptosis [60, 235] (Figure 4.1). Thus, inhibiting Bcl-2 to promote apoptosis is a

promising alternative strategy to combat TNBC. [73]
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Figure 4.1: Depiction of how Notch signaling and Bcl-2 contribute to TNBC
progression. Notch signaling is activated in TNBC cells when
overexpressed Notch-1 receptors interact with Jagged or Delta ligands on
neighboring cells. This leads to cleavage of the Notch intracellular
domain (NICD), which translocates to the nucleus to activate signaling
that supports TNBC cell survival, proliferation, and apoptosis
suppression. Bcl-2 is an anti-apoptotic protein that is also overexpressed
in TNBC and contributes to poor clinical outcomes. Reproduced from
Valcourt, et al. ACS Nano (2020); 14(3): 3378-3388. [230]

Several methods to inhibit Bcl-2 are in development, and some of these use
Bcl-2 homology 3 (BH3) mimetics to bind Bcl-2 directly. [236-238] One such BH3
mimetic, ABT-737, has been shown to potently induce apoptosis in cancer cells
characterized by dysregulated p53 signaling by reinstating Bax-mediated release of
cytochrome c. [132, 236-239] However, ABT-737 has poor aqueous solubility and

has therefore only been delivered orally in the clinic. Unfortunately, orally delivered
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ABT-737 has poor bioavailability, so it has not been explored further in clinical trials.
[240] An orally bioavailable derivative of ABT-737, Navitoclax (ABT-263), has also
been explored in the clinic, but it causes severe thrombocytopenia. [241-243] New
strategies for ABT-737 delivery to targeted tumors are needed to allow this drug to
realize its clinical potential.

To improve the solubility and bioavailability of ABT-737, two different
research teams have encapsulated the drug in nanoparticles (NPs). [131, 132] Schmid
et al. showed that encapsulating ABT-737 in PEGylated polymeric NPs could reduce
the thrombocytopenia associated with delivery of the free drug. [132] They also co-
encapsulated a topoisomerase | inhibitor, camptothecin, to achieve synergistic
apoptosis in in vitro and in vivo colorectal cancer models. [132] Jin and colleagues
similarly co-encapsulated ABT-737 and an IRAK1/4 inhibitor in PEG-modified
poly(lactic co-glycolic acid) (PLGA) NPs to synergistically treat T cell acute
lymphoblastic leukemia (T-ALL). [131] They demonstrated that IRAK/ABT-NPs
could effectively induce an apoptotic T-ALL fraction at a concentration two-fold
lower than the free drug combination in vitro and significantly restore white blood cell
numbers in the peripheral blood of a T-ALL mouse model. [131] The demonstration
that these two NP formulations could effectively mitigate the side effects of ABT-737
while maintaining its potency prompted us to develop a NP platform for targeted
delivery of ABT-737 to TNBC. In designing this platform, we desired not only to
provide targeted delivery of ABT-737 to TNBC cells, but also to combat resistance to
ABT-737 that is present in TNBC cells and driven by Notch signaling.

Recent studies in a variety of cancers have shown that aberrant activation of

Notch signaling contributes to cellular resistance to ABT-737. [238, 239, 244] In brief,
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the Notch signaling pathway is activated in cancer cells when Jagged/Delta ligands on
signal sending cells interact with Notch receptors on signal receiving cells. This leads
to a sequence of two cleavages of the Notch transmembrane receptor by ADAM 10/17
and the y-secretase complex, with the Notch intracellular domain (NICD) ultimately
translocating to the nucleus where it promotes the expression of several downstream
oncogenes (Figure 4.1). [4] Gamma secretase inhibitors are a class of drugs that
prevent the second of the Notch receptor cleavage events, thus inhibiting downstream
activity in the Notch signaling pathway. [239] When Notch signaling is suppressed, a
protein called Noxa that is associated with overcoming resistance to ABT-737 is
upregulated. Noxa displaces the Bcl family proteins Bcl-B, Bfl-1, and Mcl-1 from
Bax, thus reinstating downstream apoptotic signaling. Accordingly, by combining
Notch inhibitors with ABT-737, apoptosis induction is enhanced. [236, 239, 244]
Given that Notch signaling is elevated in TNBC [54, 58], and that combining Notch
inhibitors with Bcl-2 inhibitors has shown promise in other cancers, we aimed to
develop NPs that could enable targeted treatment of TNBC while simultaneously
exploiting this dual therapeutic strategy.

In this work, we coated ABT-737-loaded PLGA NPs with Notch-1 antibodies
to produce N1-ABT-NPs that enable TNBC cell-specific drug delivery and
simultaneous inhibition of Notch signaling. Notch-1 receptors are overexpressed on
the surface of TNBC cells [54, 58], and thus provide a handle for NP attachment that
helps retain the NPs in the tumor microenvironment. [245] Further, upon binding
TNBC cells, the N1-ABT-NPs can block Notch-1 receptor interactions with
Jagged/Delta ligands on neighboring cells to suppress Notch signaling. Notably, our

group and others have shown that antibody-coated NPs exhibit multivalent binding
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that leads to enhanced signal cascade interference relative to freely delivered
antibodies. [156, 246] Thus, by functionalizing our NP formulation with Notch-1
antibodies, we can enable Notch signaling inhibition to potentiate the effect of ABT-
737 while simultaneously providing targeted drug delivery. In this chapter, we
demonstrate that N1-ABT-NPs regulate Bcl-2 and Notch signaling to enhance cell
death in vitro and reduce tumor burden in vivo, warranting their further investigation
for treatment of TNBC and other cancers that are characterized by aberrant Bcl-2 and

Notch signaling.

4.2 Materials and Methods

4.2.1 Synthesis of N1-ABT-NPs

ABT-737-loaded PLGA NPs were synthesized using the well-established
single emulsion solvent evaporation method. [220] Briefly, PLGA (Lactel, 50:50
carboxylic acid terminated) was dissolved in acetone (VWR) at 1 mg/mL. ABT-737
(Selleckchem, stored in dimethyl sulfoxide (DMSO) at 50 mg/mL) was added to the
PLGA in acetone solution at a concentration of 0.05 mg/mL, and this mixture was
subsequently added dropwise to distilled water in a 1:3 volume ratio while stirring.
This emulsion continued to stir for 2 hours, letting the acetone evaporate. The NPs
were then purified using centrifugal filtration (Millipore, 10k MWCO, 4200 g, 30 min)
to remove unencapsulated ABT-737 and excess solvent. Rabbit anti-human 1gG or
Notch-1 antibodies were then conjugated to the surface of the NPs using 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) chemistry. [220, 247] Briefly, after
centrifugal filtration, ABT-737-loaded NPs were suspended in 4 mM EDC and 4 mM

n-hydroxysulfosuccinimide sodium salt (sulfo-NHS) and incubated on a rocker at 4°C.
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IgG or Notch-1 antibodies were then added to the solution for further incubation at
4°C. To remove free antibodies from solution after conjugation, the NPs were purified
using trans-flow filtration (Spectrum, 300 kDa MWCQO). NPs were freshly prepared

and used immediately for experiments.

4.2.2 Characterization of N1-ABT-NPs and ABT-737 Release

Purified NPs were characterized by dynamic light scattering (DLS) and zeta
potential measurements on a Litesizer500 instrument (AntonPaar) before and after
antibody conjugation, and the reported intensity-based hydrodynamic diameter is the
average of three measurements. ABT-737 encapsulation and release was quantified by
measuring the absorbance at 300 nm on a Synergy H1 plate reader (BioTek). During
NP synthesis, all filtrate containing unencapsulated ABT-737 was collected and
lyophilized, then suspended in water and the absorbance readings were compared to a
standard curve of known ABT-737 concentration. To evaluate the release of ABT-737
in storage (water at 4°C) and physiological (PBS at 37°C) conditions, NPs were
suspended in their respective solvents after antibody conjugation and centrifuge
filtered (4200 rpm, 30 min) at 4, 8, 24, 48, and 72 hours to remove released ABT-737.
All filtrates were lyophilized and ABT-737 concentration quantified as described
above. To further evaluate the serum stability of N1-ABT-NPs, NPs were suspended
in 0%, 10%, 50%, or 100% fetal bovine serum (FBS) diluted in PBS for 2, 6, 12, and
24 hours at 37°C with gentle shaking. DLS and zeta potential measurements were
taken at each time point and the reported hydrodynamic diameter and surface charge
are the average of three measurements.

Antibody loading on the NPs was quantified using a solution-based ELISA
modified from a previously published protocol. [191] IgG-ABT-NPs, N1-ABT-NPs,
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or ABT-NPs were incubated with 10 ug/mL horseradish peroxidase (HRP)-conjugated
anti-rabbit IgG antibodies for 1 hour at room temperature. Unbound secondary
antibodies were removed through centrifugation and the samples were suspended in
3% bovine serum albumin in PBS. The samples were then developed in 3,3°,5,5°-
tetramethylbenzidine solution (TMB, Sigma-Aldrich) for 10 minutes before the
reaction was stopped with 2 mM sulfuric acid. The absorbance was then measured at
450 nm on a Synergy H1 plate reader and compared to a standard curve of known
HRP concentration to calculate the quantity of 1IgG or Notch-1 antibodies conjugated

on 1 mg of PLGA.

4.2.3 Cell Culture

MDA-MB-231 TNBC cells (American Type Culture Collection, ATCC) were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, VWR) supplemented with
10% FBS (Gemini Bio Products) and 1% penicillin-streptomycin (pen-strep; VWR).
MCF-10A cells (ATCC) were cultured in DMEM supplemented with 1% pen-strep,
5% FBS, 50 pg/mL bovine pituitary extract (Sigma), 0.5 pg/mL hydrocortisone
(Sigma), 20 ng/mL human epidermal growth factor (StemCell Tech), 10 pg/mL
insulin (ThermoFisher), and 100 ng/mL cholera toxin (Sigma). The cultures were
maintained at 37°C in a 5% CO2 humidified environment. When cells reached 80-90%
confluency in T75 cell culture flasks, they were passaged or plated by detaching the
cells from the flask using Trypsin-EDTA (ThermoFisher) and then counting cells with

a hemocytometer.
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4.2.4 Notch-1 Receptor Expression

Notch-1 receptor expression in MDA-MB-231 TNBC cells and MCF-10A
breast epithelial cells was analyzed using immunocytochemistry staining. Cells were
plated at 2.5x10% cells per well (MDA-MB-231 cells) or 1.0x10* cells per well (MCF-
10A cells) in a 24-well plate and incubated for approximately 48 hours. The cells were
then fixed in 4% formaldehyde prior to quenching peroxidase reactions with 3%
peroxide. The samples were then rinsed with phosphate buffered saline (PBS) and
blocked with 3% bovine serum albumin in PBS (PBSA) for one hour. After blocking,
the cells were then rinsed and incubated in primary anti-human Notch-1 antibody
(Santa Cruz; 1 ug/mL) for one hour at room temperature. The samples were
subsequently rinsed three times in PBS and incubated in secondary HRP-conjugated
goat anti-rabbit IgG antibody (Pierce; 0.8 pg/mL) for 40 minutes at room temperature.
The cells were rinsed three times in PBS and developed in 3-amino-9-ethylcarbazole
(AEC) for 15 minutes. Finally, the cells were rinsed in PBS and imaged on a Zeiss

Axioobserver Z1 Inverted Fluorescence Microscope.

4.25 Cellular Binding and Uptake

To analyze cellular binding and uptake of antibody-functionalized particles,
PLGA NPs were loaded with DiD fluorophores (Fisher Scientific; excitation 644
nm/emission 665 nm) instead of ABT-737 and functionalized as described above to
create 1gG-DiD-NPs and N1-DiD-NPs. For image-based analysis, cells were plated at
6x10* cells per well (MDA-MB-231 cells) or 2.5x10* cells per well (MCF-10A cells)
in an 8-well Lab-Tek 1l chamber slide and incubated overnight. Cells were then
treated with 1gG-DiD-NPs and N1-DiD-NPs at 80 nM DiD or were left untreated and

incubated for 4 hours. After 4 hours, the cells were rinsed with PBS to remove
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unbound NPs, fixed in 4% formaldehyde, and permeabilized with 0.5% Triton X-100
in PBS with 5% bovine serum albumin. The cells were then counterstained with
DyLightTM554-Phalloidin (Cell Signaling Technology) overnight at 4°C. The slides
were mounted in ProLong Gold Antifade with DAPI (Vectashield) and imaged on an
Axioobserver Z1 Inverted Fluorescence Microscope (Zeiss).

For flow cytometric analysis of cellular binding and uptake, cells were plated
at 3x10* cells per well (MDA-MB-231 cells) or 2x10* cells per well (MCF-10A cells)
in a 24-well plate and incubated overnight. Cells were then treated with 1gG-DiD-NPs
and N1-DiD-NPs at 50 nM DiD or were left untreated and incubated for 0, 1, 4, 8, 12,
16, or 24 hours prior to rinsing with PBS. The cells were then lifted off the plate with
Trypsin-EDTA and resuspended in PBS to yield a cell suspension. All cell
suspensions were analyzed using an Acea Novocyte 2060 flow cytometer with the
APC (excitation, 640 nm; emission, 675/30 nm) channel. Density plots showing
forward and side scatter data were used to create a primary gate for cells, excluding
debris, prior to analyzing DiD content. Flow cytometric analysis was performed in

triplicate.

4.2.6 Cell Viability

To evaluate the toxicity of freely delivered ABT-737 and 1gG or Notch-1
antibodies versus nanocarriers (i.e., IgG-ABT-NPs and N1-ABT-NPs) using a 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, MDA-MB-231
cells were plated at 5 x 10° cells per well in a 96-well plate and incubated overnight.
Cells were treated with 0, 1, 2, 3,4, or 5 uM ABT-737 and 0, 0.3, 0.6, 0.9, 1.2, or 1.5
ug/mL IgG or Notch-1 antibody, either freely in solution or in NP form for 72 hours.

After 72 hours, the treatments were removed, and the cells were incubated in MTT
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solution per the manufacturer’s instructions (ThermoFisher). After 3 hours, the MTT
solution was replaced with DMSO and the absorbance at 540 nm was read on a
Synergy H1 plate reader (BioTek). To analyze the data, background (DMSO in wells
without cells) was subtracted from the absorbance reading in each well. Triplicate well
signals were averaged and then normalized to untreated cells. These experiments were
performed in triplicate and data was analyzed by one-way ANOVA with post-hoc

Tukey.

4.2.7 Cell Proliferation

To analyze the effect of IgG-ABT-NPs and N1-ABT-NPs on cellular
proliferation via an EdU assay, cells were seeded at 1.0 x 10° cells per well in a 12-
well plate and incubated overnight. Cells were then treated with 1gG-ABT-NPs or N1-
ABT-NPs at 3 uM ABT-737 for 72 hours. 16 hours prior to the end of the treatment
period, cells were spiked with EAU at 10 uM. Cells were then prepared per the
manufacturer’s instructions modified for a single cell suspension. Briefly, cells were
fixed in 4% formaldehyde and permeabilized with 0.5% Triton X-100. They were
subsequently incubated in the Click-iT reaction cocktail, washed in PBS, and
examined on an Acea Novocyte 2060 flow cytometer with the FITC (excitation, 488
nm; emission, 530/30 nm) channel. Density plots showing forward and side scatter
data were used to create a primary gate for cells, excluding debris, prior to analyzing
EdU-labeling azide content. Flow cytometric analysis was performed in quadruplicate

and statistical analysis was performed using a one-way ANOVA with post-hoc Tukey.
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4.2.8 Quantitative Real-Time Polymerase Chain Reaction

To determine the effects of IgG-ABT-NPs and N1-ABT-NPs on gene
expression in TNBC cells by quantitative real-time polymerase chain reaction (QRT-
PCR), MDA-MB-231 cells were seeded at 1.5 x 10° cells per well in a 6-well plate
and incubated overnight. Cells were then treated with IgG-ABT-NPs or N1-ABT-NPs
at 3 uM ABT-737 for 72 hours. At the conclusion of the treatment period, cells were
rinsed with PBS and mMRNA was extracted using a Bioline Isolate I RNA Mini Kit.
gRT-PCR was then performed using SensiFAST SYBR One-Step Master Mix on a
LightCycler 96 (Roche) and gene expression was normalized to that of RPLPO. These
experiments were performed in triplicate and analyzed using a one-way ANOVA with

post-hoc Tukey. Primer sequences are listed in Table 4.1.

Table 4.1: Primer sequences used for gPCR. Reproduced from Valcourt, et al. ACS
Nano (2020); 14(3): 3378-3388. [230]

Gene Forward Sequence Reverse Sequence

RPLPO | AACCCAGCTCTGGAGAAACT CCCCTGGAGATTTTAGTGGT
Bcl-2 GACTTCTCCCGCCGCTACC CCCAGTTCACCCCGTCCCT

Noxa GCTGGAAGTCGAGTGTGCTA CCTGAGCAGAAGAGTTTGGA
Hes5 CCGGTGGTGGAGAAGATGCG GCGACGAAGGCTTTGCTGTG
HeyL AGCCAGGAAGAAACGCAGAGG GCTGTTGAGGTGGGAGAGAAGG

4.2.9 Western Blotting

To further evaluate the effects of N1-ABT-NPs on Bcl-2 and Notch signaling
targets by Western blotting, MDA-MB-231 cells were plated at 1.5x10° cells per well
in a 6-well plate and incubated overnight. Cells were then treated as described for
gRT-PCR. After 72 hours of treatment with IlgG-ABT-NPs or N1-ABT-NPs, the cells
were rinsed with PBS and lysed in RIPA buffer supplemented with Halt Protease

Inhibitor in a 1:50 volume ratio. After removing membrane debris through
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centrifugation, the extracted protein was quantified using a DC Protein Assay
(BioRad), and 10 pg of protein was separated on 4-12% Bis-tris gels at 135V for 60
minutes. Then, the protein was transferred to a 0.2 micron nitrocellulose membrane for
10 minutes using a Power Blotter System (Invitrogen). The membrane was
subsequently blocked for 60 minutes in 5% milk in tris buffered saline with 0.1%
Tween-20 (TBS-T) and then incubated with rabbit anti-human Bcl-2 (ProteinTech;
1:1000), cleaved Notch-1 (Cell Signaling Technology; 1:250), and Hes1 antibodies
(Cell Signaling Technology; 1:500) in 5% milk in TBS-T overnight at 4°C. Mouse
anti-human p-actin antibody (Cell Signaling Technology; 1:20,000) was used as the
normalization control. After incubation in primary antibodies, membranes were
washed 3x in TBS-T and incubated with HRP-anti-rabbit or mouse 1gG antibody
(VWR; 1:25,000) in 5% milk in TBS-T for 1 hour at room temperature. Membranes
were then washed 2x in TBS-T and 2x in TBS (without Tween-20) and protein bands
were visualized using a Pierce enhanced chemiluminescence detection solution (ECL,
Thermo Scientific). Band densities were quantified in ImageJ and Bcl-2, cleaved
Notch-1, and Hesl densities were normalized to that of B-actin prior to further
normalizing treatment groups to the control untreated group. The data shown
represents the average band density across three trials and was analyzed using a one-

way ANOVA with post-hoc Tukey.

4.2.10 Tumor Model

Female nude mice around 5 weeks old were purchased from Charles River
Laboratories. The Institutional Animal Care and Use Committee (IACUC) of the
University of Delaware approved all procedures. MDA-MB-231 cells in matrigel (1 x

10° cells per 100 puL) were administered subcutaneously into the right flank of the
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mice and tumor growth was monitored at least 3x per week afterwards with VVernier
calipers. Treatments for three separate studies were administered intravenously when
tumors reached 5 mm in diameter. A preliminary biodistribution study utilized 6 mice
per treatment group (saline, IgG-DiD-NPs, N1-DiD-NPs), a dose optimization study
utilized 6 mice per treatment group (saline, IgG-ABT-NPs, N1-ABT-NPs), and a
larger therapeutic study utilized 8 mice per treatment group (saline, IgG-ABT-NPs,

N1-ABT-NPs). Details of these studies are provided in the following sections.

4.2.11 Biodistribution Study

To reveal the time of maximum NP accumulation within tumors following
intravenous administration, mice were injected with 100 pL saline or with IgG-DiD-
NPs or N1-DiD-NPs at a concentration of 50 uM DiD. These mice were imaged under
isoflurane anesthesia with an 1VIS Lumina Imaging System (PerkinElmer)
immediately, 6 hours, 12 hours, and 24 hours after injection to monitor DiD signal in
the tumors versus time using the Cy5.5 (excitation, 678 nm; emission, 694 nm)
channel. The fluorescence intensity within the tumors at each time point was measured
in ImageJ software after drawing a region of interest (ROI) around the tumor, and the

mean intensity at each time point was calculated.

4.2.12 Tumor Growth and Survival

Mice were injected with saline or with IgG-ABT-NPs or N1-ABT-NPs as
doses of 10 mg ABT-737/kg when tumors reached 5 mm in diameter (day 0) for a
dose optimization and full study, as described above. For the dose optimization study,
mice received two subsequent injections on days 7 and 14 for a total of three

treatments. The tumor length and width in each mouse were measured with VVernier
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calipers 3x per week until day 21 and tumor volume was calculated as (tumor length)
X (tumor width)?/2. These data were used to calculate the mean tumor volume in each
group and the relative tumor volume compared to day 0. On day 21, the mice were
euthanized. Statistical analysis was performed on the average percent change in tumor
volume using a one-way ANOVA with post-hoc Tukey.

For the full therapeutic study in which treatment was performed twice per
week, mice were injected as stated above on day 0 and received seven subsequent
injections on days 4, 7, 11, 14, 18, 21, and 25 for a total of eight treatments. The tumor
length and width in each mouse were measured with Vernier calipers 3x per week
until day 55 and tumor volume was calculated as above. Mice were euthanized upon
>20% loss in weight, when tumors reached 10 mm in diameter, or on day 55,
whichever came first. These data were used to create the presented Kaplan-Meier

survival curves, and statistical significance was examined using a log-rank test.

4.2.13 Biocompatibility

Upon euthanasia, the major organs (spleen, liver, kidneys, heart, Gl tract,
lungs, and brain) of the mice used in the full therapeutic study were excised for
histological analysis by hematoxylin and eosin (H&E) staining. The excised tissues
were placed into embedding cassettes, rinsed once in 1x PBS, and then fixed in 4%
paraformaldehyde at 4°C for 72 hours. The tissues were then rinsed 3 times in 70%
ethanol for 10 minutes each and stored in 70% ethanol until processing. The fixed
tissues were processed and embedded with paraffin. Embedded tissues were cut into 5
um slices and stained with H&E to enable visualization of tissue structure. Briefly, the
tissues were deparaffinized with xylene and rehydrated prior to hematoxylin staining

and subsequent counterstaining with eosin. After staining, the tissues were dehydrated
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and mounted for imaging with a xylene-based mounting medium. H&E stained tissues

were imaged on an Axioobserver Z1 Inverted Fluorescence Microscope (Zeiss).

4.3 Results and Discussion

4.3.1 Characterization of Antibody and Drug Loading in N1-ABT-NPs

N1-ABT-NPs synthesized as described in the Methods were characterized
using dynamic light scattering (DLS), zeta potential, absorbance, and enzyme-linked
immunosorbent assay (ELISA) measurements, which demonstrated that antibodies
were successfully conjugated to the surface of ABT-737-loaded NPs. Before antibody
conjugation, ABT-737-loaded NPs had a hydrodynamic diameter of 52.8 + 0.9 nm and
a surface charge of —41.3 = 5.6 mV, with 48 ng ABT-737 encapsulated per 1 mg of
PLGA (Figure 4.2a and 4.2b). Upon conjugation of IgG or Notch-1 antibodies, the
NPs’ hydrodynamic diameter increased by approximately 20 nm and the zeta potential
approached neutral, indicating successful antibody attachment (Figure 4.2a). During
antibody conjugation, about 50% of the encapsulated ABT-737 is lost, leaving 23-26
ug drug encapsulated per mg PLGA (Figure 4.2b).
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Figure 4.2: Characterization of N1-ABT-NPs. (a) Hydrodynamic diameter and zeta
potential of ABT-737-loaded nanoparticles before and after antibody
conjugation with 1gG or Notch-1 antibodies. (b) Loading of ABT-737
and antibodies before and after antibody conjugation. Modified from
Valcourt, et al. ACS Nano (2020); 14(3): 3378-3388. [230]

We further evaluated the release of ABT-737 from the NPs in storage (4°C in

water) and physiological conditions (37°C in phosphate buffered saline) over a three-

day period using absorbance values of the lyophilized drug no longer encapsulated in

the NPs. After 72 hours in storage conditions, less than 15% of the ABT-737 was

released from N1-ABT-NPs. At 37°C in PBS, however, up to 55% was released

within the same 72-hour time period (Figure 4.3).
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Figure 4.3: ABT-737 release from N1-ABT-NPs in storage (4°C, water) and
physiological (37°C, phosphate buffered saline (PBS)) conditions.
Modified from Valcourt, et al. ACS Nano (2020); 14(3): 3378-3388.
[230]

We then examined the stability of N1-ABT-NPs in 0%, 10%, 50%, and 100%
FBS over a 24-hour period. The hydrodynamic diameter (Figure 4.4a) and zeta
potential (Figure 4.4b) of these NPs remained relatively stable at serum
concentrations up to 50%. When incubated in 50% and 100% FBS, the size and
surface charge of these NPs notably increased over 24 hours, indicating a substantial
protein corona accumulates on the particles at these higher serum concentrations.
Altogether, these data demonstrate ABT-737 can be successfully loaded inside
antibody-functionalized NPs that are stable and will release the therapeutic cargo upon

exposure to physiological conditions.
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Figure 4.4: Serum stability of N1-ABT-NPs. (a) Hydrodynamic diameter and (b) zeta
potential of N1-ABT-NPs in 0%, 10%, 50%, and 100% fetal bovine
serum (FBS) over 24 hours. Valcourt, et al. ACS Nano (2020); 14(3):
3378-3388. [230]

4.3.2 Notch-1 Antibody Functionalization Enables Preferential Nanoparticle
Interaction with TNBC Cells

Next, we evaluated how Notch-1 and 1gG antibody-functionalized NPs
interacted with MDA-MB-231 TNBC cells that overexpress the Notch-1 receptor
(Figure 4.5), and with healthy MCF-10A mammary epithelial cells that have low

Notch-1 receptor expression (Figure 4.5).
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Figure 4.5: Immunocytochemistry staining for the Notch-1 receptor (dark red signal)
in MCF-10A healthy mammary cells and MDA-MB-231 TNBC cells.
Scale bars = 100 um. Modified from Valcourt, et al. ACS Nano (2020);
14(3): 3378-3388. [230]
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For these studies, the NPs were loaded with DiD fluorophores to enable their
detection by fluorescence microscopy and flow cytometry. We treated cells with 19G-
DiD-NPs or N1-DiD-NPs at 80 nM DiD for 4 hours, after which DiD was only
detected in MDA-MB-231 TNBC cells by fluorescence microscopy when delivered
via Notch-1 functionalized NPs (Figure 4.6a). IgG-DiD-NPs showed minimal
interaction with either MDA-MB-231 cells (Figure 4.6a) or MCF-10A cells, and N1-
DiD-NPs demonstrated low levels of interaction with MCF-10A cells that lack Notch-
1 receptor overexpression (Figure 4.5). We further analyzed NP interaction with both
cell types using flow cytometry after treating cells for 1, 4, 8, 12, 16, or 24 hours. At
each time point, N1-DiD-NPs showed enhanced interaction with MDA-MB-231
TNBC cells relative to IgG-DiD-NPs and this interaction was time-dependent (Figure
4.6b and 4.6c). After 24 hours, MDA-MB-231 cells treated with N1-DiD-NPs
exhibited 3-fold higher median fluorescence intensity than cells treated with IgG-DiD-
NPs. The fluorescence intensity of MCF-10A cells treated with N1-DiD-NPs was
similar to the background levels observed for MDA-MB-231 cells treated with 1gG-
DiD-NPs, indicating minimal interaction between N1-DiD-NPs and MCF-10A cells
(Figure 4.6¢). Overall, these data indicate that Notch-1 antibody functionalization

provides enhanced and specific NP interaction with MDA-MB-231 TNBC cells.
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Figure 4.6: Analysis of N1-DiD-NPs’ interaction with TNBC cells versus healthy
breast epithelial cells. (a) Fluorescence microscopy images showing
MDA-MB-231 TNBC cells treated with no nanoparticles, 1gG-DiD-NPs,
or N1-DiD-NPs. Cell nuclei are blue (DAPI), actin is green (Phalloidin),
and nanoparticles are red (DiD). Scale bars = 50 um. (b) Representative
flow cytometry histograms of MDA-MB-231 TNBC cells exposed to
IgG-DiD-NPs or N1-DiD-NPs. (c) Median DiD fluorescence intensity of
MDA-MB-231 TNBC cells and healthy MCF-10A mammary cells
treated with N1-DiD-NPs or 1gG-DiD-NPs as measured by flow
cytometry. Reproduced from Valcourt, et al. ACS Nano (2020); 14(3):
3378-3388. [230]

4.3.3 NI1-ABT-NPs Induce TNBC Cell Death and Reduce Proliferation In Vitro
To determine if Notch-1 antibody-functionalized NPs can potentiate the effect
of ABT-737 against TNBC cells, we examined the relative metabolic activity of

MDA-MB-231 cells treated with free ABT-737 and 1gG or Notch-1 antibodies or with



nanocarriers of the drug and antibodies. After a 72-hour treatment period, MTT assays
showed that, when freely delivered in combination with either IgG antibodies or
Notch-1 antibodies, the ICso of ABT-737 is approximately 2.6 uM (Figure 4.7). When
encapsulated in 1gG-functionalized NPs, the ICso remains in the same range as the
freely delivered components, at a value of 3.2 uM. By comparison, when delivered via
N1-ABT-NPs, the 1Cso drops notably to 1.6 uM (Figure 4.7). This demonstrates that
using a nanocarrier to co-deliver Notch-1 antibodies and ABT-737 to TNBC cells is
advantageous versus delivering the molecules freely in solution. Further, it supports
the conclusions of prior studies that show Notch inhibitors can potentiate the effects of

ABT-737.
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Figure 4.7: Relative metabolic activity of MDA-MB-231 cells treated with different
doses of freely delivered IgG or Notch-1 (N1) antibodies and ABT-737
or with nanocarriers (IgG-ABT-NPs or N1-ABT-NPs) as measured by an
MTT assay. Horizontal dotted line indicates 50% reduction in metabolic
activity. Modified from Valcourt, et al. ACS Nano (2020); 14(3): 3378-
3388. [230]

We further evaluated the impact of N1-ABT-NPs on TNBC cell function using

an EdU proliferation assay. We treated cells with NPs at a dose corresponding to 3 uM
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ABT-737 and 0.9 pg/mL antibodies for 72 hours. The EdU assay results demonstrate

that 1gG-ABT-NPs cause a mild reduction in cell proliferation, but N1-ABT-NPs

significantly reduce the percentage of proliferative cells by 46% (Figure 4.8a,

representative histograms in Figure 4.8b). This corroborates the MTT data that

indicate that Notch-1 functionalized, ABT-737-loaded NPs can potently suppress

TNBC cell viability and proliferation.
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Figure 4.8: Analysis of the impact of N1-ABT-NPs on TNBC cell proliferation. (a)
Percent proliferation of MDA-MB-231 TNBC cells that were untreated
or exposed to 1IgG-ABT-NPs or N1-ABT-NPs. *p<0.05 (b)
Representative flow cytometry histograms for EdU proliferation assay.
Modified from Valcourt, et al. ACS Nano (2020); 14(3): 3378-3388.
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4.3.4 NI1-ABT-NPs Regulate Bcl-2 and Notch Signaling in TNBC Cells

To determine whether the enhanced therapeutic effect seen with N1-ABT-NPs
is simply due to increased drug delivery or also a result of Notch signaling
interference mediated by the antibodies (Figure 4.9), we evaluated the expression of
Bcl-2 and Notch signaling targets in TNBC cells treated with N1-ABT-NPs or 1gG-
ABT-NPs using qRT-PCR and Western blotting.

ABT-737

Notch Signaling OFF A
¥ Hes1/5
HeyL
Noxa
I
Apoptotic Signaling ON
¥ Bcl-2

Figure 4.9: Scheme of proposed NP interaction with MDA-MB-231 TNBC cells.
Upon cellular binding, N1-ABT-NPs suppress Notch signaling through
antibody-mediated signal cascade interference and also release ABT-737
to inhibit Bcl-2 and activate apoptosis. Modified from Valcourt, et al.
ACS Nano (2020); 14(3): 3378-3388. [230]

gRT-PCR shows that IgG-ABT-NPs reduce Bcl-2 mRNA expression by 59%,
but have no significant effect on the expression of Noxa, Hes5, or HeyL, which are
regulated by Notch signaling. This indicates that ABT-737 is successfully released
from 1gG-ABT-NPs to reduce Bcl-2 mRNA expression. N1-ABT-NPs expectedly
knocked down Bcl-2 expression by 61%, but also reduced Hes5 expression by 42%

and HeyL expression by 38%, and increased Noxa expression 2.4-fold (Figure 4.10).
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Figure 4.10: gPCR analysis of relative Bcl-2, Noxa, Hes5, and HeyL mRNA
expression after treatment with 1gG- or N1-ABT-NPs compared to
control (untreated) cells. RPLPO was used as a control and relative
MRNA expression in nanoparticle-treated groups is normalized to that of
untreated cells. *p<0.05, ##p=0.06, #p=0.07 Modified from Valcourt, et
al. ACS Nano (2020); 14(3): 3378-3388. [230]

Western blot analysis revealed similar results, as N1-ABT-NPs suppressed
Bcl-2 (17%) and Hes1 (72%) protein expression, while 1gG-ABT-NPs did not
suppress these proteins (Figure 4.11a, representative bands in Figure 4.11b). We also
probed for cleaved Notch-1 but did not observe a significant change in the expression
of this protein. Altogether, the qRT-PCR and Western blot data confirm that N1-ABT-
NPs can both inhibit Bcl-2 and effectively regulate the Notch signaling pathway.
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Figure 4.11: Examination of the effects of N1-ABT-NPs on Notch signaling and Bcl-2
expression in TNBC cells. (a) Quazi-quantitative analysis of Western
blotting for normalized Bcl-2, cleaved Notch-1, and Hes1 protein
expression. B-actin was used as a control and expression in nanoparticle-
treated samples was normalized to expression in untreated cells.
**p<0.01 (b) Representative Western blot bands for Bcl-2, cleaved
Notch-1, Hes1, and B-actin protein levels. Modified from Valcourt, et al.
ACS Nano (2020); 14(3): 3378-3388. [230]

4.3.5 Notch-1 Functionalization Enhances Nanoparticle Tumor Accumulation
and Retention In Vivo

After validating N1-ABT-NPs could inhibit TNBC cell viability through the
expected molecular mechanisms in vitro, we next evaluated their ability to reduce
tumor burden in vivo using a subcutaneous murine xenograft model. First, we
investigated the tumor accumulation and retention of DiD-loaded NPs after
intravenous injection into female nude mice bearing subcutaneous MDA-MB-231
tumors. This preliminary study, which monitored DiD signal in the tumors with an
IVIS system over a period of 24 hours following tail vein injection of the treatments,
demonstrates that N1-DiD-NPs show a greater overall fluorescence intensity within
tumors than 1gG-DiD-NPs at all time points (Figure 4.12a). In addition, the peak
intensity in the tumor occurred at 6 hours for IgG-DiD-NPs, but at 12 hours for N1-

DiD-NPs (Figure 4.12a, representative IVIS images in Figure 4.12b). These data
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indicate that Notch-1 antibody functionalization increases both tumor accumulation

and retention of NPs following intravenous administration.
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Figure 4.12: In vivo evaluation of tumor accumulation of N1-ABT-NPs. (a) Relative
mean fluorescence intensity of DiD in subcutaneous MDA-MB-231
tumors in mice 0, 6, 12, and 24 hours post-intravenous injection of 1gG-
DiD-NPs or N1-DiD-NPs (n=6). (b) Representative fluorescence images
of a mouse treated with N1-DiD-NPs at 0, 12, and 24 hours after
injection. Circles indicate the region of interest (ROI) where fluorescence
intensity was measured. Modified from Valcourt, et al. ACS Nano
(2020); 14(3): 3378-3388. [230]

4.3.6 NI1-ABT-NPs Reduce Tumor Burden and Extend Survival In Vivo

We then evaluated whether N1-ABT-NPs could reduce tumor growth in a
subcutaneous xenograft model. In a preliminary study to investigate the dosing
regimen, eighteen mice were divided into three groups of six that were treated with
saline, 1IgG-ABT-NPs, or N1-ABT-NPs. The mice were injected with saline or an
equivalent volume of NPs at a dose of 10 mg ABT-737/kg once per week for three
weeks, beginning when tumors were 5 mm in diameter. Tumor volume was measured
three times per week, and the average percent change in tumor volume within each
treatment group over one and three weeks is shown in Figure 4.13. Tumors in mice

treated with N1-ABT-NPs shrank by 37% within one week, and after three weeks this
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reduction in tumor volume was maintained at 44%. By comparison, mice treated with
IlgG-ABT-NPs and saline experienced tumor growth of 16% and 36%, respectively,
within one week. By three weeks, the mean tumor volumes in the IgG-ABT-NP and
saline treatment groups had grown by 65% and 58%, respectively (Figure 4.13).
These data prompted us to perform a larger follow-up study in which treatments were

administered twice per week.
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Figure 4.13: Average percent change in tumor volume (n=6 mice/group) after one and
three weeks of treatment with saline, IgG-ABT-NPs, or N1-ABT-NPs at
10 mg ABT-737/kg once per week. #p<0.1, *p<0.05 Modified from
Valcourt, et al. ACS Nano (2020); 14(3): 3378-3388. [230]

In the subsequent therapeutic study, twenty-four tumor-bearing mice were
divided into three groups of eight that were treated with saline, IgG-ABT-NPs, or N1-
ABT-NPs. Over a 55-day treatment period, the mice received intravenous injections of

the treatments at a dose of 10 mg ABT-737/kg twice per week (days indicated by
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black arrows in Figure 4.14), and tumor volume was measured three times per week.
Mice were euthanized when tumor volume reached 10 mm in diameter, when body
weight decreased by more than 20%, or when the study ended at day 55 (whichever
came first). The Kaplan-Meier survival curves for each group are shown in Figure
4.14. At the end of the study, N1-ABT-NP treated mice exhibited an 88.9% survival
rate, which was substantially improved over the 46.9% and 44.4% survival in the IgG-

ABT-NP and saline treated groups, respectively (Figure 4.14).
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Figure 4.14: Kaplan-Meier survival curves for mice bearing subcutaneous MDA-MB-
231 TNBC tumors that were treated intravenously with saline, IgG-ABT-
NPs, or N1-ABT-NPs at 10 mg ABT-737/kg twice per week for four
weeks (n=8 mice/group). Black arrows on the x-axis indicate days of
treatment. #p=0.10 Modified from Valcourt, et al. ACS Nano (2020);
14(3): 3378-3388. [230]
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We also evaluated the impact of each treatment on mouse weight throughout
the therapeutic study (Figure 4.15a), and on the morphology of major organs at the
conclusion of the study using H&E staining (Figure 4.15b). Mice treated with N1-
ABT-NPs did not experience any significant change in body weight or any notable
changes in tissue morphology compared to saline treated mice. In contrast, two mice
treated with 1gG-ABT-NPs demonstrated adverse effects and were euthanized due to
severe weight loss or a distended abdomen caused by an enlarged liver and spleen.
These data demonstrate that providing targeted delivery of ABT-737 to TNBC tumors,
such as via Notch-1 functionalized antibodies, is important to minimize its adverse
effects. Overall, our in vivo studies indicate that N1-ABT-NPs are exciting tools for
targeted inhibition of Bcl-2 and Notch signaling in TNBC cells that can effectively

reduce tumor burden in mice with minimal side effects.
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Figure 4.15: Mouse weight and major organ histopathology following treatment with
N1-ABT-NPs. (a) Average weight of mice bearing subcutaneous MDA-
MB-231 tumors that were treated with saline, IgG-ABT-NPs, or N1-
ABT-NPs twice weekly for 8 total injections (n=8 mice/group). (b)
Hematoxylin and eosin staining of representative major organs excised
from tumor-bearing mice treated with saline, IgG-ABT-NPs, or N1-ABT-
NPs twice weekly for four weeks as described in part (a). Scale bars =

100 um. Reproduced from Valcourt, et al. ACS Nano (2020); 14(3):
3378-3388. [230]

4.3.7 Discussion

In this chapter, we present ABT-737-loaded, Notch-1 antibody functionalized
PLGA NPs as potent regulators of Bcl-2 and Notch signaling that can effectively treat
TNBC. These N1-ABT-NPs preferentially interact with TNBC cells that overexpress
Notch-1 receptors in vitro, reducing cell viability and proliferation by molecular

mechanisms including inhibition of Bcl-2, suppression of Hes5, HeyL, and Hes1, and
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amplification of Noxa. In vivo, N1-ABT-NPs exhibit enhanced accumulation in
subcutaneous TNBC tumors versus non-targeted NPs and yield improved tumor
growth inhibition and extended animal survival while minimizing adverse effects.
With additional development, these N1-ABT-NPs may be a promising new arsenal in
the fight against TNBC.

Future studies that build on this work should more extensively examine these
NPs’ biocompatibility and efficacy, particularly in mice with an intact immune
system. In this study, we used human MDA-MB-231 cells to induce subcutaneous
tumors in nude mice, but other TNBC models may more accurately reflect the
potential impact of these NPs in humans. It will be important to consider, however,
that alternate TNBC models, like murine 4T1 cells, may have varying expression
levels of Notch-1 receptors and ligands that will impact the NP-cell interactions and
effects. [248] Besides examining different TNBC cell lines, researchers should also
study the effectiveness of N1-ABT-NPs when tumors are positioned orthotopically
rather than subcutaneously, as tumor location in the body may impact NP
accumulation and retention.

While there is evidence showing that Notch-1 is widely overexpressed across
human TNBC [56] and correlates with poor prognosis [249], it is classically
considered to play the largest role in early stages of tumor development and in cancer
stem cells. [250, 251] Sethi and Kang have expanded upon this role and demonstrated
that Notch signaling facilitates bone metastasis in later stages of tumor progression
[251], but its role in the primary tumor at these later stages has not been extensively
explored. In this work, we evaluated the impact of N1-ABT-NPs on tumors in a

relatively early stage, about 5 mm in diameter. Future studies should examine the
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expression of the Notch-1 receptor in tumors of various sizes and determine the
therapeutic efficacy of these NPs when treatment is initiated at later stages.

In addition to demonstrating the value of N1-ABT-NPs in targeting and
regulating the Notch signaling pathway in TNBC, we have also shown that this
platform can effectively regulate Bcl-2 through the delivery of ABT-737. Bcl-2 is a
promising therapeutic target for many cancers, [61, 252] thus extending the potential
applicability of this NP formulation. The platform we have developed can be easily
adapted to target other cancer types by exchanging the targeting antibody on the
surface of the NPs. It is important to consider, however, that not all antibodies are
antagonistic. Thus, targeting alternate receptors by exchanging the antibody will not

automatically confer the same increase in therapeutic efficacy as was shown here.

4.4 Conclusions

Overall, we have demonstrated that ABT-737-loaded, Notch-1 antibody
functionalized PLGA NPs can target TNBC cells and effectively regulate Bcl-2 and
Notch signaling to induce cell death in vitro. In addition, we have shown that these
NPs can accumulate in tumors and reduce tumor burden to extend survival in a murine
model. These dual antibody/drug nanocarriers are thus a promising alternative
treatment strategy for aggressive cancers like TNBC that are driven by overactive Bcl-
2 and Notch signaling. With additional development and implementation, these NPs

may substantially improve patient outcomes.
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Chapter 5

CO-DELIVERY OF NOTCH-1 ANTIBODIES AND MIR-34A FOR GENE
REGULATION

The work presented in this chapter is adapted from a manuscript by Valcourt

DM, and Day ES, which is in revision.

5.1 Introduction

Triple-negative breast cancer (TNBC) is an aggressive subtype of breast cancer
that accounts for 15-25% of all breast cancer cases. [8, 193] Its characteristic lack of
expression of common receptors present on other subtypes of breast cancer (the
estrogen, progesterone, and human epidermal growth factor 2 receptors) leaves TNBC
unsusceptible to current targeted or hormonal therapies, leading to high mortality and
recurrence rates. [8, 9, 193] In this chapter we introduce a promising alternative
treatment strategy for TNBC that exploits its overexpression of Notch-1 receptors [54,
58, 232] to enable combination antibody-mediated signal cascade interference and
microRNA (miRNA) replacement therapy [253].

miRNA replacement therapy involves the delivery of exogenous miRNA
mimics to target cells to regulate gene expression. Upon cell entry, miRNA mimics
bind specific messenger RNA (MRNA) molecules with either perfect or imperfect
complementarity to induce mMRNA degradation or translational repression,
respectively. [5] In TNBC, the tumor suppressor miRNA miR-34a is frequently
downregulated or deleted, leading to enhanced cell survival, proliferation, and

migration. [84, 89] Delivering miR-34a mimics to these cells can effectively regulate
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downstream expression of a broad network of genes, resulting in phenotypic changes
such as reduced proliferation and migration and onset of apoptosis or senescence. [89,
90, 254] Unfortunately, naked miRNA mimics cannot be used clinically as they
experience significant barriers to delivery. [5] For effective miRNA replacement
therapy, miRNA mimics must: avoid early clearance and degradation in the
bloodstream, cross blood vessel walls, travel through the extracellular matrix of the
tumor microenvironment, enter the target cell, escape endosomes, and load into the
RNA-induced silencing complex (RISC) to enable gene regulation. [5] In this work,
we encapsulate miR-34a mimics in poly(lactic co-glycolic acid) (PLGA) nanoparticles
(NPs) to overcome these delivery challenges.

Several NP formulations have been developed to deliver miR-34a mimics to
TNBC. [234, 255-257] Our group has previously created two layer-by-layer (LbL) NP
systems that utilize either gold nanoshell [255] or PLGA [256] cores for TNBC
therapy. Gold nanoshell-based LbL NPs effectively regulated the downstream miR-
34a targets SIRT1 and Bcl-2 in MDA-MB-231 TNBC cells in vitro to reduce cell
viability and proliferation. [255] Similarly, PLGA-based LbL NPs were able to deliver
miR-34a to the cytosol of MDA-MB-231 cells and suppress the expression of cyclin
D1 (CCND1), Notch-1, Bcl-2, survivin, and MDRL1 to inhibit cell proliferation and
induce cell cycle arrest. [256] Xia et al have also developed a LbL NP formulation for
miR-34a delivery to TNBC cells using nanodiamond, protamine, and folic acid
constructs. [257] This system provides targeted delivery to MDA-MB-231 TNBC cells
due to the cells’ overexpression of folate receptors, and was shown to inhibit cell
proliferation and migration and induce cell death in vitro. Additionally, these NPs

reduced Fra-1 expression in vivo, inhibiting tumor growth in a subcutaneous murine
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model. [257] Finally, Zeng and colleagues created hyaluronic acid-chitosan NPs co-
encapsulating miR-34a and doxorubicin (DOX) and showed these NPs could suppress
the expression of Bcl-2 to enhance the therapeutic efficacy of DOX. [234] They also
demonstrated that these NPs could reduce TNBC cell migration by regulating Notch-1
signaling. [234] Together, these studies demonstrate the potential for enabling targeted
delivery of miR-34a mimics in combination with other therapeutic modalities as an
alternative treatment strategy for TNBC. Intriguingly, several of these studies*!¢ and
others [92, 258, 259] have shown that miR-34a delivery can regulate Notch signaling,
showing there is crosstalk between the pathways and suggesting that combining miR-
34a delivery with Notch inhibition may be a potent therapeutic approach. Here, we
present PLGA NPs loaded with miR-34a mimics and functionalized with Notch-1
antibodies as a system that can simultaneously regulate Notch-1 signaling and enable
tumor suppressive gene regulation via miR-34a delivery.

In this work, we coated miR-34a-loaded NPs with Notch-1 antibodies to
produce N1-34a-NPs that not only target miR-34a delivery to TNBC cells, but also
inhibit the Notch signaling pathway, which is aberrantly expressed in TNBC. [54, 58]
The overexpression of Notch-1 receptors on the surface of TNBC cells serves as a
resource for NP attachment, thus facilitating NP retention in the tumor
microenvironment. [245] In this chapter, we show that after binding TNBC cells, N1-
34a-NPs can prevent Notch signaling activation by locking Notch-1 receptors in a
non-responsive state and blocking receptor-ligand interactions. Critically, our group
and others have previously demonstrated that antibody-NP conjugates are much more
effective than freely delivered antibodies because antibody-NP conjugates exhibit

multivalent binding that yields enhanced signal cascade interference. [155, 156] Thus,
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by functionalizing our NP formulation with Notch-1 antibodies, we can enhance the
NPs’ interaction with TNBC cells while simultaneously inhibiting Notch signaling and
facilitating miR-34a delivery to the desired cells. We present the results of in vitro
studies that confirm N1-34a-NPs can effectively regulate both Notch signaling targets
and miR-34a downstream targets in TNBC cells to induce senescence and reduce cell
proliferation and migration. These exciting observations provide evidence warranting

further investigation of this system as an effective treatment for TNBC.

5.2 Materials and Methods

5.2.1 Synthesis of N1-34a-NPs

miRNA loaded PLGA NPs were synthesized using a double emulsion method.
[260] Briefly, PLGA (Lactel, 50:50 carboxylic acid terminated, 0.55-0.75 dL/g) was
dissolved in acetone (VWR) at 2 mg/mL. miR-Co and miR-34a (Dharmacon, stored in
duplex buffer at 20 pM; miRNA sequences listed in Table 5.1) were mixed separately
with a 1% poly(vinyl) alcohol (PVA) solution and then added dropwise to the PLGA
in acetone at a concentration of 0.2 nmol/mg PLGA and stirred for 5 minutes to allow
for homogenization. This mixture was subsequently added dropwise to a 0.1% PVA
solution in a 1:3 volume ratio while stirring. This secondary emulsion continued to stir
for 2 hours, letting the acetone evaporate. The NPs were then purified using
centrifugal filtration (Millipore, 50k MWCO, 4200 g, 15 min) to remove
unencapsulated miRNA and excess solvent. Rabbit anti-human IgG or Notch-1
antibodies were conjugated to the surface of the bare NPs using 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) chemistry. [220, 247] Briefly, after
centrifugal filtration, miRNA-loaded NPs were suspended in 4 mM EDC and 4 mM n-
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hydroxysulfosuccinimide sodium salt (sulfo-NHS) and incubated on a rocker at 4°C.
IgG or Notch-1 antibodies were then added to the solution for further incubation at
4°C. To remove free antibodies from solution after conjugation, the NPs were purified
using trans-flow filtration (Spectrum, 300 kDa MWCO). NPs were freshly prepared

and used immediately for experiments.

Table 5.1: Sequences of miR-Co and miR-34a. Reproduced from Valcourt DM, Day
ES, Manuscript in revision.

miRNA | Sense Strand Antisense Strand

miR-34a | ACAACCAGCUAAGACACUGCCA | UGGCAGUGUCUUAGCUGGUUGU

miR-Co | AAGUGAUCAAGCACCGAAGAG CUCUUCGGUGCUUGAUCACUU

5.2.2 Characterization of N1-34a-NPs

Purified NPs were characterized by DLS and zeta potential measurements on a
Litesizer500 instrument (AntonPaar) before and after antibody conjugation, and the
reported intensity-based hydrodynamic diameter is the average of three measurements.
miRNA encapsulation was quantified using an OliGreen assay. During NP synthesis,
all filtrate containing unencapsulated miRNA was concentrated and analyzed
alongside a standard curve of known miRNA concentration.

Antibody loading on the NPs was quantified using a solution-based ELISA
modified from a previously published protocol. [191] 1gG-Co-NPs, IgG-34a-NPs, N1-
Co-NPs, N1-34a-NPs, bare miR-Co-NPs, or bare miR-34a-NPs were incubated with
10 pg/mL horseradish peroxidase (HRP)-conjugated anti-rabbit IgG antibodies for 1
hour at room temperature. Unbound secondary antibodies were removed through
centrifugation and the samples were suspended in 3% bovine serum albumin in

phosphate buffered saline (PBS). The samples were then developed in 3,3°,5,5’-
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tetramethylbenzidine solution (TMB core; Bio-Rad) for 15 seconds before the reaction
was stopped with 2 mM sulfuric acid. The absorbance was then measured at 450 nm
on a Synergy H1 plate reader and compared to a standard curve of known HRP-IgG
concentration to calculate the quantity of 1gG or Notch-1 antibodies conjugated per

mg of PLGA.

5.2.3 Cell Culture

MDA-MB-231 TNBC cells (ATCC) were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM, VWR) supplemented with 10% fetal bovine serum (FBS;
Gemini Bio Products) and 1% penicillin-streptomycin (pen-strep; VWR). The cultures
were maintained at 37°C in a 5% CO humidified environment. When cells reached
80-90% confluency in T75 cell culture flasks, they were passaged or plated by
detaching the cells from the flask using Trypsin-EDTA (ThermoFisher) and then

counting cells with a hemocytometer.

5.2.4 Cellular Binding and Uptake

To analyze cellular binding and uptake of antibody-functionalized particles,
PLGA NPs were loaded with miR-Co tagged with Cy5 (Dharmacon; excitation 647
nm/emission 665 nm) and functionalized as described above to create IgG-Cy5-NPs
and N1-Cy5-NPs. For flow cytometric analysis of cellular binding and uptake, cells
were plated at 3x10* cells per well (MDA-MB-231 cells) in a 24-well plate and
incubated overnight. Cells were then treated with 1gG-Cy5-NPs and N1-Cy5-NPs at
50 nM miRNA or were left untreated and incubated for O, 1, 4, 8, 12, 16, or 24 hours
prior to rinsing with PBS. The cells were then lifted off the plate with Trypsin-EDTA

and resuspended in PBS. All cell suspensions were analyzed using an Acea Novocyte
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2060 flow cytometer with the APC (excitation, 640 nm; emission, 675/30 nm)

channel. Density plots showing forward and side scatter data were used to create a

primary gate for cells, excluding debris, prior to analyzing Cy5 content. Flow

cytometric analysis was performed in triplicate.

5.2.,5 Quantitative Real-Time Polymerase Chain Reaction

To analyze the effects of 1gG-Co-NPs, 1gG-34a-NPs, N1-Co-NPs, and N1-34a-

NPs on gene expression in TNBC cells by gRT-PCR, cells were seeded at 1.5 x 10°

cells per well in a 6-well plate and incubated overnight. Cells were then treated with

NPs at 200 nM miRNA for 48 hours. At the conclusion of the treatment period, cells

were rinsed with PBS and mRNA was extracted using a Bioline Isolate Il RNA Mini

Kit. gRT-PCR was then performed using SensiFAST SYBR One-Step Master Mix on

a LightCycler 96 (Roche) and gene expression was normalized to that of GUSB.

These experiments were performed in triplicate and analyzed using a one-way

ANOVA with post-hoc Tukey. Primer sequences are listed in Table 5.2.

Table 5.2: Primer sequences used for gPCR. Reproduced from Valcourt DM, Day ES,

Manuscript in revision.

Gene Forward Sequence Reverse Sequence

GUSB CTTTTCTTAGCGCCGCAG GGGCCTGACTCCCACA

Bcl-2 GACTTCTCCCGCCGCTACC CCCAGTTCACCCCGTCCCT
Survivin CTCAAGGACCACCGCATCTC | TTACAGGCGTAAGCCACCGT
CCND1 CCTGTCCTACTACCGCCTCA | CAGTCCGGGTCACACTTGA
Notch-1 CACTGTGGGCGGGTCC GTTGTATTGGTTCGGCACCAT
MDR1 GCTCAAGTTAAAGGGGCTAT | GCCAACCATAGATGAAGGAT
Hes5 CCGGTGGTGGAGAAGATGCG | GCGACGAAGGCTTTGCTGTG
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5.2.6 Western Blotting

To further evaluate the effects of N1-34a-NPs on Bcl-2, CCND1, Notch-1, and
Hes1 by Western blotting, MDA-MB-231 cells were plated at 1.5x10° cells per well in
a 6-well plate and incubated overnight. Cells were then treated as described for qRT-
PCR. After 48 hours of treatment with NPs, the cells were rinsed with PBS and lysed
in RIPA buffer supplemented with Halt Protease Inhibitor in a 1:50 volume ratio.
After removing membrane debris through centrifugation, the extracted protein was
quantified using a DC Protein Assay (BioRad), and 10 pg of protein was separated on
4-12% Bis-tris gels at 135V for 60 minutes. Then, the protein was transferred to a 0.2
micron nitrocellulose membrane for 10 minutes using a Power Blotter System
(Invitrogen). The membrane was subsequently blocked for 60 minutes in 5% milk in
tris buffered saline with 0.1% Tween-20 (TBS-T) and then incubated with rabbit anti-
human Bcl-2 (ProteinTech; 1:1000), CCND1 (Cell Signaling Technology; 1:250),
Notch-1 (Cell Signaling Technology; 1:500), and Hes1 (Cell Signaling Technology;
1:500) antibodies in 5% milk in TBS-T overnight at 4°C. Mouse anti-human o-tubulin
antibody (Cell Signaling Technology; 1:20,000) was used as the normalization
control. After incubation in primary antibodies, membranes were washed 3x in TBS-T
and incubated with HRP-anti-rabbit or mouse IgG antibody (VWR; 1:25,000) in 5%
milk in TBS-T for 1 hour at room temperature. Membranes were then washed 2x in
TBS-T and 2x in TBS (without Tween-20) and protein bands were visualized using a
Pierce enhanced chemiluminescence detection solution (ECL, Thermo Scientific).
Band densities were quantified in ImageJ and Bcl-2, CCND1, Notch-1, and Hesl
densities were normalized to that of a-tubulin prior to further normalizing treatment

groups to the control untreated group. The data shown represent the average band
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density across three trials and were analyzed using a one-way ANOVA with post-hoc

Tukey.

5.2.7 Cellular Senescence

To determine the effect of 1gG-Co-NPs, 1gG-34a-NPs, N1-Co-NPs, and N1-
34a-NPs on cellular viability through a SABGal senescence assay, cells were seeded at
3 x 10° cells per well in a 6-well plate and incubated overnight. Cells were then treated
with NPs for 24 hours and senescence was evaluated using a Senescence-Associated
B-Galactosidase (SAPGal) Kit (Cell Signaling Technology) per the manufacturer’s
instructions. Stained cells were imaged on a Zeiss Axioobserver Z1 microscope

equipped with a color camera.

5.2.8 Cell Proliferation

To analyze the effect of IgG-Co-NPs, 1gG-34a-NPs, N1-Co-NPs, and N1-34a-
NPs on cellular proliferation via an EdU assay, cells were seeded at 1.0 x 10° cells per
well in a 12-well plate and incubated overnight. Cells were then treated with NPs at
200 nM miRNA for 48 hours. At 16 hours prior to the end of the treatment period, the
cells were spiked with EAU at 10 uM. Cells were then prepared per the manufacturer’s
instructions modified for a single cell suspension. Briefly, cells were fixed in 4%
formaldehyde and permeabilized with 0.5% Triton X-100. They were subsequently
incubated in the Click-iT reaction cocktail, washed in PBS, and examined on an Acea
Novocyte 2060 flow cytometer with the FITC (excitation, 488 nm; emission, 530/30
nm) channel. Density plots showing forward and side scatter data were used to create a

primary gate for cells, excluding debris, prior to analyzing EdU-labeling azide content.
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Flow cytometric analysis was performed in quadruplicate and statistical analysis was

performed using a one-way ANOVA with post-hoc Tukey.

5.2.9 Cell Migration

To evaluate the impact of 1IgG-Co-NPs, 1gG-34a-NPs, N1-Co-NPs, and N1-
34a-NPs on cellular migration using a transwell invasion assay, MDA-MB-231 GFP-
expressing cells were plated at 1.5x10* cells per well in a 96-well plate and incubated
overnight. Cells were then treated with NPs at 200 nM for 48 hours, at which time the
cells were washed with PBS and lifted off the plate using 0.25% trypsin-EDTA. The
cells were pelleted (0.3 rcf, 5 minutes) and resuspended in DMEM (without
supplements) at 25,000 cells per mL. Cells were then seeded in transwell inserts
(Corning) at 5,000 cells per 200 puL and 700 uL. of DMEM (with FBS and PS
supplements) was added beneath the insert in a 24-well black walled, glass bottom
plate (Cellvis). The transwell samples were imaged on a Zeiss Axioobserver Z1
microscope after 48 hours. ImageJ software was subsequently used to analyze the
number of cells migrated within the entire transwell and the data presented represent
the average of three trials normalized to the 1gG-Co-NP group. Statistical analysis was

performed using a one-way ANOVA with post-hoc Tukey.
5.3 Results and Discussion

5.3.1 Characterization of Antibody and miRNA Loading in N1-34a-NPs and
Interaction with TNBC Cells

N1-34a-NPs and control NPs carrying either non-silencing miRNA (miR-Co),
nonspecific 1gG antibodies, or both were synthesized as described in the Methods and

characterized using dynamic light scattering (DLS), zeta potential, OliGreen, and
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enzyme-linked immunosorbent assay (ELISA) measurements, which demonstrated
that 1gG or Notch-1 antibodies were successfully conjugated to the surface of miR-Co-
or miR-34a-loaded NPs. Prior to antibody conjugation, miRNA-loaded NPs had a
hydrodynamic diameter and zeta potential of approximately 140 nm and —40 mV,
respectively, with 0.37 nmol miR-Co and 0.36 nmol miR-34a encapsulated per 2 mg
of PLGA (Figure 5.1). After IgG or Notch-1 antibody conjugation, the NPs’
hydrodynamic diameter increased by approximately 20 nm and the zeta potential
increased to around —8 mV, which indicates successful antibody attachment (Figure
5.1a). Antibody attachment was confirmed by ELISA measurements, which showed
the NPs contained approximately 4.6 pg of antibodies per mg of PLGA. OliGreen
assays indicated that approximately 0.01 nmol miRNA was lost from the NPs during
the antibody functionalization procedure, leaving around 0.35 nmol miRNA
encapsulated per 2 mg PLGA (Figure 5.1b). Altogether, these data demonstrate that
miRNA can be successfully loaded in antibody-functionalized PLGA NPs.
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Figure 5.1: Characterization of N1-34a-NPs. (a) Hydrodynamic diameter and zeta
potential of bare miR-Co-NPs, bare miR-34a-NPs, 1gG-Co-NPs, IgG-
34a-NPs, N1-Co-NPs, and N1-34a-NPs. Error bars indicate standard
error. (b) Encapsulation efficiency of miRNA and loading of antibodies
on the different nanoparticle formulations used in this study. Modified
from Valcourt DM, Day ES, Manuscript in revision.

Following NP synthesis and characterization, we evaluated the interaction of
Notch-1 and 1gG antibody-conjugated NPs with MDA-MB-231 TNBC cells using
flow cytometry. For these studies, the NPs were loaded with Cy5-tagged miR-Co in
order to facilitate fluorescence analysis of NP delivery to cells. The cells were treated
with 1gG-Cy5-NPs or N1-Cy5-NPs at doses of 50 nM miRNA for 1, 4, 8, 12, 16, or 24

hours, then the Cy5 signal in the cells was analyzed by flow cytometry. These data
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demonstrate that N1-34a-NPs exhibit a time-dependent interaction with MDA-MB-
231 TNBC cells (Figure 5.2).
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Figure 5.2: Evaluation of nanoparticle binding to MDA-MB-231 cells. (a)
Representative flow cytometry histogram of MDA-MB-231 TNBC cells
exposed to N1-Cy5-NPs for increasing amounts of time. (b) Median Cy5
fluorescence intensity of MDA-MB-231 TNBC cells treated with 1gG-
Cy5-NPs or N1-Cy5-NPs for different amounts of time as measured by
flow cytometry. Error bars indicate standard error. Modified from
Valcourt DM, Day ES, Manuscript in revision.

5.3.2 N1-34a-NPs Regulate Notch Signaling and Downstream miR-34a Targets
To determine the influence of N1-34a-NPs on downstream Notch and miR-34a
signaling (Figure 5.3), we evaluated the expression of miR-34a targets (Bcl-2,
survivin, CCND1, Notch-1, MDR1) and Notch signaling targets (Hes1, Hes5) in
TNBC cells treated with 1gG-Co-NPs, 1gG-34a-NPs, N1-Co-NPs, and N1-34a-NPs at
200 nM miRNA using quantitative real time polymerase chain reaction (RT-PCR) and

Western blotting.
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Figure 5.3: Scheme of posited nanoparticle interaction with MDA-MB-231 TNBC
cells. Upon cellular binding and uptake, N1-34a-NPs inhibit downstream
Notch signaling through antibody-mediated signal cascade interference
and also deliver miR-34a, which reduces the expression of several genes
by guiding the RNA induced silencing complex (miRISC) to targeted
MRNA sequences with perfect (1) or imperfect (2) complementarity,
resulting in mMRNA degradation or translational repression. Modified
from Valcourt DM, Day ES, Manuscript in revision.

The qRT-PCR data demonstrate that control 1gG-Co-NPs, 19G-34a-NPs, and
N1-Co-NPs have minimal impact on downstream mRNA expression. In contrast, N1-
34a-NPs substantially suppressed Bcl-2 by 32%, survivin by 41%, CCND1 by 45%,
Notch-1 by 46%, MDRL1 by 31%, and Hes5 by 73% (Figure 5.4a). Western blot
analysis revealed similar results, as N1-34a-NPs reduced Bcl-2 expression by 29%,
CCND1 by 30%, Notch-1 by 41%, and Hes1 by 40% (Figure 5.4b and 5.4c).
Together, these gRT-PCR and Western blot data indicate that N1-34a-NPs can

regulate both miR-34a downstream targets and the Notch signaling pathway.
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Figure 5.4: Evaluation of nanoparticle-mediated gene regulation. (a) g°PCR analysis of
relative Bcl-2, survivin, CCND1, Notch-1, MDR1, and Hes5 mRNA
expression after treatment with 1gG-Co-NPs, 1gG-34a-NPs, N1-Co-NPs,
or N1-34a-NPs. GUSB was used as a control and relative mRNA
expression is normalized to that of cells treated with 1gG-Co-NPs. Error
bars indicate standard error. #p<0.1, *p<0.05, **p<0.01 (b) Quazi-
quantitative analysis of Western blotting for normalized Bcl-2, CCND1,
Notch-1, and Hes1 protein expression. A-tubulin was used as a control
and expression was normalized to expression in cells treated with 19gG-
Co-NPs. Error bars indicate standard error. *p<0.05, **p<0.01 (c)
Representative Western blot bands for Bcl-2, CCND1, Notch-1, Hes1,
and a-tubulin protein levels. Bands are from a single blot that was
stripped and probed for multiple targets. Modified from Valcourt DM,
Day ES, Manuscript in revision.
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5.3.3 N1-34a-NPs Induce Senescence and Reduce TNBC Cell Proliferation and
Migration In Vitro

We further investigated the impact of IgG-Co-NPs, 1gG-34a-NPs, N1-Co-NPs,
and N1-34a-NPs on TNBC cell viability and function using a senescence-associated [3-
galactosidase (SAPGal) assay, an EdU proliferation assay, and a transwell invasion
assay. We selected these assays because miR-34a and Notch signaling have been
highly implicated in the regulation of cell senescence [84, 261-263], proliferation
[261, 263—-265], and migration [84, 261, 264, 265]. The SABGal assay showed that
N1-34a-NPs induce [3-galactosidase activity in MDA-MB-231 TNBC cells after a 24-

hour treatment period, indicating an onset of senescence (Figure 5.5).
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Figure 5.5: Representative images of SABGal assay of MDA-MB-231 cells treated
with 1gG-Co-NPs, 1gG-34a-NPs, N1-Co-NPs, or N1-34a-NPs. Green
color indicates -galactosidase activity. Scale bars = 50 um. Modified
from Valcourt DM, Day ES, Manuscript in revision.
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We also evaluated the effect of these NPs on cell proliferation after a 48-hour
treatment period using an EdU assay. The results demonstrate that N1-Co-NPs can
reduce cell proliferation by 13%, which we attribute to the Notch inhibition mediated
through the Notch-1 antibodies on the NPs. Excitingly, N1-34a-NPs have an enhanced
effect on cell proliferation, as they reduce EdU-positive cells by 26%, which is double

the inhibition observed for NPs carrying only Notch-1 antibodies (Figure 5.6).
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Figure 5.6: Percent proliferation of MDA-MB-231 cells treated with 1gG-Co-NPs,
1gG-34a-NPs, N1-Co-NPs, or N1-34a-NPs normalized to that of cells
treated with 1gG-Co-NPs. Error bars indicate standard error. *p<0.05
Modified from Valcourt DM, Day ES, Manuscript in revision.

Finally, we investigated the effect of N1-34a-NPs on cell migration after 48
hours through a transwell invasion assay. This study showed that N1-34a-NPs could

reduce TNBC cell migration by 34% relative to controls (Figure 5.7a and 5.7b).
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Figure 5.7: Effect of N1-34a-NPs on TNBC cell migration. (a) Normalized number of
GFP-expressing MDA-MB-231 cells migrated through transwell insert
after treatment with 1gG-Co-NPs, 1gG-34a-NPs, N1-Co-NPs, or N1-34a-
NPs. Error bars indicate standard error. (b) Representative fluorescence
images of GFP-expressing MDA-MB-231 cells migrated through
transwell insert after treatment with 1gG-Co-NPs, 19G-34a-NPs, N1-Co-
NPs, or N1-34a-NPs. Scale bars = 500 um. Modified from Valcourt DM,
Day ES, Manuscript in revision.

Altogether, these data indicate that N1-34a-NPs can functionally impair TNBC

cells by activating senescence and inhibiting cell proliferation and migration.

5.3.4 Discussion

In this chapter, we used PLGA nanoparticles as carriers of both miR-34a
mimics and Notch-1 antibodies to effectively treat TNBC by a combination of miRNA
replacement therapy and antibody-mediated signal cascade interference. We showed
by gRT-PCR and Western blotting that these N1-34a-NPs could inhibit the expression
of several targets of miR-34a and Notch signaling, including Bcl-2, survivin, CCND1,
Notch-1, and MDRL in vitro. This gene regulation induced senescence and reduced
cell proliferation and migration, which is in agreement with the known roles of miR-

34a and Notch signaling in cancer cell biology. [84, 261-265] With further
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optimization and in vivo evaluation, these N1-34a-NPs may offer a promising new
strategy to treat TNBC.

Future studies that continue this work should investigate the optimal loading of
miRNA and antibody components within the NP formulation. As synthesized here,
N1-34a-NPs have a diameter of approximately 170 nm and an antibody loading of 4.6
ug per mg PLGA. These NPs show a mild advantage in binding MDA-MB-231 cells
compared to non-specific 1gG functionalized NPs at early time points (Figure S1).
However, this preferential binding is not maintained over the course of 24 hours,
which may be due to interactions between the NPs and proteins in cell culture media.
Notably, in previous work presented in Chapter 4, we have created Notch-1 antibody
functionalized NPs that are approximately 70 nm in diameter and contain 9.1 pg
antibodies per mg PLGA; these NPs exhibit sustained preferential and specific binding
of TNBC cells, which translates to enhanced tumor accumulation and retention
compared to 1gG functionalized NPs in vivo (Valcourt DM, Dang MN, Scully MA,
and Day ES, manuscript in revision). We posit that the difference in particle size and
antibody loading density between N1-34a-NPs and our previous NP formulation is
responsible for the disparity in obtaining preferential and specific binding to MDA-
MB-231 TNBC cells. This would be in agreement with prior studies that show cellular
binding of NPs is significantly impacted by the size and shape of the NP [266—269]
and by the density of the targeting moiety presented on the surface of the NP. [268,
269] Future studies are needed to define the optimal density of Notch-1 antibodies on
these NPs to maximize TNBC cell-specific binding and potentially increase

downstream Notch signaling inhibition.
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While N1-34a-NPs did not display enhanced binding to TNBC cells in this
work relative to IgG functionalized NPs, we did find that Notch-1 antibody
functionalization was critical for eliciting significant therapeutic effect. The Notch
signaling targets Hes5 and Hes1 were suppressed only with Notch-1 antibody-coated
NPs, which confirms that the amount of NP binding was sufficient to elicit signal
cascade interference. Likewise, even though N1-34a-NPs and 19G-34a-NPs had
similar levels of interaction with TNBC cells, only the Notch-1 functionalized NPs
had a notable effect on downstream miR-34a targets, indicating the inclusion of
Notch-1 antibodies improves the efficacy of this formulation. It is known that coating
NPs with specific targeting moieties like Notch-1 antibodies can alter the mechanism
of endocytosis and subsequently influence the intracellular fate of the NP and any
cargo it is carrying. [4, 270, 271] This altered trafficking can affect the potency of the
cargo, which is particularly important for the delivery of RNA molecules like miR-34a
that require cytosolic delivery to engage the RNA interference machinery and elicit
gene regulation. [183] NPs typically enter cells through clathrin- or caveolae-
dependent uptake mechanisms that lead to lysosomal accumulation, although in some
cases caveolae have been shown to fuse with caveosomes to avoid lysosomal
trafficking. [272—-274] Future studies should elucidate the intracellular fate of N1-34a-
NPs in order to provide insight to their mechanism of action and therapeutic potential.

Finally, future studies should also evaluate N1-34a-NPs in the in vivo setting.
Notch signaling is primarily implicated in early stages of tumor development and in
cancer stem cells. [250, 251] Additionally, Sethi and Kang have demonstrated that
Notch signaling facilitates bone metastasis in later stages of tumor progression. [251]

However, its role in the primary tumor at these later stages has not been extensively
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explored. Reduced miR-34a expression has been associated with approximately 50%
of TNBC cases and is correlated with poor prognosis. [275, 276] Future studies should
examine the expression of the Notch-1 receptor in tumors of various sizes and miR-
34a expression in tumors of various origins and determine the therapeutic efficacy of
N1-34a-NPs when these expression levels are different than those explored in this

work.

5.4 Conclusions

Overall, this work demonstrates that miR-34a-loaded, Notch-1 antibody
functionalized PLGA NPs can effectively regulate Notch signaling and downstream
miR-34a targets in TNBC cells in vitro to induce senescence and reduce cell
proliferation and migration. These N1-34a-NPs are a promising alternative treatment
for aggressive cancers like TNBC that display lower levels of miR-34a and are driven
by overexpression of Notch signaling. With additional optimization, development, and

implementation, these NPs may substantially improve patient outcomes.
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Chapter 6
CONCLUSIONS AND FUTURE WORK

Some of the text in this chapter has been adapted from my following
publications:
(1) Valcourt, et al. JIBMRA. 2019; 107(8): 1702-1712. [192]
(2) Valcourt, et al. ACS Nano. 2020; 14(3): 3378-3388. [230]
(3) Valcourt, et al. Advanced Healthcare Materials. 2020. Accepted.

6.1 Introduction

This thesis has developed and evaluated novel nanoparticle formulations that
can treat TNBC through three distinct mechanisms: photothermal therapy (Chapter 3),
targeted drug delivery (Chapter 4), and targeted miRNA delivery (Chapter 5). This
chapter will discuss the significance of this work to the field of cancer nanomedicine
and propose future directions for the development of each of these nanoparticles. With
continued optimization and implementation, these new therapeutic strategies may

someday improve the prognosis for patients with TNBC.

6.2 1R820-NPs as Potent Mediators of Photothermal Therapy

In Chapter 3, IR820-loaded PLGA nanoparticles were investigated as a
biodegradable platform that enables pro-apoptotic PTT of TNBC in vitro and in vivo.
(Figure 6.1)
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Figure 6.1: Scheme depicting the therapeutic potential of IR820-NPs as potent
mediators of photothermal therapy both in vitro and in vivo.

Increased L
cytocompatibility

These stable, monodisperse PLGA nanoparticles were efficiently loaded with
IR820 dye, which maintained its optical properties upon encapsulation. [192] Further,
IR820-NPs were found to interact with MDA-MB-231 TNBC cells in a dose- and
time-dependent manner. [192] Encapsulation of the dye also increased its
cytocompatibility, which allowed for a higher dose to be administered safely to cells
prior to irradiation. [192] Upon irradiation with NIR light, this formulation provided
potent mediation of PTT in vitro. After evaluation of the mechanism of cell death,
IR820-NPs were found to primarily induce apoptosis, which is considered the
preferred mechanism of cell death for inducing a beneficial immune response [106,
205].

Chapter 3 further investigated the potential of IR820-NPs in a subcutaneous
murine TNBC xenograft model. After intravenous injection, IR820-NPs effectively
accumulate in tumors within 24 hours. [192] When irradiated at this time point, tumors
of mice treated with free IR820 dye experienced mild heating, while tumors that

received IR820-NPs exhibited sustained heating above the threshold considered
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necessary for irreversible cell damage using these irradiation conditions [222]. When
this treatment was administered once per week over a period of 28 days, IR820-NP
mediated PTT significantly reduced the tumor burden in these mice [192],
demonstrating their potential as an alternative treatment strategy for TNBC while
overcoming the limitations of other established PTT mediators that have unknown
long-term health effects. Overall, this work advanced the field of photothermal therapy
by demonstrating that polymer nanoparticles loaded with NIR-sensitive dyes can
successfully mediate pro-apoptotic PTT, providing a biodegradable alternative to
conventional gold-based photothermal conversion agents that will remain in the body

indefinitely.

6.3 NI1-ABT-NPs as an Effective Strategy for Targeted Drug Delivery

Chapter 4 evaluated the ability of ABT-737-loaded, Notch-1 antibody
functionalized nanoparticles to regulate Bcl-2 and Notch signaling as an alternative
treatment strategy for TNBC in vitro and in vivo. (Figure 6.2) This approach is
advantageous over conventional approaches because it provides targeted drug delivery

to a disease that is currently unsusceptible to available targeted therapeutic strategies.
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Figure 6.2: Scheme depicting the therapeutic potential of N1-ABT-NPs as targeted
drug delivery vehicles both in vitro and in vivo. Modified from Valcourt
DM, Dang MN, Scully MA, Day ES, Manuscript in revision.

N1-ABT-NPs were successfully synthesized to enable preferential and specific
binding to MDA-MB-231 TNBC cells compared to MCF-10A healthy mammary
epithelial cells. Upon evaluation of their therapeutic potential in vitro, N1-ABT-NPs
reduced cell viability of MDA-MB-231 cells to a greater extent than the free
components or non-specific IgG-ABT-NPs. In addition, N1-ABT-NPs significantly
inhibited cellular function, as indicated by reduced cellular proliferation. The impact
of N1-ABT-NPs on MDA-MB-231 TNBC cells was further investigated at the mRNA
and protein level. This nanoparticle formulation regulated both Bcl-2 and Notch-1
signaling pathway targets at each level, indicating successful release of ABT-737 to
influence Bcl-2 expression and multivalent binding of the Notch-1 receptor to enable
signal cascade interference.

Following in vitro validation of therapeutic potential, N1-ABT-NPs were
evaluated in vivo. In a subcutaneous murine TNBC xenograft model, DiD-loaded
nanoparticles were used to examine the biodistribution of the antibody-nanoparticle

conjugates. The results in Chapter 4 demonstrate that Notch-1 functionalization
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increases both tumor accumulation and retention of nanoparticles compared to
functionalization with non-specific 1gG antibodies. N1-ABT-NPs were then evaluated
for their ability to reduce tumor burden. In a dose optimization study that administered
nanoparticles once per week, N1-ABT-NPs reduced tumor volume by 44% after three
weeks of treatment. Further, in an extended therapeutic study, N1-ABT-NPs notably
increased mouse survival time compared to IgG-ABT-NPs and a saline control. These
dual antibody/drug nanocarriers are thus a promising therapeutic modality for
aggressive cancers like TNBC that are driven by overactive Bcl-2 and Notch
signaling. Given that TNBC is notorious for its lack of targeted therapies, the targeted

antibody/drug carriers developed in this Chapter represent an exciting advance.

6.4 N1-34a-NPs for Gene Regulation

In Chapter 5, miR-34a-loaded, Notch-1 antibody functionalized PLGA
nanoparticles were developed to treat TNBC in vitro through targeted miRNA delivery
and antibody-mediated signal cascade interference. (Figure 6.3) This approach builds
upon that described in Chapter 4, but confers on the formulation the ability to suppress
a multitude of genes that drive tumor progression through the inclusion of miR-34a,
whereas ABT-737 suppresses only Bcl-2, Bel-Xy, and Bcl-w. Accordingly, these miR-
34a/Notch-1 antibody nanocarriers have the potential to dramatically impede tumor

progression.

132



| Notch signaling OFF

| [

Induced senescence, g -
: : » Tumor suppressive
reduced cell proliferation |« ;
gene regulation ON

and migration

Figure 6.3: Scheme depicting the therapeutic potential of N1-34a-NPs for gene
regulation in vitro.

The studies presented in Chapter 5 showed that PLGA nanoparticles were
successfully loaded with miR-34a and functionalized with Notch-1 antibodies,
enabling time-dependent interaction with MDA-MB-231 TNBC cells. Upon cellular
binding and uptake, N1-34a-NPs effectively regulated miR-34a and Notch signaling
pathway targets at the mRNA and protein level. This regulation further impaired
cellular function, as this formulation was found to significantly reduce cell
proliferation and migration and to induce senescence in vitro. With additional
optimization, development, and implementation, these nanoparticles have the potential
to be a potent treatment for aggressive cancers like TNBC that display lower levels of
miR-34a and are driven by overexpression of Notch signaling. Some of the studies
that may be performed to build on the results presented in this chapter are described in

the following section.

6.5 Future Directions
This thesis introduces three novel alternative treatment strategies for TNBC

that incorporate nanoparticles to mediate PTT, drug delivery, or gene regulation.
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While these methods show promise at both the in vitro and in vivo level, further

studies are needed to realize the full potential of these nanotherapeutics.

6.5.1 Formulation Optimization

Each of the nanoparticles developed in this thesis have shown utility in treating
TNBC, but they have not yet been optimized to elicit the maximum therapeutic effect,
which would be desirable for clinical translation. A critical step in the future
development of these particles is therefore revising the synthetic strategy to yield the
greatest efficacy while using translational production methods. Chapter 3 details the
development of IR820 dye-loaded PLGA nanoparticles for mediation of PTT. Future
work with these IR820-NPs should examine nanoparticles whose surface has been
modified with poly(ethylene glycol) or with antibodies, as this may extend circulation
time and increase tumor delivery, thereby enhancing the overall therapeutic effect.

The results presented in Chapter 4 demonstrate successful synthesis of ABT-
737-loaded, Notch-1 antibody functionalized PLGA nanoparticles. While the initial
encapsulation efficiency of ABT-737 in unfunctionalized nanoparticles is high (over
95%), there is significant loss of the drug during antibody conjugation. This may be
due to drug that is adsorbed onto the surface of the particles rather than physically
encapsulated within them. In the future, this loss should be minimized to maximize
drug loading and thereby efficacy of the nanoparticles. Additionally, the density of
antibodies on the surface of the nanoparticles should be adjusted to yield the loading
that provides the greatest specificity and preferential uptake in TNBC cells as well as
the greatest inhibition of Notch signaling targets. Finally, for better translation of these
nanoparticles into preclinical and clinical tests, the synthesis procedure should be

altered to facilitate nanoparticle lyophilization and sterilization in powder form prior
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to administration. Overall, by increasing drug and antibody loading within the
nanoparticles, it is expected that tumor inhibition will be enhanced.

Chapter 5 demonstrates that N1-34a-NPs provide effective miRNA delivery to
TNBC in vitro. While these nanoparticles effectively regulate Notch signaling and
miR-34a targets as synthesized, the loading of each therapeutic modality should be
optimized in future work. First, by increasing the quantity of miRNA in each
nanoparticle, this treatment strategy may achieve similar therapeutic effects with fewer
nanoparticles administered. This alteration would mitigate the risk of experiencing
adverse effects from the PLGA content and may improve the formulation’s
performance in vivo with reduced release of TNF-a. [277] Further, by determining the
optimal density of the antibodies on the surface of the particles, these N1-34a-NPs
may exhibit the same preferential and specific TNBC cellular uptake that was
demonstrated by the Notch-1 functionalized nanoparticles presented in Chapter 4,
potentially increasing downstream Notch signaling inhibition. After further in vitro
optimization, N1-34a-NPs should be evaluated in vivo to validate their efficacy and
examine their impact on Notch-1 signaling and miR-34a target gene expression in

various tumor sizes and types.

6.5.2 Tumor Models

Mice have long been the model of choice in preclinical drug development due
to their similarities with humans at the genetic level and their ease of handling, which
simplifies study execution. However, cancer is a complex, multifactorial disease and
one mouse model cannot recapitulate the entirety of human cancer progression from
primary tumor development to metastasis. Moreover, a single mouse model cannot

capture the genetic, epigenetic, immunological, histopathological, and structural
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heterogeneity of cancer. [25-27] Therefore, nanomedicines should be evaluated in
multiple murine models before moving to higher order species.

Chapters 3 and 4 employed a simple subcutaneous tumor model to evaluate the
biodistribution and therapeutic efficacy of the respective nanoparticles. In this model,
MDA-MB-231 TNBC cells are inoculated in the flank of immune deficient mice. It is
important to note that the location of the tumor (subcutaneous versus orthotopic) may
have impacted the distribution of the nanoparticles, and therefore future studies should
examine treatment in orthotopic tumor models. The results presented in Chapter 4, in
particular, demonstrate that N1-ABT-NPs have increased accumulation and retention
in subcutaneous tumors compared to non-targeted IgG-ABT-NPs. In the future, the
accumulation of these nanoparticles in both tumors and other major organs should be
examined in greater detail. In Chapter 4, live animal imaging revealed fluorescence in
an area that was larger than the tumor region of interest (ROI), likely due to
nanoparticles located in the liver. While there is still a distinct signal in the ROI that
preliminarily indicates there is enhanced tumor accumulation and retention with
Notch-1 functionalized particles versus 1gG functionalized particles, this should be
corroborated in future studies by examining tissues ex vivo to remove interference
from other organs.

Chapter 4 further demonstrates that N1-ABT-NPs are effective at reducing
tumor burden using a subcutaneous tumor model in immune deficient mice. However,
this work does not investigate the impact of these nanoparticles on the immune
system. Between 1969 and 2005, 10-20% of all drugs that were withdrawn from use in
the clinic were removed because of immunotoxicity. [278] Thus, it is critical to

carefully evaluate nanoparticle-immune system interactions to improve upon the
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current clinical translation rates seen with cancer nanomedicines. [279] To that end, a
4T1 or other murine-derived TNBC tumor model that can be established in immune
competent animals should be utilized in future studies to evaluate this formulation’s
biocompatibility and overall efficacy.

Similarly, the tumor model used in Chapter 3 requires immune deficiency and
thus cannot fully recapitulate how IR820-NP mediated PTT will affect tumor
regression and the long-term health of the mice. While ex vivo analysis of the current
tumor model can provide a preliminary indication of the mechanism of cell death
induced by this treatment, a murine 4T1 tumor model may provide a more complete
representation of the mechanism of cell death and how this impacts the immune

system and overall efficacy of the therapy.

6.5.3 Evaluation of Notch-1 Expression

While there is evidence that Notch-1 is widely overexpressed across human
TNBC and correlates with poor prognosis [56, 249], it is classically considered to play
the largest role in early stages of tumor development and in cancer stem cells [250,
251]. Sethi and Kang have expanded upon this role and demonstrated that Notch
signaling facilitates bone metastasis in later stages of tumor progression [251], but its
role in the primary tumor at these later stages has not been extensively explored. In
Chapter 4, we evaluated the impact of N1-ABT-NPs on tumors in a relatively early
stage, about 5 mm in diameter. While it is clear from both the in vitro and in vivo
studies presented in Chapter 4 that N1-ABT-NPs have an enhanced effect on MDA-
MB-231 TNBC cells that have constitutively overexpressed Notch-1 receptors, this
level of expression may change depending upon not only the stage of the tumor (early

versus late), but also the source of the tumor (murine versus human). Future work may
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begin to evaluate this by delivering these nanoparticles to mice bearing tumors of
different initial sizes and evaluating their efficacy in tumors that express varying

levels of the Notch-1 receptor.

6.5.4 Dosing/Treatment Regimen Optimization and Further In Vivo Analysis

The in vivo evaluations performed in Chapters 3 and 4 demonstrate that IR820-
NP mediated PTT and the targeted drug delivery conferred by N1-ABT-NPs are
effective alternative strategies for treatment of TNBC. However, the dosing and
treatment regimens used in these studies should be optimized for maximum
therapeutic effect. The dose utilized in Chapter 3 was chosen based on literature for a
preliminary evaluation of efficacy but delivering a higher concentration of IR820 may
enable a greater therapeutic effect or even achieve reduced tumor burden with a single
treatment. This optimization should also include dosing schedule changes to determine
the dose and frequency of treatment that yields the maximum, pro-apoptotic
therapeutic effect.

Induction of apoptotic or necrotic cell death is highly dependent upon the dose
of the photothermal agent administered and subsequent irradiation parameters. [106]
The results presented in Chapter 3 showed that heat production mediated by IR820-
NPs is both concentration and laser intensity dependent, which agrees with previous
studies. [210-212, 280] Thus, future studies that optimize in vivo dosing and
irradiation regimens to maximize therapeutic efficacy should consider the effect these
parameters have on the mechanism of cell death. It is important that further
optimization of these parameters be performed in vivo, as in vitro evaluations may be
influenced by the induction of secondary necrosis [106] and are likely to lack

relevance in clinical translation [278, 281]. Future in vivo studies should also examine
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nanoparticle tumor accumulation at more frequent time points to elucidate the optimal
irradiation time following intravenous injection of the nanoparticles.

In addition to optimizing the dosing regimen of N1-ABT-NPs, future studies
should directly compare these particles to freely delivered components in vivo. The
work presented in Chapter 4 did not administer free ABT-737 due to its poor
bioavailability and subsequent lack of efficacy. [131, 242, 282] However, this
comparison should be made in future work to confirm that encapsulation of the drug in
this delivery system is advantageous. It should be noted that, due to ABT-737’s lack
of solubility, it would need to be delivered orally or intraperitoneally, whereas Notch-
1 antibodies would need to be delivered intravenously. As the nanoparticles deliver
both agents intravenously, the biodistribution of each agent is likely to be different for
free delivery versus nanoparticle delivery. Nevertheless, it will be important to
compare the efficacy of N1-ABT-NPs versus the free agents to confirm the advantages
of the nanocarrier system.

Future work investigating N1-ABT-NPs should also evaluate the therapeutic
contribution of each modality and the impact of Notch-1 receptor expression on
nanoparticle efficacy. The results in Chapter 4 demonstrate that N1-ABT-NPs
effectively regulate Bcl-2 and Notch signaling in vitro through Western blotting and
gPCR, but the impact of the antibodies alone on cell viability and the in vivo
mechanism of action was not evaluated. To establish the therapeutic contribution of
each component of the nanoparticles, unloaded Notch-1 functionalized nanoparticles
should be investigated. These nanoparticles would provide insight into the extent of
signal cascade interference afforded by the multivalent binding and how that translates

into attenuated cellular function. Evaluating the various contributions of the
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therapeutic components is also important considering the heterogenous nature of

cancer.

6.5.5 Improving Nanoparticle Penetration with Photothermal Therapy
Traditionally, nanoparticle accumulation in tumors is attributed to leaky
vasculature and poor lymphatic drainage [103, 198, 283], a passive process known as
the enhanced permeability and retention effect [284]. While the contribution of such
passive mechanisms to overall nanoparticle accumulation in tumors is debated [285],
researchers have used the concept of leaky vasculature and disrupting physical barriers
within the tumor microenvironment to improve penetration of therapies. One
promising method through which this is accomplished is PTT. By improving tumor
vessel leakiness and denaturing collagen to enhance extracellular matrix permeability,
local heating from PTT can increase the penetration of nanoparticles or subsequently
delivered therapies. [286, 287] Additionally, PTT can induce expression of stress-
related proteins that allow for targeting of therapies that follow. [288] Thus, future
work with IR820-NP mediated PTT should evaluate the effect of the therapy on the

tumor microenvironment and vascular permeability.

6.5.6 Versatility of a Platform Enabling Bcl-2 Inhibition

In addition to demonstrating the value of N1-ABT-NPs in targeting and
regulating the Notch signaling pathway in TNBC, the results in Chapter 4 also show
that this platform can effectively regulate Bcl-2 through the delivery of ABT-737. Bcl-
2 is a promising therapeutic target for many cancers [61, 252], thus extending the
potential applicability of this nanoparticle formulation. The platform we have

developed can be easily adapted to target other cancer types by exchanging the
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targeting antibody on the surface of the nanoparticles. It is important to consider,
however, that not all antibodies are antagonistic. Thus, targeting alternate receptors by
exchanging the antibody will not automatically confer the same increase in therapeutic
efficacy as was shown here.

While ABT-737 is potent and shows promise in the work presented in Chapter
4, it also inhibits Bcl-X. and Bcl-w in addition to Bcl-2. [289] However, there is
evidence suggesting that the inhibition of Bcl-Xv is responsible for the
thrombocytopenia associated with clinical use of ABT-737 and its derivative ABT-
263. [290] The results in Chapter 4 preliminarily indicate that encapsulating ABT-737
in these targeted nanoparticles eliminates this off-target effect, but the versatility of
this platform would also allow for replacing ABT-737 with its re-engineered form,
ABT-199, while maintaining its efficacy against cancers driven by dysregulation of
Bcl-2. [289, 290] Thus, future work should evaluate ABT-199-loaded PLGA

nanoparticles both with Notch-1 antibodies and other potential targeting agents.

6.5.7 Conclusions

In summary, this thesis presents three new nanoparticle platforms that enable
potent treatment of TNBC by diverse mechanisms: IR820-NPs for PTT, N1-ABT-NPs
for targeted drug delivery, and N1-34a-NPs for gene regulation. More work is needed
to optimize the synthesis of these systems and determine the treatment conditions that
will maximize their efficacy. Future studies will need to be performed in advanced
tumor models that account for the complexity of human tumors and their interaction
with the immune system. However, the results presented in this thesis suggest that,
with additional development and implementation, these nanoparticles have potential to

dramatically improve patient outcomes.
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